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Abbreviations 

AMP                      ammonium molybdophosphate 

AMP-PAN             ammonium molybdophosphate-polyacrylonitrile  

AMS                       accelerator mass spectrometry 

Ba                           barium 

CE                           capillary electrophoresis 

Cs                            cesium 

ETV                         electrothermal vaporization 

ICP-MS                    inductively coupled plasma mass spectrometry 

ICP-MS/MS             triple quadrupole inductively coupled plasma mass spectrometry  

ICP-QMS                 quadrupole inductively coupled plasma mass spectrometry 

Kd                            distribution coefficient 

LSC                          liquid scintillation counting 

MDA                        minimum detection amount 

NAA                         neutron activation analysis 

PWR                         pressurized water reactor 

Rb                             rubidium 

RIMS                        resonance ionization mass spectrometry 

RPQ                          retarding potential quadrupoles 

SEM                          secondary electron multiplier  

SF-ICP-MS               sector field inductively coupled plasma mass spectrometry 

Sn                              tin 

TBP                           tri-n-butyl phosphate 

Te                              tellurium 

TE                             total evaporation 

TEVA                       tetravalent actinides 

TIMS                        thermal ionization mass spectrometry 

TRU                         TRansUranian 
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Resume 

135Cs og 126Sn er to væsentlige radionuklider på grund af deres lange halveringstider og relativt 

store produktion i forbindelse med drift af nukleare reaktorer.  135Cs er i kombination med 137Cs 

en nyttig tracer til undersøgelse af miljøprocesser og vandcirkulation i havet.  Der mangler 

imidlertid stadig en pålidelig analysemetode til bestemmelse af 135Cs og 126Sn.  Det her 

rapporterede arbejde havde til formål at udvikle pålidelige og sensitive metoder til bestemmelse af 
135Cs og 126Sn i forskellige typer radioaktivt affald og miljøprøver og anvendelse af 135Cs som 

tracer til miljømæssige og oceanografiske studier. 

En TIMS-baseret metode til måling af 135Cs blev udviklet ved stabilisering af cæsium på 

glødetråden under den termiske jonisering ved brug af glukose som aktivator, og elimination af 

isobariske forstyrrelser fra barium-isotoper ved termisk jonisering med en strømstyrke på mindre 

end 1000 mA på glødetråden.  En joniseringseffektivitet for cæsium på op til 50 % for cæsium, og 

en mindste målelig mængde 135Cs på 5×10-18 g (0,005 fg) blev opnået.  En ICP-MS/MS 

målemetode til 135Cs blev etableret med ’triple quadrupole’ ICP-MS under anvendelse af 

sekventiel masseseparator og kollisionsreaktionscelle i instrumentet.  De isobariske forstyrrelser 

fra barium elimineredes effektivt ved brug af N2O reaktionsgas.  Matrixeffekten fra store mængder 

stabilt cæsium og rubidium i den separerede prøveopløsning blev undersøgt og korrigeret for.     

En simpel og hurtig metode blev etableret til at separere cæsium fra 200 mL havvand ved brug af 

ammonium molybdofosfat-polyakrylonitril (AMP-PAN) og katjonbytnings-kromatografi (AG 

50W×8).  Dekontaminationsfaktorer på 6,0×106 for barium og 1800 for rubidium og et kemisk 

udbytte på mere, end 60 % for cæsium blev opnået.  I kombination med TIMS-måling blev 

detektionsgrænser på 4,0×10-17 g L-1 opnået for både 135Cs og 137Cs i 200 mL havvand.  En ny 

metode blev udviklet til separation af cæsium fra store voluminer havvand – indtil 45 L.  Cæsium 

blev først prækoncentreret fra stort havvandsvolumen ved brug af ammonium molybdofosfat 

(AMP) adsorption, og adsorberet cæsium på AMP blev selektivt ekstraheret ved anvendelse af 

Sr(OH)2. Yderligere oprensning af cæsium blev udført under anvendelse af AMP-PAN og 

katjonbytte-kromatografi. Dekontaminationsfaktorerne for barium og rubidium var henholdsvis 

4×107 og 800.  I kombination med den udviklede ICP-MS-målemetode blev en detektionsgrænse 

på 1,5×10-16 g L-1 (6,3 µBq m-3) for 135Cs i 45 L havvand opnået. 

Til bestemmelse af 135Cs i miljømæssige faststofprøver frigjordes cæsium ved syrenedbrydning, 

separeret med AMP-PAN.  En ny metode blev udviklet til selektivt at eluere cæsium adsorberet 

på AMP-PAN-kolonnen ved anvendelse af NH4Cl uden at opløse AMP. Den overskydende 

mængde NH4Cl i eluatet blev elimineret ved sublimering under tilstedeværelse af en lille mængde 

LiCl.  Barium og andre forstyrrende grundstoffer, såsom Mo, Sn, Sb og Li, blev effektivt fjernet i 

kombination med en efterfølgende katjonbyttekromatografi.  135Cs i den separerede 

cæsiumfraktion måltes med den udviklede ICP-MS/MS-metode.  En detektionsgrænse på 9,10×10-

17 g g-1 for 135Cs og 137Cs blev opnået for 60 g prøve.  Til samtidig bestemmelse af 135Cs and 137Cs 

i nukleare affaldsprøver (stål, zirkoniumlegering, reaktorkølevand, filter og brugt jonbytteresin) 

udvikledes en serie effektive metoder til opløsning af prøver, så al cæsium frigøres til opløsning. 

En ny metode blev udviklet til separation af cæsium fra store mængder prøvematrix, som jern og 

zirkonium, ved selektiv adsorption af cæsium på AMP-PAN.  Oprensning af cæsium fra 
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forstyrrende grundstoffer udførtes ved anjonbytte- og katjonbytte-kromatografi. Høje 

dekontaminationsfaktorer for Co (7,0 ×106), Ba (6,0 × 106), Mo (4,2 × 105), Sn (3,2 × 105) og Sb 

(2,1 × 105), og kemisk udbytte på 85% for Cs blev opnået.  135Cs og 137Cs i den separerede 

opløsning blev målt med den udviklede ICP-MS/MS-metode.  En detektionsgrænse på 3,1×10-14 

g g-1 (1.3 µBq g-1) for 135Cs blev opnået med en 0,2 g rustfri stålprøve eller brugt jonbytteresin.       

En ny analytisk metode blev udviklet til bestemmelse af 126Sn i jonbytteresin.  Tin på 

jonbytteresinet blev succesfuldt udvasket ved brug af HCl og HNO3 opløsning, og derefter 

separeret med anjonbyttekromatografi,  En dekontaminationsfaktor på 7700 for tellurium blev 

demonstreret, og en udbyttefaktor på mere end 90% blev målt for tin.  Forstyrrelsen fra 126Xe 

isobaren på ICP-målingen af 126Sn elimineredes effektivt ved brug af kollisions/reaktionscelle med 

NH3-He som reaktionsgas. Forstyrrelsen fra 126Te blev kvantitativt fratrukket ved måling af 

signalet fra 128Te.  En detektionsgrænse for 126Sn på 6,0×10-15 g (2.74 µBq) blev påvist.  Den 

udviklede analytiske metode blev anvendt succesfuldt til bestemmelse af 126Sn i brugt 

jonbytteresin fra et nukleart kraftværk.   

Den udviklede analytiske metode har været anvendt med succes til bestemmelse af 135Cs-

koncentrationer og 135Cs/137Cs forhold i jordprøver indhentet i Danmark, Sverige og Ukraine, og 

havvandsprøver indsamlet på Grønlands vestkyst, Danske Stræder, Roskilde Fjord og Østersøen. 

Ved brug af 135Cs/137Cs-forholdet som unikt fingeraftryk, kunne kilderne til de målte mængder 

radiocæsium identificeres og deres bidrag til det totale indhold estimeres.   
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Abstract 

135Cs and 126Sn are two important radionuclides in the waste repository because of their long half-

lives and relative high production during the operation of nuclear reactors. 135Cs in combination 

with 137Cs is a useful tracer for investigation of environmental process and water circulation in the 

ocean. However, the reliable analytical method for the determination of 135Cs and 126Sn is still lack. 

This work aims to develop reliable and sensitive methods for the determination of 135Cs and 126Sn 

in various radioactive waste and environmental samples and application of 135Cs/137Cs in 

environmental and oceanographic studies. 

A TIMS method for measurement of 135Cs was established by stabilization of cesium on the 

filament using glucose as activator, and elimination of isobaric interference of barium by thermal 

ionization at current of less than 1000 mA on the filament. An ionization efficiency of up to 50% 

for cesium and a minimum detectable amount of 5×10-18 g (0.005 fg) for 135Cs was obtained. An 

ICP-MS/MS measurement method for 135Cs was established with triple quadrupole ICP-MS using 

sequential mass separator and collision reaction cell equipped in the instrument. The isobaric 

interference of barium was efficiently eliminated using N2O reaction gas. The matrix effect from 

large amount of stable cesium and rubidium in the separated sample solution was investigated and 

corrected.  

A simple and rapid method was established to separate cesium from 200 mL seawater using 

ammonium molybdophosphate-polyacrylonitrile (AMP-PAN) and cation exchange 

chromatography (AG 50W×8), decontamination factors of 6.0×106 for barium and 1800 for 

rubidium and chemical yields of > 60% for cesium were achieved. In combination with TIMS 

measurement, detection limits of 4.0×10-17 g L-1 for both 135Cs and 137Cs in 200 mL seawater were 

achieved. A novel method was developed for separating cesium from large volume seawater up to 

45 L. Cesium was primarily pre-concentrated from seawater using ammonium molybdophosphate 

(AMP) adsorption, and adsorbed cesium on AMP powder was selectively extracted using Sr(OH)2. 

Further purification of cesium was implemented using AMP-PAN and cation exchange 

chromatography. Decontamination factors of 4×107 for barium and 800 for rubidium were 

obtained. In combination with the developed ICP-MS measurement method, a detection limit of 

1.5 ×10-16 g L-1 (6.3 µBq m-3) for 135Cs in 45 L of seawater was achieved. 

For determination of 135Cs in environmental solid samples (e.g., soil and sediment), cesium was 

released by acid digestion and pre-concentrated by AMP-PAN. A novel method was developed to 

selectively elute cesium adsorbed on the AMP-PAN column using NH4Cl solution without 

dissolving AMP. The excessive amount of NH4Cl in the eluate was well eliminated by sublimation 

in the presence of small amount of LiCl. Barium and other interfering elements such as Mo, Sn, 

Sb and Li were efficiently removed by cation exchange chromatography.  135Cs in the separated 

cesium fraction was measured using the developed ICP-MS/MS method, a detection limit of 

9.10×10-17 g g-1 for 135Cs and 137Cs was achieved for 60 g of samples.  

For simultaneous determination of 135Cs and 137Cs in nuclear waste samples (e.g. stainless steel, 

zirconium alloy, reactor coolant, filter and spent ion exchange resin), a series of effective 

approaches were developed to decompose samples for releasing cesium into the solution. A novel 
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method was developed to separate cesium from large amounts of matrix elements, such as iron 

and zirconium using selective adsorption of cesium on AMP-PAN. Further purification of cesium 

from interfering elements was implemented using anion exchange and cation exchange 

chromatography. High decontamination factors for Co (7.0 ×106), Ba (6.0×106), Mo (4.2×105), Sn 

(3.2×105), and Sb (2.1×105) and satisfactory chemical yields for Cs (ca. 85%) were achieved. 135Cs 

and 137Cs in the separated solution was measured using the developed ICP-MS/MS method. A 

detection limit of 3.1×10-14 g g-1 (1.3 µBq g-1) for 135Cs was obtained for 0.2 g of stainless steel 

sample or spent ion exchange resin. 

A novel analytical method was developed for the determination of 126Sn in ion exchange resin. Tin 

in the ion exchange resin material was successfully leached out using HCl and HNO3 solution, and 

thereafter separated using an anion exchange chromatography. A decontamination factor of 7700 

for tellurium and chemical yield of > 90% for tin was obtained. The interference of 126Xe to the 

measurement of 126Sn was efficiently eliminated using collision/reaction cell with NH3-He as 

reaction gas. The isobaric interference of 126Te was quantitatively subtracted by monitoring the 

signal of 128Te. A detection limit of 6.0×10-15 g (2.74 µBq) for 126Sn was achieved. The developed 

analytical method was successfully applied for determination of 126Sn in spent ion exchange resin 

from nuclear power plant. 

The developed analytical methods have been successfully applied for the determination of 135Cs 

concentrations and 135Cs/137Cs ratios in soil samples collected from Denmark, Sweden and Ukraine 

and seawater samples collected from Greenland west coast, Danish straits, Roskilde Fjord and the 

Baltic Sea. Using 135Cs/137Cs as a unique fingerprint, the sources of radiocesium were identified 

and their contributions to the total inventory were estimated.  
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Preface  

The determination of long-lived fission products is of great significance in environmental tracer 

studies and waste characterization. Great challenge is arised from the low specific activity and 

severe interferences. It is necessary to develop fit-for-purpose analytical methods for different 

sample matrices. 

This thesis was carried out at the Radioecology and Tracer Studies Section, Department of 

Environmental Engineering (Risø Campus), Technical University of Denmark (DTU) during 

2017-2020 for pursuing the Ph.D. degree in Environmental Science. The main scope of the thesis 

includes analytical methods development for the determination of 135Cs and 126Sn in waste and 

environmental samples as well as the application of 135Cs/137Cs as a tracer in environmental 

researches. It would be my great honor that the results presented here will provide some useful 

information or be enlightening to you. 

 

                                                                                                                 Roskilde, November 2020 

                                                                                                                     Liuchao Zhu  
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1. Introduction 

With increasing numbers of nuclear facilities, especially nuclear power reactors, being closed in 

recent years, decommissioning of these nuclear facilities becomes an urgent task [1]. 

Characterization of various wastes generated from nuclear decommissioning for estimation of the 

inventory of all radionuclides is critical and necessary to support a safe and cost-effective waste 

management strategy [2]. Among these radionuclides, gamma emitters are easily detected with 

their characteristic gamma ray peaks by gamma spectrometry. While the determination of pure 

beta and alpha emitters, so-called difficult-to-measure radionuclides, is not straightforward, as they 

require chemical separation/purification prior to the measurement. After tens of thousands years, 

long-lived radionuclides will become the main contribution of radioactivity at nuclear waste 

disposal sites, including 129I, 99Tc, 135Cs, 126Sn etc. Although a number of analytical methods have 

been reported for the determination of these radionuclides [3-6], the suitable methods for the 

determination of 135Cs and 126Sn in nuclear waste are not available for the purpose of 

decommissioning.  

 

Figure 1. Variation of 134Cs/137Cs and 137Cs/135Cs with time. 

 

Based on the specific source term imprints, 134Cs/137Cs ratio has been successfully used as a tracer 

for source identification and related geochemical processes studies such as sedimentation rate [7,8],  

transport pathway and transit times of seawater [9-11]. However, the relatively short half-life of 
134Cs (2.06 y) makes 134Cs/137Cs ratio less applicable after several years of the releases (Figure 1). 

As a high yield fission product with a half-life of 2.3×106 y, 135Cs has the potential to replace 134Cs 

as an environmental tracer and 135Cs/137Cs ratio has been demonstrated to be a useful tracer for 

source identification of the Fukushima accident released radiocesium [12-15].  Although analytical 

methods for determination of 135Cs and 135Cs/137Cs ratio in environmental samples have been 

reported, these methods mainly focused on solid samples (e.g., soil, sediment, etc) contaminated 

by Fukushima or Chernobyl accident [16-19], analysis of ordinary environmental sample without 
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directly contaminated by nuclear activities was not well addressed. Furthermore, method for 

determination of ultra-trace level of 135Cs in seawater samples has not yet been reported.  

1.1 Sources of 135Cs and 126Sn 

1.1.1 Production of 135Cs and 126Sn 

Cesium has only one stable isotope (133Cs) and 38 radioactive isotopes (Table 1). The level of 

naturally occurring 135Cs from the spontaneous fission of 238U is negligible in the environment 

compared to anthropogenic 135Cs, produced by human nuclear activities, such as nuclear weapons 

tests, nuclear power plants, nuclear fuel processing and nuclear accidents. The thermal neutron 

fission yields of 235U are 6.6% and 6.2% for 135Cs and 137Cs, respectively [20]. However, the 

accumulated fission yield of 135Cs is highly influenced by irradiation time and neutron fluxes. As 

shown in the decay chains of fission products of mass 135 and 137 (Figure 2), large fraction of 
135Cs and 137Cs are formed by continuous decay of their short-lived precursors, e.g., 135Xe (as well 

as 135I and 135Te) and 137Xe (and 137Te and 137I). Due to an extremely large neutron capture cross 

section (2×106 b), a fraction of the formed 135Xe can be converted to 136Xe before decaying to 
135Cs, consequently the accumulated fission yield of 135Cs varies with conversion rate of 135Xe 

through neutron activation reaction. In the case of a very short reaction time (e.g. nuclear 

explosion), a negligible fraction of 135Xe is converted to 136Xe, and almost all of precursors 

decayed to 135Cs. For a long-term irradiation time (e.g. nuclear reactor with a few months to years 

irradiation compared to half-life (9.1 h) of 135Xe), the conversion rate of 135Xe through neutron 

activation is directly related to the neutron flux [21,22]. Since there is no such a neutron toxic 

precursor in the decay chain of mass 137, the accumulated fission yield of 137Cs is constant. The 
135Cs/137Cs ratio is therefore a source dependent value and associated to neutron flux in the reactor 

(Figure 3), which makes 135Cs/137Cs ratio a suitable fingerprint for radioactive source 

identification or indicator of nuclear power plant operation history [23]. Due to the low specific 

activity of 135Cs and associated difficulties in its detection, historical monitoring has not been 

focused on 135Cs, but 137Cs (t½ = 30.2 years) activity instead. The amount of 137Cs released from 

different sources are presented in Table 2. 

Table 1. Nuclear properties of major radioactive isotopes of cesium. 

Isotopes Primary source Half-life Specific activity (Bq/g) 
131Cs 
132Cs 
134Cs 
135Cs 
136Cs 
137Cs 
138Cs 
139Cs 
140Cs 
141Cs 
142Cs 
143Cs 
144Cs 

Activation product 

Activation product 

Activation product 

Fission product 

Activation product 

Fission product 

Fission product 

Fission product 

Fission product 

Fission product 

Fission product 

Fission product 

Fission product 

9.7 days 

6.6 days 

2.1 years 

2.3×106 years 

13 days 

30.2 years 

32 min 

9.3 min 

66 seconds 

25 seconds 

1.8 seconds 

1.8 seconds 

1.0 seconds 

3.8×1015 

5.5×1015 

4.7×1013 

4.3×107 

2.7×1015 

3.2×1012 

1.6×1018 

5.4×1018 

4.5×1019 

1.2×1020 

1.6×1021 

1.6×1021 

2.9×1021 
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Tin has ten stable isotopes with masses of 112, 114,115, 116, 117, 118,119, 120, 122, 124 and 29 

radioactive isotopes with masses ranging from 99 to 137. Apart from 126Sn and 121mSn, the half-

lives of all other radioisotopes are less than one year. 126Sn is a long-lived (2.35×105 years) pure 

beta (βmax=252 keV) emitting radionuclide without gamma lines. The level of naturally occurring 
126Sn is very low with a natural abundance of 126Sn less than 10-14 from the spontaneous fission of 
238U, while anthropogenic 126Sn produced through nuclear weapons tests and in nuclear reactors 

dominates in the environment. 126Sn is produced in nuclear reactor and nuclear weapons by fission 

of 235U and 239Pu with a thermal neutron yield of 0.056% for 235U. However, the fission yield of 
126Sn induced by fast neutron is about 0.50% [24].  

Table 2 137Cs and estimated 126Sn inventories from different sources [20] 

Source Release type 137Cs amount Estimated 126Sn amount 

Nuclear weapon tests 

Sellafield discharge 

La Hague discharge 

Chernobyl accident 

Fukushima accident 

 

Hanford site 

Atmosphere 

Aqueous 

Aqueous 

Atmosphere 

Atmosphere 

Aqueous 

Tank waste  

545-765 PBq 

41.3 PBq 

1.0 PBq 

42.5 TBq 

13-53 PBq 

3.5-27 PBq 

2000 PBq 

5.7-7.9 GBq 

48 MBq 

1.2 MBq 

49 KBq 

15-61 MBq 

4-31 MBq 

2.3 PBq 

 

 

Figure 2.  The production of 135Cs and 137Cs in the decay chains 
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Figure 3. Variation of 137Cs/135Cs with thermal neutron flux in nuclear reactor [21]. 

The estimated inventory of 135Cs and 126Sn from different sources are listed in Table 2. The global 

fallout of nuclear weapon tests contributed majority (>75%) of radiocesium (137Cs and 135Cs) and 
126Sn in the environment. However, it is noteworthy that larger amounts of radiocesium and 126Sn 

produced in the reactor are stored and sealed in the spent nuclear fuel and nuclear waste, which 

was not released to the environment.  

1.1.2 135Cs (137Cs) and 126Sn in the environment 

The 137Cs level in the environment varies in a large range (Table 3) due to versatile deposition, 

transport and migration pathways. In the 1960s and 1970s, the major 137Cs inputs were the global 

fallout of nuclear weapon tests (mostly distributed in the north hemisphere), resulting in a 

relatively higher 137Cs level in seawater in the north hemisphere [25]. High but largely varied 137Cs 

levels were observed in the Irish Sea, North Sea, Norwegian Sea and Arctic Ocean [26], which are 

attributed to the temporal changes in radioactive discharges from the two European reprocessing 

plant (Sellafield, UK and La Hague, France) to the North Atlantic Ocean from 1950s. Whereas the 

variation of 137Cs activities in the Baltic Sea, Black Sea and Mediterranean Sea is mainly associated 

to the fallout from Chernobyl accident in 1986 [27-32]. High concentrations of 137Cs were 

observed in soil from Serbia and sediment from Lake Nylandssjon (Sweden) contaminated by 

Chernobyl accident, where 137Cs derived from global fallout was 150 times lower [33-40]. 
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Table 3 137Cs activities in the environment (seawater, soil and sediment) worldwide 

Location Contaminated source Reference date 137Cs level 

Seawater 

Baltic Sea 

 

Black Sea 

 

Mediterranean Sea 

 

South Atlantic Ocean 

North Atlantic Ocean 

 

North Sea 

Barents Sea  

Norwegian Sea 

Danish straits 

North Pacific Ocean 

South Pacific Ocean 

Indian Ocean 

Arctic Ocean 

Irish Sea 

Brazilian coast 

Japan seawater 

 

Soil/sediment 

Serbia soil 

Australia soil 

Kawamata soil 

Spain soil 

Eastern England soil 

Morocco soil  

Huelva sediment 

Lake Nylandssjon sediment 

 

New Zealand sediment 

Lakes Ontario sediment 

 

Chernobyl 

 

Chernobyl 

 

Chernobyl 

 

GF 

GF 

Sellafield RP 

RP 

GF 

RP 

Chernobyl 

Global fallout 

Global fallout 

Global fallout 

RP 

RP 

Global fallout 

Global fallout 

Fukushima 

 

Chernobyl 

Global fallout 

Fukushima 

Global fallout 

Global fallout 

Global fallout 

Global fallout 

Global fallout 

Chernobyl 

Global fallout 

Global fallout 

 

1986 

2003 

1980s 

1986 

1986 

1998 

2002 

1960s-1970s 

2000 

2009 

2000-2010 

1990s- 

2017 

1990-2005 

1970s 

1990- 

1995 

1995-2000 

2002 

2010 

2011 

 

2001 

2005 

2012 

2016 

2003 

2017 

2004 

Before 1986 

1986 

2006 

1977 

 

51-2410 Bq m-3 

24.9-52.9 Bq m-3 

13-22 Bq m-3 

360±2.8 Bq m-3 

245±19 Bq m-3 

1.4-3.3 Bq m-3 

0.7±0.2 Bq m-3 

3.0-23 Bq m-3 

2±1 Bq m-3 

4±2 Bq m-3 

1.7±0.6 Bq m-3 

0.9-18 Bq m-3 

~20 Bq m-3 

1.1-3.2 Bq m-3 

2.6-4.8 Bq m-3 

1.2±0.5 Bq m-3 

0.4-4.9 Bq m-3 

0.3-13 Bq m-3 

1.2-2.4 Bq m-3 

1-4 Bq m-3 

>100 Bq m-3 

 

3400-16900 Bq m-2 

259-658 Bq m-2 

>104 Bq kg-1 

2.45 Bq kg-1 

2068 Bq m-2 

17.4 Bq kg-1 

~6 Bq kg-1 

~200 Bq kg-1 

 ~97400 Bq kg-1 

280-1607 Bq m-2 

~450 Bq kg-1 

 

1.1.3 Physicochemical property of cesium and tin  

Cesium is an alkali metal element, which has similar physical and chemical properties as rubidium 

and potassium. As the least electronegative and highly reactive element, cesium is present as 

monovalent cation in the solution and has little tendency to form complexes with other ions. In the 
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environment, cesium can substitute potassium which is exchangeable; cesium shows strong 

affinity to clay minerals through electronic bonding and adsorbed as inner-sphere and outer-sphere 

complexes with different Cs-O bind distance. Cesium in the interlayer of the minerals is difficult 

to be extracted in comparison with those associated to the outer-sphere [41]. Cesium exhibits 

conservative behavior in open sea water and has been used as a tracer for oceanographic studies, 

e.g. water mass movement. Based on the global fallout and Chernobyl fallout signal,137Cs has also 

been used as a tracer for sediment chronology. It was reported that 137Cs concentration in marine 

sediments showed a negative correlation with particle size, implying the strong affinity of 137Cs to 

the fine particles [42]. Remobilization of cesium (137Cs) in sediment has been observed in Irish 

Sea bed and Par Pond (in the southeastern United States). The concentrations of 137Cs in seawater 

at Seascale and St Bees varied with 137Cs discharges from Sellafield, but the concentrations of 
137Cs in surface sediment showed a slightly different trend as the concentrations of 137Cs in 

seawater. The normalized activity concentrations (the activity concentrations divided by discharge 

rate in the same year) showed a peak from 1985 to 1989, which might be caused by the remobilized 
137Cs from Irish Sea sediment due to the reduced discharges of radiocesium from Sellafield 

reprocessing plant. The remobilized 137Cs in the Irish Sea was estimated to be ~33 TBq in 1990, 

and declined with a half-life of ~6 years [43]. In Par Pond, a small fraction (less than 1%) was 

remobilized into the deeper water (e.g., 15 m) [44], presumably due to the ion exchange reaction 

between available cesium ions and surrounding cations such as K+, Na+ and NH4
+. 137Cs is 

normally immobilized in the surface of soil and showed an exponential decrease with depth, 

indicating the penetration of 137Cs in soil is a very slow process [33].  

Tin is an element of 4th main group in the periodic table, with the outer electronic configuration 

5s25p2. Tin has a low melting point of 232 ℃ and has two main oxidation states: Sn(Ⅱ) and Sn(Ⅳ). 

Sn(Ⅳ) is more stable than Sn(Ⅱ), but the energy difference between the two oxidation states is 

quite small, with electrochemical potential of 0.1364 V for Sn(Ⅱ)/Sn(Ⅳ). In acidic medium, Sn(Ⅱ) 

and Sn(Ⅳ) form anion complexes with halide ligands as SnF3
-, SnCl3

-, SnCl6
2-, SnF6

2-, the stability 

of the complex follows the order as F->Cl->Br->I-. This feature can be used for chemical separation 

of tin, using solvent extraction, anion exchange chromatography and extraction chromatography. 

Tin ions can be precipitated as sulfides and hydroxides at pH>4. However, in alkali solution, tin 

hydroxides is soluble as stannate (SnO3
2-). Tin can also form organotin compounds when 

combining with carbon atom, which has wide application as PVC stabilizers, active ingredients 

for antifouling paints, wood preservatives, biocides etc. [45].  

1.2 Analytical methods for the determination of 135Cs and 126Sn 

135Cs and 126Sn in environmental and waste samples have to be separated from sample matrix and 

interfering elements before detection by mass spectrometric or radiometric methods. Abundance 

sensitivity, isobaric and polyatomic interferences are critical issues for precise measurement of 
135Cs and 126Sn by mass spectrometric method, while removal of major radioactivity and 
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interfering radionuclides are of great importance for their measurement using radiometric method. 

In the past twenty years, a large number of analytical methods have been established and applied 

for the determination of 135Cs in various environmental samples (Table 4), such as soil, sediment 

and vegetation, especially Fukushima accident related samples [46-50]. As for 126Sn, previous 

studies are mainly focused on the determination of 126Sn in purified samples from irradiated 

nuclear fuel and applied for the half-life determination of 126Sn [51-54]. In general, the analytical 

procedure for 135Cs and 126Sn is consisted of sample pre-treatment, chemical separation and 

purification, source preparation and measurement by radiometric or mass spectrometric methods 

as demonstrated in Figure 4. 

 

 

Figure 4. General flow chart for determination of 135Cs (black) in environmental samples and 126Sn 

(blue) in nuclear waste sample 

1.2.1 Sample pre-treatment 
Cesium and tin have to be released from sample matrix into solution quantitatively, to facilitate 

further separation. Acid digestion and alkaline fusion are two frequently employed methods for 

decomposition of environmental and nuclear waste samples. For environmental solids, 1 g to 40 g 

of samples are often analyzed depending on the level of radiocesium, the samples are first ashed 

at temperature (450-600 ℃) to decompose the organic substances. Concentrated HNO3, mixture 

of HNO3 and HF, HNO3 and H2O2 or aqua regia are commonly used in acid digestion to extract 

cesium and tin from the sample matrix. Acid digestion can be completed in a closed system (e.g., 
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microwave digestion with automatic control of temperature and pressure), which is more efficient 

and less time consuming. However, the capacity of this method is normally very small (<0.5 g 

samples), which is not suitable for analysis of low-level environmental samples in which case up 

to 60 g of soil or sediment might be needed for precise determination of 135Cs.  

Due to the strong affinity of cesium to the clay minerals in soil or sediments, acid leaching might 

be not highly efficient to extract radiocesium from these samples, some studies indicated that acid 

digestion can only extract 50% of  the total cesium, with up to 40%-60% remained in the residues 

[55,57,58]. Fusion using sodium hydroxides, sodium peroxides, lithium borates or lithium 

metaborate as fluxes were also used to decompose environmental samples such as soil and 

sediment, so completely extract cesium from mineral crystals of the sample matrix [14, 17]. The 

sample fusion is usually performed in a muffle furnace at high temperature after mixing the sample 

and fluxes with a certain ratio. This procedure can be relatively rapid to be finished in less than 30 

min. After cooled down, the melt was dissolved with de-ionized water or acid. The mixture of 

lithium metaborate and lithium tetraborate has been proved to be a more powerful flux for solid 

samples and has been applied to extract cesium from soil and sediment samples. However, the 

limitation of sample size, usually less than 5 g, hinders its broad application in environmental 

sample analysis, as the extraction efficiency would be decreased with the increase of sample size.  

Acid digestion using concentrated HNO3 and mixture of HNO3 and HCl have been used to extract 

tin and other fission products from irradiated nuclear fuel. While for refractory samples, such as 

hot particles, more aggressive reagents such as mixed acid of concentrated HCl, HF and HNO3 or 

fluxes of Na2O2 or KOH have to be used to get better recovery [59-61].  
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Table 4 Analytical methods reported for the determination of 135Cs in different matrix  

Sample  Extraction procedure Chemical separation 

procedure 

Detection 

method 

Major considerations Reference 

Sediment 

Sediment 

 

 

Sediment 

 

Sediment 

 

Sediment 

 

Sediment 

 

Soil 

 

Soil, lichen 

and litter 

 

Soil, moss 

 

Grass, 

moss, bark 

 

Suspended 

particles 

Wastes 

1:1 HNO3-HF leaching 

2:1 HNO3-HF 

 

 

Aqua regia, LiBO2 

 

LiBO2-Li2B4O7 

 

Aqua regia 

 

HNO3 

 

1:1 HNO3-HF+H3BO3 

microwave 

HNO3+H2O2 

 

 

HNO3+H2O2, Aqua 

regia 

HNO3 

 

 

HNO3 

 

HNO3 

 AG 50W×8+ AG 50W×8 

AMP-PAN+ AG 1×8+ 

AMP-PAN+ AG 1×8+Sr-spec 

resin 

AMP+ AG 50W×8+Sr-resin, 

AG 50W×8+ BOBCalixC6 

AMP-PAN+ AG 1×8+ AG 

50W×8 

AMP 

 

AMP-PAN+AG MP-1M+AG 

50W 

AMP-PAN+AG 1×8 

+ AG 50W 

AMP-PAN+AG MP-1M+AG 

50W+ Sr resin 

 

AMP+AG 50W×8 

 

DOWEX 50W×8+AMP+ 

DOWEX 1×8+ DOWEX 

50W×8 

AMP-PAN+AG MP-1M+AG 

50W 

AMP+AMP+ DOWEX-50 

TIMS 

TIMS 

 

 

SF-ICP-MS 

 

TIMS 

 

RIMS, TIMS 

 

TIMS 

 

TIMS 

 

ICP-MS/MS 

 

 

ICP-MS/MS 

 

TIMS 

 

 

ICP-MS/MS 

 

ICP-MS,  

NAA 

Abundance sensitivity 

Removal of Rb, 

ionization efficiency, 

abundance sensitivity 

Removal of Ba, release 

of Cs 

Ba interference 

 

Simple preparation, 

Graphite furnace 

Removal of Rb, 

ionization efficiency 

Removal of K, Rb, Ba 

 

Instrumental removal of 

Ba isobars, removal of 

matrix elements 

Rapid analysis 

 

signal stability 

 

 

Simultaneous 

determination of Cs+ Pu 

Removal of Ba, K, Na 

 

15 

49 

 

 

17 

 

23 

 

62 

 

48 

 

13 

 

16 

 

 

18 

 

56 

 

 

63 

 

64 
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1.2.2 Chemical separation 

As beta-emitters, precise measurement of 135Cs and 126Sn is usually hindered by the high 

background caused by co-existing radionuclides, matrix effects, isobaric and polyatomic 

interferences. Therefore, it is necessary to separate cesium and tin from sample matrix and further 

purify them to remove interfering elements prior to measurement to ensure the analytical accuracy 

and precision. Effective recovery of analytes is also important for the determination of low-level 

radionuclides. A variety of techniques have been used for separation of cesium and tin such as 

precipitation, solvent extraction, ion exchange chromatography and extraction chromatography 

(Table 4). 

1.2.2.1 Precipitation  

Precipitation is a traditional method and is commonly used for the pre-concentration of analytes 

from sample matrix. Tin can be precipitated as hydroxides (Sn(OH)2 or Sn(OH)4) or sulfides (SnS 

or SnS2), repeated precipitation of SnS2 was used to separate tin from uranium solution due to its 

simple operation. Co-precipitated with Fe(OH)3 was also employed to separate tin from sample 

(e.g. sediment) with low concentrations of 126Sn, in which 500-1000 μg of Sn is usually added as  

a yield monitor [59]. The precipitate is easy to be  dissolved in diluted acid, and thus facilitates the 

further purification by solvent extraction or ion exchange chromatography. As an alkali element, 

cesium is present as monovalent cation and not able to be precipitated. 

1.2.2.2 Solvent extraction 

Solvent extraction is based on the different distribution coefficient of analytes in organic and 

aqueous phases, which is characterized with high selectivity towards analytes compared to 

interfering elements. Previous studies have mainly focused on the extraction of cesium from 

nuclear waste samples. Several extraction methods have been developed for the separation and 

purification of cesium and tin from different matrix, such as caustic-side solvent extraction (CSSX, 

a solvent mixed with a calix[4]arene-crown-6 extractant, an alkyl-phenoxy alcohol modifier, and 

trioctylamine in an inert hydrocarbon matrix), sodium tetraphenylboron (TPB), crown ethers, 

calixarenes  and their derivatives for cesium [65-68] and BPHA-CHCl3, 2-ethylhexyl phosphoric 

acid mono-2-ethylhexyl ester (PC-88A), TOPO-MIBK and tropolone for tin [69-71]. 137Cs in high-

level waste was efficiently removed by CSSX in a 24 h consecutive extraction with a factor of 

3×106 [65]. A method using sodium tetraphenylboron (TPB) as extractant was reported to separate 
137Cs from radioactive waste containing high concentration of Na+ in 0.01M HNO3 medium 

followed by back extraction with 1-3 M HNO3,  high cesium recovery (95%), and decontamination 

factors of  >103 for Na+ and Ba2+ were obtained. Crown ethers with cage structures show high 

selectivity for Cs+ by ion-dipole interaction between the cations and the negatively charged oxygen 

atoms of the polyether ring, this method has been applied for extraction of cesium from radioactive 

waste. Calixarenes show higher selectivity of Cs+ by ion-dipole  and cation-ℼ interaction e.g., 

calix[4]arenes [72-73]. A mixture of  chlorinated cobalt dicarbollide (CCD), carbamoylmethyl 

phosphine oxide (PEG) and polyethylene glycol (CMPO) was used to simultaneously extract 
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cesium, strontium, lanthanides and actinides from highly acidic media. With a ratio of 5:1:1 for 

[CCD]:[PEG]:[CMPO] a high recovery of 99.5% for Cs, Sr and RE was obtained from a dynamic 

extraction of 18 stages with 3.3 cm centrifugal contactors [74]. Tin can be extracted through three 

mechanisms, compound formation, ion-pair formation and solvation, e.g., tin can be extracted as 

SnCl4·nTBP(org) using TBP for the extraction of Sn(Ⅳ) from HCl medium. PC-88A as extractant 

was used to extract tin from 0.1M HCl by forming the complex of Sn+4Cl2R2·2HR, a recovery of 

99.2% was obtained, the extracted tin can be easily stripped using 4 M HCl [69].   

Solvent extraction has been widely used due to its high selectivity and flexibility in radiochemical 

analysis in the last century and still applied in the industrial scale in the reprocessing plant. 

However, its operation is time-consuming and labor-intensive, accompanied by the generation of 

a large volume of organic wastes when used in laboratory for routine analysis. Therefore, it was 

gradually replaced by ion exchange chromatography and extraction chromatography, which are 

more efficient, fast and convenient. 

1.2.2.3 Ion exchange chromatography 

The principle of ion exchange technique is based on the ion exchange reaction between Cs+ and 

exchangeable ion on the ion exchanger. Cation exchange chromatography with  strong acidic 

cation exchange resin AG 50W×8 or Dowex 50×8 was the most frequently used technique for the 

separation of cesium [16,18,20,47,48]. Based on their different affinity (Table 5), Cs+ (2.7) and 

Ba2+ (8.7) can be well separated by eluting Cs+ from the cation exchange column with HNO3 while 

still keeping Ba2+ on the column, a high decontamination factor (> 106) for Ba has been achieved 

[12,16-19]. 

Table 5 Relative selectivity of different cation on AG 50W×8 resin 

Ion Relative selectivity Ion Relative selectivity 

H+ 

Li+ 

Na+ 

NH4
+ 

K+ 

Rb+ 

Cs+ 

Cu+ 

Ag+ 

Mn2+ 

Mg2+ 

1.0 

0.85 

1.5 

1.95 

2.5 

2.6 

2.7 

5.3 

7.6 

2.35 

2.5 

Fe2+ 

Zn2+ 

Co2+ 

Cu2+ 

Cd2+ 

Ni2+ 

Ca2+ 

Sr2+ 

Hg2+ 

Pb2+ 

Ba2+ 

2.55 

2.7 

2.8 

2.9 

2.95 

3.0 

3.9 

4.95 

7.2 

7.5 

8.7 

 

Ammonium molybdophosphate (AMP, (NH4)3PMo12O40·3H2O) and insoluble hexacyanoferrates 

are often used ion exchanger for pre-concentration of cesium from various sample matrix due to 

their specifically high adsorption of cesium on them. The uptake of cesium onto AMP is based on 

the ion exchange reaction of Cs+ and NH4
+. AMP powder has been widely used for concentrating 
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137Cs from large volume of seawater and nuclear waste samples [75,76]. The exchange reaction 

between Cs+ and NH4
+ can be achieved in 1 hour, with a distribution coefficient of more than 104 

mL g-1 and recovery of more than 90% for cesium. However, the distribution coefficient for Cs+ 

is significantly reduced by co-existing ions such as NH4
+, indicating the adsorption of Cs+ on AMP 

was dominated by the NH4
+-Cs+ cation exchange reaction. The uptake rate of Cs+ on AMP was 

not much affected by the concentration of HNO3, enabling it to be used in a wide concentration 

range of HNO3 from 0.01M to 5M [77,78]. Hexacyanoferrate, such as  KCoFC, KNiFC, NaCoFC 

and NaNiFC, is another inorganic ion exchanger for cesium, a distribution coefficients of (3-

6)×104 mL g-1 was obtained for Cs under strong acidic or alkali condition. The exchangeable 

cations in these ion exchangers are K+, Co2+, Ni2+ and Na+ [79].  

AMP and hexacyanoferrate cartridge and resin were prepared by impregnated them onto an inert 

support material, such as polyacrylonitrile (PAN), calcium alginate (CaALG) or silica gel to obtain 

a better separation of Cs. A similar capacity for Cs (0.029 mmol g-1) compared to the value (0.31 

mmol g-1) obtained by the AMP powder was observed, but column separation shows in a more 

effective efficiency [79]. Kamenik et al compared the sorption behavior of AMP-PAN and KNiFC-

PAN using 100 L of acidified seawater and 25 mL beds of AMP-PAN and KNiFC-PAN resin at 

the flow rate of 300 mL min-1. Chemical yields of  92.9% and 88.1% for cesium were obtained 

with KNiFC-PAN and AMP-PAN column, respectively, indicating  the synthesized resins can be 

successfully applied for the rapid pre-concentration of Cs from large volume of samples [77,80]. 

 Besides efficient extraction for Cs, the sorption of other interfering elements on the sorbent was 

also considered. A comparison on the performance of AMP, AMP-PAN, and KNiFC-PAN on the 

Cs/Ba separation was investigated by Zheng et al [47]. The recovery of Cs was quantitative 

(98.7%-100%), while for the sorption of interfering elements, AMP showed the lowest adsorption 

efficiency, 12% for Ba,16.7% for Sn, compared to 18.6%, 20.7% for AMP-PAN and 21.1%, 60.0% 

for KNiFC-PAN respectively. Therefore, from the viewpoint for the removal of interfering 

elements, AMP was the best choice for pre-concentration of radiocesium. 

When employing AMP-PAN for preliminary separation of cesium from sample matrix, NH3·H2O 

was normally used to dissolve Cs from the column. At the same time, AMP and other elements 

adsorbed on the AMP-PAN were also dissolved, which need to be removed before Cs 

measurement. Combined chromatography, e.g., anion exchange (AG MP-1M) and cation 

exchange (AG 50W×8) chromatography, was used to obtain a better purification of Cs from 

interfering elements existing as anions, such as Mo, Sn and Sb [12,16]. Due to the low Cs-Rb 

separation factor, repeated separation using AMP-PAN and cation exchange chromatography was 

performed. Higher decontamination factor (>100) for Rb was obtained with AMP-PAN column, 

compared to the value of 2.2 obtained by cation exchange resin [81]. 

Both Sn(Ⅱ) and Sn(Ⅳ) in the acidic medium (e.g., HF or HCl) can form anion complexes, such as 

SnCl6
2-, SnF6

2-, SnCl3
- etc., which can be strongly adsorbed on anion exchange resin. As most of 

the matrix elements can not form anion complexes, anion exchange technique can be used for the 

separation and purification of tin from sample matrix or interfering elements. The separation of Te 

from Sn is critical for accurate measurement of 126Sn by mass spectrometry due to the interference 
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of naturally occurring 126Te. Fortunately, Sn and Te show a distinct chemical behavior on anion 

exchange resin, e.g., on Dowex-1column, Sn(Ⅳ) was featured with a high distribution coefficient 

of 5800-6700 in 0.1M oxalate acid, while Te showed no adsorption [60]. Catlow and Silvia have 

developed a method using anion exchange resin (AG-1 or AG MP-1) to separate tin from nuclear 

waste samples [5,61], which were prepared in 4M HCl for column loading. Tin was eluted with 

2M HNO3, with recoveries of 90% to 98% using 113Sn as a tracer. High decontamination factor of 

4.1×103 and 1.2×103 for 60Co and 137Cs was obtained using the developed analytical method. 

 

1.2.2.4 Extraction chromatography 

In extraction chromatography, extractants are grafted onto a porous supporting material to 

facilitate better separation of analytes by combining the high selectivity of extractant and better 

separation capacity of chromatography. Over the past twenty years, extraction chromatography 

has become a very attractive method, with advantages of high selectivity and flexibility in the 

multi-stage chromatographic separation. Extraction chromatography with functional group as 

calixarenes and calixcrown ether has been investigated to separate cesium from interfering 

radionuclides, yet not always satisfying in the adsorption of Cs due to possible disturbance of 

electronic cloud distribution or variation of phase from organic to inorganic [68]. So far, dibenzo-

24-crown-8 ether, 1,3-calix[4]arene-bis(naph-crown-6), benzo-18-crown-6-acrylamide, 4’-

formamidobenzo-18-crown-6, C7C6Calix have been reported to be grafted onto silica, SiO2-P, 

polymers, Fe3O4, respectively. Separation of Cs using BOBCCalixC6-acrylic polymeric resin has 

been developed based on the dependence of distribution coefficient (Kd) for Cs on HNO3 

concentration, with high Kd value in 1-3 M HNO3, whereas low Kd in HNO3 concentration less 

than 0.05 M or more than 4 M. Accordingly, the sample solution is adjusted to 3M HNO3 before 

loading, and Cs is eluted with 0.05M HNO3. A decontamination factor of 2940 for Ba was obtained 

using BOBCCalixC6 column [46]. However, it is still very challenging to synthesize such 

adsorbents and no commercial product is available. Sr resin has also been used to remove Ba from 

Cs (normally in combination with cation exchange chromatography), based on the  high affinity 

of Ba on the Sr-spec resin while Cs does not adsorb on it [16,17]. 

No tin-specific extraction chromatographic resin was reported, but extraction chromatography 

such as TBP and TEVA have been employed to purify tin [82,83]. TBP resin showed high 

distribution coefficient (~1000) for Sn in 4-6 M HCl, but decreased to ~2 in 0.1 M HCl. Boris 

Andris has reported a method combining AMP-PAN and TBP to separate tin from radioactive 

sludge, wherein the sample solution was loaded on the TBP column in 6 M HCl and quantitatively 

stripped with 0.1 M HCl. Prior to separation with TBP resin, AMP-PAN was used to remove the 

major radioactivity from 137Cs. The recovery of the two steps for tin was about (60 ± 8)%, while 

major radionuclides were efficiently removed with decontamination factors of >7.5×103, 7.84×104, 

2.85×102, and 2.39×102 for 60Co, 137Cs, 154Eu, and 241Am, respectively. TEVA resin is mainly used 

to separate tetravalent actinides and Tc, but also suitable for Sn(Ⅳ) separation. Sn(Ⅳ) forms a 

stable anion complex (SnCl6
2-) in HCl medium and can be separated from radioactive waste using 

TEVA resin. Loading in 1 M HCl and eluting with 2 M HNO3, chemical recovery of 65-68% for 
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Sn, and high decontamination factors for 60Co (2.1×104), 137Cs (1×105), and 54Mn (2.1×104) were 

obtained [83,84]. 

1.2.3 Source preparation 

Depending on the detection techniques to be used, appropriate source preparation is required for 

the purified cesium and tin fraction prior to their measurement. For the measurement of 135Cs, 
137Cs and 126Sn by thermal ionization mass spectrometry (TIMS), a stable and strong signal 

intensity of target ions is crucial for precise and accurate determination. The purified cesium 

fraction is normally evaporated to dryness and dissolved with several microliters of 0.3M HNO3, 

and then mixed with activator such as glucose, graphite, silica gel+H3PO4 [48, 49]. The mixture is 

loaded on a Re filament, and heated to dryness with certain current. Finally, the sample is inserted 

into the turret and put into the ion source chamber for vacuum preparation. During the target 

preparation, ultra-pure reagents should be used to eliminate the interference to a minimum level. 

Ionization efficiency of analyte is important for precise analysis and can be affected by source 

preparation method (such as heating current, type of filament). To improve the ionization 

efficiency of cesium, different activators have been investigated, such as graphite, glucose, silica 

gel+ H3PO4, TaO, etc. It was reported that the ionization efficiency of cesium was improved from 

less than 0.2% to 9.8% and 13.9% with glucose and graphite slurry as activator, respectively [48]. 

However, the detailed amount of activator was not reported. In accelerator mass spectrometry 

(AMS) measurement, the source is normally prepared as solid compounds (e.g. oxides), and 

pressed into a target holder after mixing with conductive metals (e.g. niobium, silver powder). For 

inductively coupled plasma mass spectrometry (ICP-MS) measurement, the sample solution is 

usually prepared in 3 mL of 0.3 M HNO3. For the detection of 126Sn by radiometric method, such 

as gamma spectrometry, the sample can be prepared as solid form (metal, reduced by CrCl2 

solution) or liquid solution. 

1.2.4 Measurement of 135Cs and 126Sn 

Both 135Cs and 126Sn are beta-emitters. Radiometric method is not suitable for 135Cs, due to its low 

specific activity and interference from co-existing 137Cs in the sample. Neutron activation analysis 

(NAA) has been developed and applied for the determination of 135Cs in nuclear waste samples 

since 1960s, by converting 135Cs to short-lived 136Cs, which can be easily detected by gamma 

spectrometry [85]. As a long-lived  radionuclides, 135Cs is more favored to be measured by mass 

spectrometric techniques. Mass spectrometric technique including ICP-MS and TIMS has been 

developed for precise determination of 135Cs in nuclear waste and environmental samples. 126Sn 

can be detected by directly counting its beta emission with max. energy of 253 keV or indirectly 

measuring the gamma rays at 87.57 keV, 666.1 keV and 695 keV from its daughter 126mSb and 
126mTe which decay to ground-state 126Sb and 126Te, respectively (Figure 5) after the equilibrium 

of Sn-Sb-Te system is reached [86]. Besides radiometric method, mass spectrometric techniques, 

such as AMS, TIMS and ICP-MS can also be used for the determination of 126Sn [44,52,53,87]. 

1.2.4.1 Neutron activation analysis 

In neutron activation analysis, 135Cs reacts with neutron (with thermal neutron capture cross 

section of 9 b) and is converted to short-lived beta emitter 136Cs (half-life of 13 days), which decays 

to 136Ba accompanied by emission of a number of gamma rays, with dominating lines of  340 keV 
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(42%), 818 keV (100%), 1048 keV (80%), and 1235 keV (20%). After irradiation of the separated 

cesium sample in a nuclear reactor, followed by measurement of the generated activity of 136Cs, 

the radioactivity of 135Cs can be obtained. The detection limit of 135Cs is affected by 133Cs 

concentration due to the Compton background of activated product 134Cs and co-existed 137Cs. 

Meanwhile, other neutron activation products from the impurity in the separated cesium samples, 

could affect the measurement of 135Cs, especially elements with similar properties as cesium, e.g. 

Rb. To obtain a better detection limit and accurate result, cesium in nuclear waste samples need to 

be purified before and after irradiation. AMP and cation exchange resin have been employed to 

separate Cs from radioactive wastes. The minimum detection amount (MDA) of 135Cs was reported 

to be 2×10-4 Bq by using 134Cs as a neutron flux monitor [85]. A relatively higher detection limit 

of 3×10-3 Bq for 135Cs was obtained by P. Nagy using the absolute method of NAA (considering 

more nuclear parameters) [64]. However, the concentration of 135Cs in environmental samples is 

normally in the range of 10-8-10-7 Bq g-1, which is 3-5 orders of magnitude lower than the detection 

limit of NAA, therefore, NAA is not suitable for the determination of 135Cs in environmental 

samples.   

1.2.4.2 Liquid scintillation counting 

Liquid scintillation counting (LSC), based on the counting the photons generated by reaction of 

radionuclides and organic scintillator, is a commonly used method for detecting beta-emitting 

radionuclides. The main advantage of LSC is rapid and simple source preparation. The important 

issues in LSC detection are background, quenching effect and detection efficiency. 126Sn activity 

can be measured by its max. 253 keV negative beta particle or max. 1.9 MeV beta particle emitted 

from its daughter nuclide 126Sb.  Minoru et al. applied a low background liquid scintillation system 

to determine 126Sn by detecting the 1.9 MeV beta particle [59]. Distinct from traditional LSC, a 

plastic doped with scintillator (NE-102) was machined into a planchet and covered to simulate a 

liquid scintillation cocktail, which reduced the background from original 2 cpm to 0.8-1 cpm. The 

absolute counting efficiency using the NE-102 plastic planchet was about 60%. The developed 

method was applied to detect the activity of 121mSn and 126Sn in the marine sediment and algae 

samples. Silvia et al. used a TRI-CARB 2900TR (Perkin Elmer) to detect 126Sn in optimized energy 

window (20-120 keV). The minimum detection activity was less than 0.6 Bq L-1 for 50 mL waste 

sample. As a promising detection method for beta-emitter, LSC has been applied to the 

determination of 126Sn in waste samples. However, the demand for complete separation of other 

beta-emitters and relatively high detection limit mean determination of 126Sn has been focused on 

the high-level waste samples.  

1.2.4.3 Gamma spectrometry 

Gamma spectrometry has been applied to determine 126Sn. 126Sn need to be purified prior to the 

detection due to low specific activity and interference from co-existing radionuclides with several 

orders of magnitude higher of intensity. 126Sn first decays to short lived 126mSb (t½=19.0 min) with 

emitting low-energy gamma rays of 64.28 keV(9.6%), 86.94 keV (8.9%) and 87.57 keV (37%). 
126Sb (t½=12.46 day) further decays to stable 126Te with emitting high-energy gamma rays of 

666.1keV (100%) and 695 keV (100%) (Figure 5). Therefore, 126Sn activity can be quantified  

through the direct measurement of 126Sn or through measurement of its daughter nuclide 126Sb after 
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reaching the secular equilibrium of 126Sn-126Sb (after 200 min or 4 months for 126mSb and 126Sb). 

A relative high detection limit of 700 Bq kg-1 for 10 mL sample was reported using BEGe 2820 

detector to measure low energy gamma rays from 126mSb. The detection limit of 126Sn for 10 mL 

sample was improved to 7.5 Bq kg-1 using high energy gamma rays from 126mTe measured by 

HPGe gamma detector [83]. The high energy gamma rays are characterized by high accuracy and 

high counting efficiency. However, the waiting time for decay equilibrium is relatively long, 

making it unsuitable for fast response in an emergency situation.  

 

 

 

Fig 5 Decay scheme of 126Sn [86] 

 

1.2.4.4 ICP-MS 

Both 135Cs and 126Sn are long-lived radionuclides, mass spectrometry is therefore more competitive 

for their detection compared with radiometric method. The major challenges in the ICP-MS 
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measurement of 135Cs and 126Sn are tailing of stable isotopes (133Cs, 124Sn), isobaric (e.g. 135Ba, 
126Te) and polyatomic interferences. ICP-MS, including quadrupole inductively coupled plasma 

mass spectrometry (ICP-QMS), sector field inductively coupled plasma mass spectrometry (SF-

ICPMS), laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and recently 

developed triple-quadrupole inductively coupled plasma mass spectrometry (ICP-MS/MS) has 

been applied to the measurement of 135Cs [12,17,18,64,88]. The advantages of high sensitivity, 

fast and simultaneous multi-isotopic detection, easy operation and low cost makes ICP-MS an 

attractive and effective method for measuring long-lived radionuclides. Compared to ICP-QMS,  

SF-ICP-MS is featured with higher resolution and sensitivity. However, it is still insufficient for 

isolating isobars such as 135Ba, 126Te and 126Xe. Detection limit for 135Cs (50 fg g-1 and 15 pg mL-

1 for SF-ICP-MS and ICP-QMS, respectively) was reported [17, 64]. Special sample introduction 

systems such as electrothermal vaporization (ETV) and capillary electrophoresis (CE) were 

proposed to reduce the isobaric interference of 135Ba to 135Cs measurement based on their different 

volatilization and migration behavior [89, 90]. Ba with higher charge migrates faster and shows 

less vaporization compared to Cs. The detection limit for 135Cs was reported to be 0.2 pg mL-1 and 

4 pg mL-1 in ETV-ICP-MS and CE-ICP-MS, respectively. Collision-reaction cell technique is an 

effective technique to eliminate isobaric and polyatomic interferences according to the different 

behaviors of interfering ions and analyte ions in the gas-phase ion-molecule reaction. Based on 

different O-affinity for Cs+ (14 kcal mol-1) and Ba+ (92.8 kcal mol-1), the interference from Ba+ 

can be efficiently eliminated by introducing N2O as a reaction gas, converting Ba+ to BaO+ while 

still keeping Cs+ as single Cs+ species [91]. Other reaction gases such as CH3Cl, H2 and He were 

also investigated to remove Ba+ from Cs+, the detection limit for 135Cs and 137Cs has been improved 

by a factor of 20-30 [92]. 

ICP-MS/MS is widely applied to the measurement of 135Cs since its development in the recent 

years [16,18,47,62]. Two sequential quadrupole mass filters equipped in this instrument effectively 

reduced the tailing of 133Cs by 4-5 orders of magnitude to ~10-10 at m/z=135. Collision reaction 

using N2O effectively eliminate Ba and interfering polyatomic ions with a decontamination factor 

of more than 105 for Ba. Determination of 135Cs/137Cs ratio using ICP-MS/MS in rainwater 

collected after Fukushima accident was implemented without any chemical separation and used to 

identify the contaminated source. The instrumental  detection limit of 0.01 pg mL-1 for 135Cs was 

achieved, and 0.10 pg mL-1 for a sample with 100 ppb barium [93]. ICP-MS/MS has also been 

applied to the determination of 135Cs in Fukushima accident derived environmental samples such 

as soil, sediment, lichen and moss [16,18,47,48].  

ICP-MS has also been used for measurement of 126Sn, the main challenge is the isobaric 

interference from sable 126Te and 126Xe. Through the monitoring on masses of 125, 128 and 130, 

the contribution from 126Te and 126Xe can be calibrated. In most cases, chemical separation is 

required to remove most of tellurium before measurement. The isobaric interference from 126Xe 

was around 30 cps. When analyzing 126Sn in high level waste or spent fuel, such an interference 

can be corrected by monitoring the signal intensity of 131Xe and was negligible compared to the 

high count rate of 126Sn, e.g. 18000 cps on m/z of 126 in purified solution from PWR fuel pellet 

[87]. Polyatomic interference, such as CdO+, also needs to be considered for precise measurement 

of 126Sn. Normally, the oxides yield is less than 10-5 in ICP-MS. The contribution on mass 126 is 
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therefore dependent on the amount of Cd in Sn fraction, and 126Sn concentration in the purified 

solution. Since previous studies were mostly focused on nuclear waste samples with a high 

concentration of 126Sn (e.g. 16 ng mL-1), the interference from isobars was not serious compared 

to signal intensity of 126Sn (18000-70000 cps). However, when determining 126Sn in low-level 

waste samples (i.e. less than 1 pg mL-1), the interference from 126Xe could be a major challenge, 

therefore, it is necessary to investigate the removal of 126Xe. 

1.2.4.5 TIMS 

TIMS has been acknowledged as one of the most sensitive methods for measurement of 

radionuclides, especially multi-collector TIMS, characterized with  high precision measurement 

of isotopic ratio, has been widely used in environmental science, geochemistry and nuclear 

safeguards studies. The unique ionization process in this method makes it more powerful for 

elimination of isobaric and polyatomic interferences. Abundance sensitivity for TIMS equipped 

with retarding potential quadrupole (RPQ) can reach 10-10 level. All these features make TIMS 

suitable for the measurement of radiocesium and 126Sn in nuclear waste and environmental samples 

[94].  

To obtain a higher ionization efficiency, different activators were investigated including glucose, 

graphite, silica gel+H3PO4 and TaCl5+H3PO4 [48,49]. Glucose and TaO have shown a higher 

enhancement of ionization efficiency. Due to different ionization potential of Ba (5.21 eV) and Cs 

(3.89 eV), cesium on the filament is ionized at much lower current compared to Ba. It has been 

reported that using a 1.1 A of filament current, the 135Ba signal can be significantly reduced to less 

than 0.3 cps [48]. Rb has shown a significant influence on the signal intensity of Cs in TIMS due 

to their similar ionization potential. However, the level and amount of Rb on the Cs measurement 

has not been reported.  

TIMS has also been applied to measure 126Sn [53]. Silica gel-H3PO4 was added into the sample to 

enhance ionization efficiency, which was prepared with high-purity H2O, H3PO4 and SiCl4 in 

volumetric proportions of 1000:17:20. The measurement was performed at the temperature 

interval of 1400-1550 ℃, to eliminate the interference of hydrocarbon which is abundant at 

temperature less than 1300℃. The signal intensities at m/z of 127 and 128 were monitored to 

correct the interference from CaPO3 and Te. Faraday cups and secondary electron multiplier (SEM) 

were  used to measure the signals of tin isotopes. The relative efficiency of Faraday cups and SEM 

was calibrated using  stable 124Sn or 112Sn in peak-hopping mode.  

The major drawback of TIMS is time consuming, labor intensive for sample preparation and high 

instrument cost, which makes it unsuitable for analyzing a large number of samples. 

1.2.4.6 AMS 

AMS is the most sensitive method for measurement of long-lived radionuclides, with advantages 

of high abundance sensitivity and strong ability of eliminating interferences. AMS has been widely 

used for the detection of 129I, 14C, 239Pu, 236U, 10Be etc. in environmental samples [95,96]. However, 

there has been very limited reports on the measurement of 135Cs by AMS, which is mainly 
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attributed to the difficulties to separate Cs and Ba isobars and the use of Cs sputtering source in 

the AMS system [97,98].  

AMS was  firstly applied to measure 126Sn at the Zurich AMS facility in 1995 [99], with the main 

efforts dedicated to remove the interference from isobaric 126Te using projectile X-ray detection. 

The species of Sn extracted from ion source (Sn-, SnC2
-, SnO-, SnO2

-, SnF3
-, SnF5

-) and Te 

(Te-,TeC2
-,TeO-,TeO2

-,TeF3
-,TeF5

-) were investigated, it was observed that the extraction of SnF3
- 

molecular ion could effectively suppress the interference of Te.  Using this method, 126Sn/Sn ratio 

of (9.23 ± 0.87)×10-6 was determined in spent nuclear fuel. The abundance sensitivity was 

measured to be 1.92×10-10, which met the analytical requirement for 126Sn in nuclear waste samples. 

However, the limited availability of AMS instrument and expensive maintenance/operation cost 

make it less attractive for routine measurement of a large number of samples.  

 

1.3 Main challenges in the determination of 135Cs and 126Sn  

Analytical methods for determination of 135Cs in environmental solids such as soil, sediment and 

vegetation, have been reported, but no method is available for the determination of 135Cs and 
135Cs/137Cs in seawater samples. This is mainly because of the ultra-trace level of radiocesium in 

seawater which is typically two to three orders of magnitude lower compared to that in terrestrial 

environmental samples. The separation of radiocesium under carrier-free condition and removal 

of interferences from large size of samples are critical for accurate determination of 135Cs.  

135Cs concentration in ordinary environmental samples is less than 1 mBq kg-1, pre-concentration 

and separation of cesium from large size environmental sample using chemical separation is 

needed before measurement. As cesium is often strongly bound in clay minerals in the soil or 

sediment, it is therefore important to effectively release the binding radiocesium from sample 

matrix into the solution. Large amount of salts and interfering elements in the leachate, especially 

the alkali metal elements with similar chemical behavior to cesium, also makes the chemical 

separation and purification of cesium very challenging. Naturally occurring 135Ba is usually more 

than 9 orders of magnitude higher compared to the level of 135Cs, which needs to be efficiently 

removed. However, it is of great challenge to remove Ba solely by chemical separation. Therefore, 

a high sensitive measurement method with the ability to eliminate Ba interference is needed.  

Over the past few years, efforts have been focused on the determination of 126Sn in high level  

radioactive waste. Therefore, the previously developed method with a high detection limit, e.g. 50 

mBq for 1 g sample, is not suitable for the determination of 126Sn in low-level waste samples. In 

the measurement of 126Sn by ICP-MS, the signal intensity of 126Xe is amounted to ~30 cps, which 

is a severe interference on the measurement of 126Sn and hinders detection of low-level 126Sn. 
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1.4 Research objectives 

This work aims to establish reliable and sensitive analytical methods for determination of 135Cs 

and 126Sn in nuclear wastes and environmental samples by overcoming the above difficulties,  

which will be implemented in 5 tasks: 

1) To develop a method for determination of 135Cs in environmental seawater using chemical 

separation in combination with TIMS measurement.  

2) To develop an effective chemical separation procedure for separation of cesium  from 

environmental solid samples for determination of 135Cs using ICP-MS/MS. 

3) To develop an effective chemical procedure for separation of cesium from large volume of  

seawater for determination of 135Cs using ICP-MS/MS. 

4) To develop an effective chemical separation procedure for determination of 135Cs in various 

types of waste samples from nuclear decommissioning using ICP-MS/MS. 

5) To develop a reliable method for separation of tin in waste samples for determination of  126Sn 

using ICP-MS/MS in nuclear decommissioning.  
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2. Experimental  

2.1 Materials 

All reagents used in this study, including nitric aid (HNO3), hydrochloride acid (HCl), ammonium 

nitrate (NH4NO3), ammonium chloride (NH4Cl), strontium hydroxide (Sr(OH)2), cesium chloride 

(CsCl), rubidium chloride (RbCl), sodium hydroxide (NaOH), lithium metaborate (LiBO2), 

lithium tetraborate  (LiB4O7), hydroperoxide (H2O2), glucose, graphite, calcium chloride dihydrate 

(CaCl2·H2O), lithium chloride (LiCl), sodium chloride (NaCl), phosphoric acid (H3PO4) and 

ammonia (NH3·H2O), were of analytical reagent grade. Ultra-pure water (18.2 MΩ cm)  produced 

by Sartorius system was applied for preparation of chemicals in all experiment. In-house purified 

HNO3 by a distillation system (Savillex, USA) was employed for the final elution of cesium from 

cation exchange chromatography and dissolution of cesium fraction prior to TIMS or ICP-MS/MS 

measurement. An in-house 137Cs standard solution was used for optimization of instrumental 

parameters and 134Cs standard solution (Eckert & Ziegler, Germany) was used as a chemical yield 

tracer in this study. Standard solution of indium, cesium, barium, rubidium, tin, antimony, 

molybdenum and tellurium (10 mg L-1) were purchased from Lab Kings B.V., Netherlands. 

AMP powder was purchased from AAA Molybdenum products Inc. AMP-PAN resin (60-100 μm), 

TEVA and TRU (100-150 mesh) extraction chromatographic resin were purchased from Triskem 

International (Bruz, France). Ion exchange resins including AG 1×4, AG MP-1M and  AG 50W×8 

(100-200 mesh) were purchased from Bio-Rad Laboratory (USA). The resins were soaked in water 

and packed into columns of different sizes (e.g. 1.0  20 cm, 1.0  10 cm, 0.7  5 cm). 

Table 6 Samples used in this study 

Sample Sample amount Sampling site Relevant research 

Soil 

 

 

IAEA-375 soil 

IAEA-385 sediment 

IAEA-443 

Seawater 

 

 

 

Stainless steel 

Zirconium alloy  

Spent resins  

Cooling water  

filter 

Spent resins  

60 g 

10 g 

10 g 

1 g 

30-40 g 

2 L 

200 mL 

200 mL 

45 L 

45 L 

0.2 g 

0.1 g 

0.2 g 

10 L 

2 g  

2-5 g 

Risø, Denmark 

Ukraine 

Sweden 

Russian 

Irish Sea 

Irish Sea 

Danish straits 

Greenland coast 

Danish straits 

Baltic Sea 

Reactor 

Reactor 

Reactor 

Reactor   

Reactor 

Reactor 

Paper Ⅱ 

Paper Ⅱ 

Paper Ⅱ 

Paper Ⅰ-Ⅲ 

Paper Ⅱ 

Paper Ⅰ, Ⅳ 

Paper Ⅰ 

Paper Ⅰ 

Paper  Ⅳ 

Paper  Ⅳ 

Paper Ⅲ 

Paper Ⅲ 

Paper Ⅲ 

Paper Ⅲ 

Paper Ⅲ 
126Sn 

 

In this study, environmental samples (soil, sediment, seawater) and waste samples (stainless steel, 

zirconium, spent ion exchange resin, filter and cooling water from nuclear reactor) were used for 
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method development. Certified reference materials including IAEA-375, IAEA-385 and IAEA-

443 provided by IAEA were used to validate the developed methods. The detailed information of 

these samples is listed in Table 6. 

2.2 Instrumentation 

ICP-MS/MS (8800, Agilent technologies), equipped with a Ni sampling cone, Ni skimmer cone, 

spray chamber and concentric nebulizer, was used in single quadrupole mode to measure stable 

cesium (133Cs) or stable isotopes of tin and interfering elements to monitor the chemical yield of 

analytes and decontamination factors for interfering elements. Measurement of 135Cs and 126Sn in 

the purified solution was implemented using ICP-MS/MS with a high performance sample 

introduction system (Apex-Q, Elemental Scientific Instruments, USA) for better sensitivity.  TIMS 

(Triton plus, Thermal Fisher Science) was also used for the measurement of 135Cs and 137Cs. The 

detailed information and optimized parameters were described in paper Ⅰ-Ⅲ. 

To monitor the chemical yield of cesium in its separation from seawater and soil samples,  134Cs 

spiked to the sample and 137Cs present in the sample were measured using HPGe (Canberra 

Industries) with a relative counting efficiency of 35%, and a resolution of 1.85 keV for 1332 keV 

gamma peak of 60Co.  

2.3 Sample pre-treatment 

2.3.1 Pre-concentration of cesium from large volume of seawater 

45 L of seawater was filtered through a glass fiber filter of 0.45 micrometer porous size into a glass 

flask. After acidified with nitric acid to pH of 1.5-2.0, 2 mL of 134Cs solution (0.27 Bq g-1) was 

added to the seawater as a chemical yield tracer. 3-30 g of dry AMP powder was then added. After 

bubbled using pressed air for one hour, the sample was left still overnight to allow the AMP powder 

to settle down. The supernatant was discarded by siphon, and the AMP powder slurry was 

transferred to a beaker. The flask was washed using water and the washes were combined with 

AMP slurry. The AMP powder was separated by vacuum filtration through a membrane filter.  

2.3.2 Release of cesium from solid samples 

Acid digestion and alkali fusion were investigated for release of cesium from soil and sediment 

samples. 1-60 g soil or sediment samples were first oven-dried at 80℃ and then ashed in muffle 

oven at 450℃ for 8 h to decompose the organic substances. For acid digestion, a small volume of 

acid (2-5 mL HCl) was slowly added to the ashed sample to dissolve carbonate to avoid intensive 

release of large amount of CO2 , aqua regia was then added with a ratio of 8:1 for acid: sample 

(mL g-1). The sample was digested at 180℃ on a hot plate for 2 h. The leachate was separated by 

filtration through a glass fiber filter, and the residue was washed with diluted HCl. The washing 

solution was combined with leachate for further purification. For fusion method, LiBO2 was mixed 

with the ashed soil or sediment in a graphite crucible with a mass ratio of 1:2 for sample: LiBO2.  

The mixture was placed in a muffle furnace and fused at 950C for 20 min. The fused beads was 

dissolved with aqua regia, and the solution was used for separation of cesium. The residue was 

dried and measured for the remaining 137Cs to monitor the recovery in this step by comparing with 

the 137Cs radioactivity in the sample before treatment. The leachate was evaporated to dryness and 

re-dissolved in 1.0 M HNO3. 



23 
 

Different pre-treatment methods were used for extraction of cesium from waste samples such as 

stainless steel, carbon steel, zirconium alloy, filter and spent ion exchange resin. 0.05-0.3 g of steel 

samples were completely dissolved with 20-30 mL of 5 M H2SO4 by heating at 180℃ for 1-2 

hours; Zirconium alloy (surface contaminated) was leached with 30-50 mL of aqua regia at 180℃ 

on a hot plate until more than 95% of activity in the sample was leached into solution. Cesium in 

spent ion exchange resin was extracted using 30 mL of 5 M HNO3 for 0.5 hour. Filter sample was 

leached with mixture of concentrated H2SO4, concentrated (65%) HNO3, and H2O2. Gamma 

spectrometry was used to monitor the extraction efficiency of radionuclides (such as 60Co and 
137Cs) by measurement of original samples and the residue of the sample after acid leaching.  

2.3.3 Release of tin from spent ion exchange resin 

2-5 g of mixed anion and cation exchange resin was transferred to a 50 mL centrifuge tube and 10 

microgram of stable tin was spiked and mixed with resin. After gamma measurement, 30 mL of 5 

M HCl was added, the sample was shaken for 0.5 h to leach radionuclides present as cations such 

as cobalt and cesium. The leachate was separated by centrifuging for 10 minutes at 3000 rpm. The 

residue was rinsed with 10 mL of 5 M HCl for 2 times, the leachates were combined. The residual 

resin was leached again with 30 mL of 5M HNO3 by shaking for 0.5 h to release radionuclides 

present as anion species including tin. The leachate was separated by centrifuging for 10 minutes 

at 3000 rpm. The leaching process was repeated with 30 mL of 5M HNO3, and the leachates were 

combined for separation and purification of tin. HPGe gamma spectrometry was used to monitor 

the extraction efficiency of radionuclides before and after acid leaching. 

2.4 Chemical separation for cesium and tin 

2.4.1 Chemical separation scheme for cesium 

Separation of cesium was implemented using three resins, AMP-PAN, AG MP-1M and AG 

50W×8. Sample solution in 1 M HNO3  was loaded onto a 1-2 mL AMP-PAN column. After 

rinsing with 20-50 mL of 1M HNO3 and 20 mL of H2O, 10 mL of 1.5M NH3·H2O was used to 

elute cesium which was directly loaded on a 2 mL AG MP-1M column. 5 mL of 1.5M  NH3·H2O 

was used to wash the AG MP-1M column. The effluents of loading and washing solution from AG 

MP-1M were collected and loaded onto a 10 mL AG 50W×8 column. After rinsing with 50 mL of 

1.5M NH3·H2O, 30 mL of H2O and 70 mL of 1M HNO3, 70 mL of 1M HNO3  was employed to 

elute Cs from the AG 50W×8 column. The eluate was evaporated to dryness, and the residue was 

re-dissolved with 0.3 M HNO3 for measurement. The chemical separation procedure was adjusted 

according to sample matrix.  

For determination of 135Cs in seawater sample using TIMS, 200 mL seawater was first acidified 

using concentrated HNO3 to 1.0 M HNO3, which was loaded onto a 2 mL AMP-PAN column (7 

mm  5 cm). After rinsing with 45 mL of 1.0 M HNO3 and 15 mL of H2O, the column was rinsed 

using different concentration of NH4NO3,  e.g., 200 mL of 0.1 M NH4NO3 , 135 mL of 0.15 M 

NH4NO3, or 100 mL of 0.2 M NH4NO3, to remove Rb, finally 10 mL of 1.5 M NH3·H2O was 

employed to elute Cs from the AMP-PAN column. The eluate was directly loaded onto a 10 mL 

cation exchange chromatography column (AG 50W×8, H+ form, 1.0 cm  20 cm), which was 

pre-conditioned with 50 mL of 5.0 M HNO3, 20 mL of H2O and 20 mL of 1.5 M NH3·H2O. The 

column was rinsed with 50 mL of 1.5 M NH3·H2O, 20 mL of H2O and 220 mL of 0.5 M HNO3. 
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Finally, different concentration of HNO3, e.g., 0.5M, 0.75M, 1M, 1.5M, was employed to elute Cs 

from the AG 50W×8 column. The eluate was evaporated to dryness and re-dissolved with a few 

microliter of 2% HNO3.  

For determination of 135Cs in 45 L seawater, the pre-concentrated cesium on 3-30 g of AMP 

powder was extracted using certain volume of NaOH, NH3·H2O and Sr(OH)2 solution under 

stirring. The solution was separated from remaining residue by vacuum filtration, 134Cs in the 

solution and precipitate was measured using a HPGe gamma detector. The solution was then 

loaded to an AG 50W×8 cation exchange chromatography column (10 mL), the column was rinsed 

with 20 mL of H2O, the effluent and rinse solution were collected, combined and measured for 
134Cs. The recovery of cesium (monitored by 134Cs) in the extraction and cation-exchange 

separation were calculated by comparing with the spiked 134Cs to the sample solution. To optimize 

the separation procedure of Cs from Rb, three methods were investigated: (1) 10 mL cation 

exchange chromatographic column (AG 50W×8); (2) 20 mL AG 50W×8 column; (3) 2 mL AMP-

PAN column following with a 10 mL AG 50W×8 column. The method (1) is similar to that for 

200 mL seawater; For method (2), 350 mL of 0.5 M HNO3 was used to rinse the column before 

the final elution of Cs. For method (3), a combined column of a 2 mL AMP-PAN and 10 mL AG 

50W×8 was used.  

For soil and sediment samples, the leachate was loaded onto an AMP-PAN column (1.0 mL resin  

packed in a  7 mm  5 cm column), which was pre-conditioned with 40 mL of 4 M NH4NO3, 20 

mL of H2O and 10 mL of 1 M HNO3. The column was rinsed with 30 mL of 1 M HNO3 and 20 

mL of H2O to remove matrix elements. Ammonium salts (e.g. NH4Cl, NH4NO3, (NH4)2SO4) were 

investigated to elute cesium from the AMP-PAN column. The NH4Cl eluate containing cesium 

was evaporated to dryness on a hot plate at 180 C after adding protective reagents (e.g. LiCl, 

NaCl, H3PO4). The residue in the beaker was then heated at different temperature (e.g. 350℃, 

400C, and 450C) for about 1-2 hours in a muffle oven to remove NH4Cl. After cooling to room 

temperature, the remaining residue was dissolved with 10 mL of 1.5M NH3·H2O. Finally, the 

solution was loaded to a 10 mL AG 50W×8 column and different concentration of HNO3 (0.5M, 

1M, 1.5M and 2M) were investigated to separate cesium from Li, Ba and Mo.  

For waste samples, besides the removal of Ba and other interferences, removal of dominant 

radionuclides (e.g. 60Co) is also critical for avoiding the radioactive contamination of the 

measurement instruments. The chemical separation procedure applied in this work for waste 

samples was similar as that for the environmental samples using three columns, the detailed 

information is presented in paper Ⅲ. 

Single cation exchange column for directly separation of cesium from seawater was also 

investigated. 50-200 mL of seawater was directly loaded onto a 10 mL or 20 mL AG 50W×8 

column. Due to the high concentration of alkali earth elements in seawater, such as Ca, Mg and Sr, 

a pre-precipitation process was performed by adding 2 mL of NH3·H2O into 50 mL seawater for 

comparison. After rinsing with 30 mL of H2O, cesium was eluted with 0.5 M HNO3 from the 

column and then measured by ICP-MS.  
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2.4.2 Separation and purification of tin 

Three different methods using TEVA, TRU and anion exchange resin (AG 1×4) packed in a 2 mL 

column ( 7 mm5 cm) were investigated for separation of tin from sample matrix and purification 

from tellurium. A simulated solution containing 2 μg ml-1 Sn, 2 μg ml-1 Te, 2 μg ml-1 Cs and 5 μg 

ml-1 Co in 2 M HCl was prepared. After sample loading and rinsing with 40 mL of 2M HCl and 5 

mL of H2O, 20 mL of 2M HNO3 was used to elute Sn from TEVA and AG 1×4 column, 20 mL of 

0.5 M HF was used to elute Sn from TRU column, respectively. 

 The leachate was evaporated to dryness on a hotplate and re-dissolved with 5 mL of 2M HCl, 

which was then further purified using an anion exchange chromatography. After rinsing with 40 

mL of 2M HCl and 5 mL of H2O, 20 mL of 2M HNO3 was used to elute Sn from AG 1×4 column. 

The eluate of Sn was evaporated to dryness and dissolved in 3 mL of 0.3 M HNO3 for ICP-MS 

measurement. 

2.5 Measurement of 135Cs and 126Sn 

2.5.1 Measurement of 135Cs by TIMS 
135Cs separated from 200 mL seawater was measured by TIMS (Triton Plus, Thermal Fisher 

Science, USA). Faraday cup was used for 133Cs detection, and ion counters (IC) with retarding 

potential quadrupole (RPQ) were used for detection of 135Cs and 137Cs. The abundance sensitivity 

was measured to be less than 4×10-10 for 133Cs at m/z of 135. The integration time of 2s, 8s and 8s 

was selected for m/z of 133, 135 and 137, respectively. Auto tune was performed for optimization 

of the signals of 135Cs and 137Cs using 133Cs (with a signal intensity of more than 2V). To evaluate 

the ionization efficiency of cesium, 10 ng of 133Cs was prepared and measured using the central 

Faraday cup in total evaporation (TE) mode (all Cs+ was counted until the sample was completely 

consumed). Several microliter of separated cesium solution and activator were loaded on a Re 

filament, then evaporated to dryness with a heating current, finally the target was put into the ion 

source chamber. The influence of different activators (glucose, graphite, and carburization), 

amounts of activator (0-10 μg glucose), heating current for sample preparation (400 mA, 600 mA, 

800 mA) and Re filament types were investigated. The interference of Rb and Ba on the 

measurement of 135Cs and 137Cs was investigated using samples containing 10 ng 133Cs and 10-

1000 ng of Rb or 0.1-100 ng of Ba. For measurement of 135Cs and 137Cs in samples, the separated 

cesium solution of 5 microliter and glucose solution (D-glucose of 100 g L-1 prepared using 

deionized water) were mixed and loaded on Re filament, and evaporated to dryness.  

2.5.2 Measurement of 135Cs by ICP-MS/MS 
135Cs and 137Cs in sample solution separated from soil, sediment, waste samples and large volume 

of seawater were measured by ICP-MS/MS (Agilent 8800) in this study. An octopole dynamic 

reaction cell (DRC) between two quadrupole mass filters was employed to remove the isobaric 

and polyatomic ion interferences. N2O as collision/reaction gas at different flow rate was injected 

to the DRC and the removal of interference of isobars (135Ba and 137Ba) was investigated. For low-

level environmental and waste samples, Apex-Q sample introduction system was employed to 

improve the measurement sensitivity of cesium isotopes. For measurement of 135Cs, both Q1 and 

Q2 were set to m/z=135, and for 137Cs, they were set to 137. 1 ng mL-1 of 133Cs was used to tune 



26 
 

the instrumental parameters before measurement, and the optimized parameters of ICP-MS/MS 

are presented in paper Ⅲ. 

2.5.3 Measurement of 126Sn using ICP-MS/MS.  
126Sn in purified solution was measured by ICP-MS/MS. Collision-reaction cell technique using 

NH3, N2O and O2 as reaction gas was investigated to remove the isobars, 126Xe and 126Te. To 

further improve the detection sensitivity, Apex Q was coupled with ICP-MS/MS. Prior to 

measurement, the instrument was tuned to optimize the instrumental parameters using 2 ng mL-1 

of Sn standard solution. Signal intensities of 128Te and 131Xe were measured to correct the 

contribution of 126Te and 126Xe to 126Sn (with the same mass 126). The optimized instrumental 

parameters of ICP-MS/MS for the measurement of 126Sn are listed in Table 7. 

 

Table 7. Optimized parameters for measurement of 126Sn by ICP-MS/MS  

Parameters Value 

RF power  

Sampling position 

 Plasma gas flow rate  

Auxiliary gas flow rate  

Nebulizer pump 

 Nebulizer gas flow rate  

NH3 flow rate 

He flow rate 

OctP Bias 

OctP RF 

Extract 1 

Extract 2 

Q1 Entrance 

Q1 Exit 

1500 W 

5.8 mm 

15 L min-1 

0.98 L min-1 

0.1 rps 

1.06 L min-1 

0.10 mL min-1 

6.0 mL min-1 

-6.0 V 

190 V 

-115 V 

-200 V 

1V 

2 V 
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3. Results and discussion 
Reliable analytical methods were developed for determination of 135Cs concentrations and 
135Cs/137Cs atomic ratios in environmental samples (soil, sediment, seawater) and waste samples 

from nuclear decommissioning (stainless steel, carbon steel, zirconium alloy, filter, reactor coolant 

and spent ion exchange resin). A rapid analytical method was also developed for the determination 

of 126Sn in spent ion exchange resin. In this study, release of cesium from diverse sample matrix 

by acid digestion and high temperature fusion was investigated; special efforts were focused on 

the efficient removal of Rb and Ba from Cs fraction, the eluting solution (e.g. NH4NO3 (for AMP-

PAN column), and HNO3 (for AG 50W×8 column)) was investigated to optimize decontamination 

for Rb and Ba; selective elution of Cs from AMP-PAN column was investigated and the challenges 

caused by massive NH4Cl was tackled. Crucial parameters for sample preparation in TIMS 

measurement including the selection of activator, amount of activator, heating current and filament 

type were also discussed. The selection of reaction gas in the collision reaction cell and their flow 

rate on the removal of interferences and the sensitivity of analyte ions in the ICP-MS measurement 

were discussed. 

3.1 Sample pre-treatment 

3.1.1 Influence of amount of AMP powder on pre-concentration of cesium from seawater 

As a specific adsorbent for cesium, AMP has been widely used to pre-concentrate cesium from 

seawater. Large amount of AMP (up to 50 g) is typically used for large volume of seawater (45 L) 

to ensure a high recovery of cesium. However, huge amount of molybdenum introduced from 

AMP will be difficult to be completely removed, which hinders low-level 135Cs measurement using 

ICP-MS due to the polyatomic interference (95Mo40Ar+).  

Our investigation in the effect of AMP amount (Figure 6) shows that the recovery of cesium 

gradually increased with the amount of AMP from 75.8% for 3 g AMP to 86.5% for 30 g AMP, 

which is comparable with the result (90%-95%) in our routine procedure, wherein 50 g AMP and 

2 mg stable 133Cs as carrier were used for 45 L seawater.  Based on this result, 10 g AMP powder 

for pre-concentration of cesium from 45L seawater was selected. The slightly higher recovery 

observed in our routine procedure might be attributed to the addition of stable cesium as a carrier. 

However, stable cesium (133Cs) interferes with the ICP-MS measurement of 135Cs by peaking 

tailing and matrix effects. Therefore, stable cesium was not added in this work.  
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Figure 6.  Variation of cesium recovery with the amount of AMP powder added to 45 L seawater.   

 

3.1.2 Release of cesium from solid samples  

Environmental samples. For environmental solid samples, such as soil and sediment, both acid 

leaching and fusion methods were investigated to extract cesium from sample matrix. 

Anthropogenic 137Cs present in soil and sediment was used as an internal tracer to monitor the 

recovery by measurement of the original sample and the residue after acid leaching or alkaline 

fusion using gamma spectrometry. The results (paper Ⅱ, table S1) show that for 1-10 g soil, more 

than 85% of radiocesium was leached out using aqua regia. For 1 g of IAEA-375 (soil) and IAEA-

330 (spinach), almost quantitative leaching of cesium were achieved, with recovery of 95.8%-

98.2%. While for large size of samples (40-60 g), the recovery of cesium decreased to 63.4%-

83.8%. This might be attributed to the incomplete contact of sample with aqua regia. However, 

the measurement results of 135Cs could be corrected using the recovery monitored by 137Cs. A 

higher cesium recovery of 93% for 20 g soil was achieved using LiBO2 fusion method. The small 

loss of radiocesium might be attributed to the following dissolution of the melt beads. The main 

drawbacks of fusion method are high temperature operation, small size sample treatment and low 

sample throughput, making the method less attractive in environmental sample analysis, where a 

large number of samples are usually analyzed. While acid leaching is relatively simple, easy to 
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operate with high sample throughput and more suitable for processing large size of samples. 

Therefore, acid leaching with aqua regia was selected for sample pre-treatment in this work.  

Waste samples. In nuclear waste from decommissioning or operation of nuclear facilities, there 

are two types of radioactive materials, induced and surface contaminated samples. Induced 

samples refer to materials that were exposed to neutron irradiation, radionuclides contained in such 

samples were produced by neutron activation reaction and fission of uranium, and distributed 

through the whole samples. Surface contaminated samples refer to materials that were in contact 

with radioactive media, thereby radionuclides were mainly present on the surface of the samples. 

Based on these features, different sample digestion methods were developed.  

For induced stainless steel and carbon steel, acid digestion is the most favorable method [100,101]. 

Since the waste samples were also required for 36Cl analysis, the use of HCl was excluded because 

it would introduce huge amount of chlorine, which makes the LSC measurement of 36Cl impossible. 

Dissolution using different concentration of H2SO4 and HNO3 under heating were investigated, 

the results show that steel samples can be rapidly and completely dissolved with 5-6 M H2SO4 at 

180℃, while the concentrated  H2SO4 and HNO3 could not well dissolve the steel samples, this 

should be attributed to their high oxidative feature. Therefore, 5-6M H2SO4 was used to dissolve 

stainless steel and carbon steel samples in this work. 

Zirconium alloy was widely used as a cladding of nuclear fuel and structural material [102]. For 

the surface contaminated zirconium sample, acid digestion using aqua regia was investigated by 

monitoring the activity of major radionuclides on the sample. The results show that the surface 

deposited radioactive substances can be effectively removed, more than 95% of the gamma-

emitters  (e.g. 60Co) were removed by digestion with aqua regia at 180℃ for 2 hours. For induced 

zirconium sample, the results show that aqua regia digestion can only remove a fraction of 

radioactivity presented on the surface of the material. Further digestion could not remove more 

radioactive substance from the sample, indicating that the induced radioactivity inside the 

zirconium could not be released, because aqua regia could not dissolve zirconium. When HF was 

added for sample digestion, zirconium sample was slowly dissolved and radioactivity in the sample 

decreased with the sample dissolution. Therefore, for induced zirconium samples, total dissolution 

with aqua regia and HF was used to ensure quantitative extraction of radionuclides from the 

samples.  

For cartridge filters consisting of anion and cation exchange resins, and mixed ion exchange resin 

used to pre-concentrate radioactive ions or purify reactor water, cesium should be adsorbed on 

cation exchange resin as cation. Acid leaching was investigated for releasing cesium from these 

materials without completely decomposition, the results show that acid leaching using 8 M H2SO4, 

14 M HNO3  and H2O2 can efficiently extract cesium and other radionuclides from the cartridge 

filter, while 5 M HNO3 can release >98% of cesium from mixed ion exchange resin.  

 

3.1.3 Release of tin from spent ion exchange resin  

Tin often present as Sn(OH)3
- and Sn(OH)6

2- in water, which can be adsorbed on the anion 

exchange resin. While in HNO3 medium, tin often present as cations, i.e. Sn2+ and Sn4+, which can 
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be adsorbed on cation exchange resin. Based on the formation of SnCl3
- and SnCl6

2- anions in HCl 

medium and their strong sorption on anion exchange resin, but no anion complex of tin formed in 

HNO3 medium [54], after cations (e.g., 137Cs, 60Co) were removed by leaching with diluted HCl, 

tin in the mixed ion exchange resins can be leached out with diluted HNO3 solution. Stable tin (10 

µg) was first spiked to the mixed ion exchange resin, after aged for 2-3 hours, the resin was leached 

with 5M HCl and 5M HNO3 respectively. The results showed that more than 90% of tin was 

leached out by this method. Meanwhile, most of radioactivity on the resin (>99%) was also 

removed from the resin in the first leaching using 5M HCl, resulting in a preliminary separation 

of 126Sn from major radionuclides, e.g., 60Co and 137Cs. Therefore, selective leaching using diluted 

HCl and HNO3 was selected to release tin from mixed ion exchange resin, stable tin (10 µg)  was 

spiked to the sample as chemical yield tracer to monitor the recovery of 126Sn in the sample 

treatment and chemical separation. 

3.2 Separation and purification of cesium from sample solution  

3.2.1 Removal of interfering elements (Rb and Ba) 
135Ba is the dominant isobar interference in the mass spectrometric measurement of 135Cs, Rb in 

the separated sample solution significantly suppresses the measurement sensitivity of Cs, therefore, 

Ba and Rb have to be removed before the measurement (see section 3.2.5). The concentrations of 

Ba and Rb in seawater are 3-5 ng mL-1 and 10-50 ng mL-1, respectively [103]. Based on different 

affinity (relative selectivity) of Cs+ (2.7) and Ba+(8.7), cation exchange chromatography was tested 

for removal of Ba and Rb. Two different sizes of column using strong acid cation exchange resin 

(AG 50W×8), 2 mL (7mm×5cm) and 10 mL (1.0 cm × 20 cm) were investigated. The results 

show that cesium can be quantitatively retained on a 2 mL column, but the decontamination factor 

for Ba was not satisfactory and 2-20 ng Ba still remained in the Cs eluate. For 10 mL column, Ba 

in the eluate was reduced to < 0.3 ng, meanwhile the recovery of cesium was still kept high (paper 

Ⅱ, Figure 2). Therefore, 10 mL cation exchange chromatographic column was used for purification 

of Cs from Ba in this study. 

Both Rb and Cs are alkali metals, showing similar chemical properties. Their relative selectivity 

(2.7 for Cs+ and 2.6 for Rb+) on cation exchange resin are too close to be well separated. However, 

the adsorption behavior of Rb+ and Cs+ on AMP is different. Rb adsorbed on the AMP-PAN resin 

can be eluted  by diluted NH4NO3, while Cs will still strongly retained on the column. Using 

different concentrations of  NH4NO3 (0.1 M, 0.15 M and 0.2 M) as eluting solution, the 

experimental results show that a decontamination factors of 7.8 was obtained for Rb using 200 mL 

0.1 M NH4NO3, compared to 5.9 and 6.0 using 100 mL 0.2 M NH4NO3 and 135 mL 0.15 M 

NH4NO3, respectively. The removal of Rb using 200 mL of 0.1 M NH4NO3  was applied to the 

separation of cesium from seawater samples.  

Although 85% of Rb can be removed using AMP-PAN column, this is still not sufficient for 

accurate determination of 135Cs and 137Cs by TIMS or ICP-MS/MS because of the high ratio of 

Rb/Cs in seawater samples. A combination of AMP-PAN and cation exchange column was used 

to get a better decontamination of Rb. After preliminary separation using AMP-PAN, Cs eluted 

from the AMP-PAN with 1.5 M NH3·H2O was directly loaded onto a 10 mL AG 50W×8 column 

(1 cm×20 cm). After rinsing with 50 mL of 1.5 M NH3·H2O, 30 mL of H2O, different 
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concentrations of HNO3 (0.5 M, 0.75 M, 1 M and 1.5 M) were used to elute Cs. The results (paper 

Ⅰ, Figure S3) show that Cs can be better separated from Rb using low concentration of HNO3 (0.75 

M or 0.5M). An overall decontamination factor of 1800 was obtained for Rb for 200 mL seawater, 

and 800 for  45 L seawater, which enables the accurate determination of 135Cs and 137Cs in seawater 

at femtogram level by TIMS or ICP-MS/MS.  

For environmental solid samples such as soil or sediment, the concentration of Rb and Cs are about 

90 μg g-1 and 3 μg g-1, respectively, the interference of Rb is not so serious as that for seawater 

samples [104], therefore, single column separation should be sufficient for measurement of 135Cs 

by ICP-MS/MS.  

Polyatomic ions of Sn, Sb, and Mo with light element such as Ar, also interfere with the ICP-MS 

measurement of 135Cs. These elements usually present as anion species in alkali solution, and thus 

can be removed using the cation exchange chromatography. Rinsing with 50 mL of 1.5 M NH3 

and 30 mL of H2O can sufficiently remove them from Cs, resulting in low level of these elements 

in the final Cs fraction, e.g. less than 1, 0.4, and 0.4 ng mL-1 for Mo, Sn and Sb, respectively.   

3.2.2 Selective extraction of cesium from AMP-PAN and AMP 

Cesium pre-concentrated on AMP-PAN column and AMP powder needs to be further purified 

from interferences. Cesium on AMP was usually dissolved with ammonia. In this case, large 

amounts of Mo in the AMP enters into the sample solution and will cause severe interference on 

the determination of 135Cs and 137Cs. Based on adsorption principle of Cs+ on the AMP (by reverse 

ion exchange reaction between Cs+ and NH4
+), high concentration of NH4

+ was investigated to 

elute Cs+ from AMP-PAN resin without dissolving AMP. The results show that NH4HCO3, 

(NH4)2CO3, NH4F, NH4C2O4, NH4Ac and NH4Citr solution also dissolve AMP, while ammonium 

thiocyanate solution reacts with AMP and reduces it to phosphorus molybdenum blue, as indicated 

by the color change of the AMP-PAN resin from yellow to blue. While, NH4Cl, NH4NO3 and 

(NH4)2SO4 solutions could elute Cs+ from the AMP-PAN resin without dissolving AMP 

components. Since NH4NO3 is explosive reagent and sulphate is not easy to remove, NH4Cl was 

selected to elute Cs+ from AMP-PAN resin. The investigation on the elution of cesium from AMP-

PAN column using different concentration of NH4Cl showed that 50 mL 3M, 40 mL 4M or 40 mL 

5M of NH4Cl can elute cesium with recoveries of more than 95% (eluted profiles can be found in 

paper Ⅱ, Figure 1). Considering the amount of NH4Cl in the eluate and a long tailing when using 

low concentration, 40 mL 4 M of NH4Cl was selected to elute cesium from 1 mL of AMP-PAN 

column. 

Cs+ in NH4Cl solution could not be further purified using cation exchange chromatography (AG 

50W×8), because NH4
+ (1.95) strongly competes with Cs+ for adsorption on the resin and therefore 

hinders the retention of Cs+ on the column. NH4Cl is thermally unstable with a low sublimation 

temperature (338 C), while CsCl is stable with a high melting point (646℃) and boiling point 

(1297℃). The sublimation method was investigated for the removal of NH4Cl. The results (paper 

Ⅱ, Table 1) show that almost all NH4Cl was sublimated by heating at a temperature of above 350C 

for more than 2 hours. However, a large fraction of cesium (>60%) was lost with the sublimation 

of NH4Cl, even heated at a low temperature of 350C. This might be attributed to the high 

NH4Cl/CsCl mass ratio of >4105 in the eluate, trace amount of cesium (e.g., 20 μg) wrapped in 
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the NH4Cl (~8 g) might be taken away during the sublimation of NH4Cl. When adding H3PO4 

(with high boiling-point) to the eluate, the Cs recovery increased to 67%. Addition of alkali 

chloride (LiCl and NaCl) and calcium chloride (CaCl2) also improved the recovery of cesium 

during sublimation of NH4Cl, almost quantitative recovery of Cs was obtained when 60-80 mg of 

LiCl was added to the eluate. In addition, Li+ does not affect the retention of Cs on the cation 

exchange chromatography because of its lower selectivity (0.85) compared to  Cs (2.7), Na+ (1.5) 

and Ca2+ (3.9),  meanwhile, Li is also easy to remove from the column by rinse with diluted HNO3 

(paper Ⅱ, Figure 2).  

For determination of 135Cs in large volume of seawater samples, cesium pre-concentrated in 10 g 

AMP powder was released by dissolution with NH3·H2O, NaOH or Sr(OH)2, and the leachate was 

directly loaded onto a 10 mL AG 50W×8 column to purify cesium. The results show that only 

42% of cesium was retained on the column (paper Ⅳ, Figure 2.) when AMP was dissolved with  

NH3·H2O and NaOH. Re-loading of the effluent onto another cation exchange column show the 

same percentage (42%) of cesium retention. Extending the length of cation-exchange column does 

not significantly improve the recovery of cesium. The low retention of cesium on the cation 

exchange column might be caused by the competitive adsorption of Na+ (relative selectivity of 

1.5) and NH4
+ (1.95) with Cs+ (2.7) at high concentrations of Na+ and NH4

+.  AMP was dissociated 

to NH4
+, MoO4

2- and PO4
3- in NH3·H2O and NaOH solution, the high concentrations of NH4

+ and 

Na+ in sample solution compete with Cs+ to adsorb on the column, therefore significantly reduce 

chemical yield of cesium. A high retention of cesium on the cation exchange column was observed 

when Sr(OH)2 was used to extract Cs. In this case, AMP was converted to SrMoO4 and Sr3(PO4)2 

precipitate; meanwhile, NH4
+ was converted to NH3·H2O, consequently Cs+ was well retained on 

the cation exchange column. By addition of stoichiometric equivalent amount of Sr(OH)2, cesium 

in the AMP can be effectively extracted into solution, while MoO4
2- and PO4

3- still remained in 

the residue as SrMoO4 and Sr3(PO4)2. Cesium in the extracted solution was quantitatively retained 

on the cation exchange column (AG 50W×8, 10 mL) and overall recovery of cesium in the 

extraction and elution steps was more than 95%. Therefore, Sr(OH)2 was used to selectively extract 

cesium from AMP powder in this work. The excessive amount of Sr(OH)2 in the solution can 

reduce the sorption of cesium on the cation exchange column, due to the competitive adsorption 

of Sr2+ on the cation exchange resin. A stoichiometric equivalent amount of Sr(OH)2 should be 

used (e.g., 8.76 g Sr(OH)2 for 10 g AMP powder). The excessive amount of Sr(OH)2 can be easily 

monitored by measurement of the pH (less than 11) in the final extracted solution, because the 

released ammonium present as NH3·H2O in this solution and the pH is mainly controlled by the 

excessive amount of soluble Sr(OH)2.  For analysis of large volume of seawater, large amount of 

Rb was observed in the final Cs solution, usually two orders of magnitude higher compared the 

amount of cesium. Since single cation exchange chromatographic column, such as 10 mL AG 

50W×8, was usually overloaded by large amount of Rb, therefore not suitable for the separation 

of cesium from Rb, an additional AMP-PAN column was employed to remove most of Rb as 

discussed above before final purification of cesium by cation exchange chromatographic column. 

It should be noted that using AMP-PAN for purification of cesium from Rb, the amounts of 

Sr(OH)2 added to release cesium from AMP powder, do not need to be stoichiometric equivalent, 

as excessive Sr(OH)2 can be removed by AMP-PAN column after dissolved with HNO3. 
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3.2.3 Separation of cesium from seawater using cation exchange chromatography 

Stable cesium (133Cs) present in the seawater can be used as intrinsic tracer for monitoring the 

chemical yield of 135Cs in chemical separation from small volume of seawater in TIMS 

measurement. A high 133Cs procedure blank of 10 ng-100 ng in the AMP-PAN resin was observed 

even purified with 4M NH4NO3, which is higher or comparable with the cesium in 100 mL 

seawater (about 30 ng), therefor seriously affected the accurate measurement of 135Cs. Considering 

cesium in cation exchange resin can be efficiently removed by high concentration of HNO3 to  < 

0.1 ng g-1, a single cation exchange chromatography column was investigated for separation of 

cesium from seawater. Due to relatively high 133Cs concentration in seawater (0.3 ng mL-1), 50 mL 

of seawater would contain sufficient amount of cesium for TIMS measurement of 135Cs. The 

preliminary experiment using 10 mL AG 50W×8 column showed that cesium broke through the 

column after loading 60 mL of seawater (with salinity of 35‰). This is attributed to the high salt 

concentration in seawater, and relative low selectivity of Cs+ on the cation exchange resin. A 

simple precipitation process was performed by adding 25% NH3·H2O to 50 mL seawater to adjust 

pH8-9 to remove alkaline earth metals (i.e. Ca). After filtration, the supernatant was loaded onto a 

20 mL AG 50W×8 column, and no breakthrough of cesium was observed. After rinsing with 1.5 

M NH3·H2O and H2O, cesium on the column was eluted with 0.5 M and 1.0 M HNO3, respectively. 

The results (Figure 7) show that cesium could be well separated from Rb using 0.5 M HNO3, and 

a cesium recovery of 68% and a decontamination factor of 20 for Rb were achieved. The relatively 

low decontamination factor for Rb is attributed to the relatively high selectivity of Na+ (1.5), K+ 

(2.5), Ca2+ (3.9), Mg2+ (2.5), Sr2+ (4.95) and Ba2+ (8.7), and high concentrations of Na+, Ca2+ and 

Mg2+ in seawater. To further improve the decontamination factor of Rb, a repeated separation 

using cation exchange chromatography was implemented.  Cesium eluted in 280-500 mL of 0.5 

M HNO3 from the first column was evaporated to dryness and re-dissolved in 5 mL H2O   for the 

second separation using AG 50W×8 column. A decontamination factor of 800 for Rb was achieved 

by using two columns (Figure 8), indicating a much better separation of cesium from Rb. Cesium 

in the procedure blank was less than 1 ng, which does not significantly influence the measurement 

of 135Cs/133Cs and 137Cs/133Cs. Therefore, the separation procedure using two cation exchange 

chromatographic columns can be applied for the separation of cesium from 50 mL seawater. 
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Figure 7. Eluted profiles of rubidium and cesium on cation exchange column (AG 50W×8, 20 mL) 

after loading 50 mL seawater.  

 

 

 

Figure 8. Eluted profiles of rubidium and cesium on second cation exchange chromatographic 

column. (50 mL seawater, for the first column, the fraction of 280-500 mL was collected.) 
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In the analysis of seawater from Danish straits, a good separation of cesium from Rb was obtained 

using a 20 mL single cation exchange chromatographic column. This should be attributed to the 

low salinity (<6 ‰) in these seawaters (Table 8). This confirmed that high concentration of cations 

in high salinity seawater significantly influence the separation of Cs due to their competitive 

adsorption on the column.  

The eluted profiles of Rb and Cs on 20 mL cation exchange chromatographic column (AG 50W×8) 

for 50 mL of seawater with different dilution (Figure 9) show that the separation of Cs from Rb 

becomes better with decreased salinity. Therefore two columns separation should be applied when 

analysis of high salinity water, while single column is sufficient for low salinity water (<10 ‰). 

The chemical separation procedure is demonstrated in Figure 10. 

 

 

Table 8. Results of salinity in different seawater  

Sampling site Conductivity (ms/cm) Salinity/‰ 

Greenland 

Fram Strait 

Fakse Ladeplades 

Rødvig 

49.0 

51.0 

14.7 

14.6 

33.95 

35.59 

5.91 

5.80 
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Figure 9. Eluted profiles of rubidium and cesium from 20 mL cation exchange chromatographic 

column (AG 50W×8), A: 50 mL of seawater from F Strait (35.6 ‰); B: diluted seawater with 

salinity of 24.9 ‰; C: diluted seawater with salinity of 10.7 ‰; D: diluted seawater with salinity 

of 7.1‰.  
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Figure 10. Chemical separation procedure for cesium from seawater using cation exchange 

chromatographic column. 

 

3.2.4 Procedures of chemical separation of cesium from different samples 

For the analysis of radiocesium, a small volume of seawater was used for measurement of 135Cs 

and 137Cs using TIMS. The key issue was removal of Rb and Ba and efficient recovery of cesium. 

A combined chromatographic separation using AMP-PAN and AG 50W×8 columns was 

developed for the separation of cesium from 200 mL seawater. The optimized chemical procedure 

is described below. 

Ⅰ. 14 mL of  concentrated HNO3 was added to 200 mL of seawater to adjust to 1M HNO3; 

Ⅱ. The prepared sample was loaded at a flow rate of 1.5 mL min-1 to a 2 mL column of AMP-PAN 

(100-600 μm) which was preconditioned with 40 mL of 5M NH4NO3, 20 mL of H2O and 10 mL 

of 1M HNO3; 

Ⅲ. The column was rinsed with 45 mL of 1M HNO3, 15 mL of H2O and 200 mL of 0.1M NH4NO3; 

Ⅳ. Cesium on the AMP-PAN column was eluted with 10 mL of 1.5M NH3·H2O, the eluate was 

directly load to a 10 mL AG 50W×8 column, which was preconditioned with 40 mL of 5M HNO3, 

20 mL of H2O and 20 mL of 1.5 M NH3·H2O; 

V. The column was rinsed with 50 mL of 1.5M NH3·H2O, 20 mL of H2O and 220 mL of 0.5M 

HNO3, and cesium was eluted with 100 mL of 0.5M HNO3.  
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This developed procedure was successfully applied to separate cesium for TIMS measurement of  
135Cs and 137Cs in seawater samples from Danish straits, Baltic Sea and west Greenland coast. The 

major drawback in this method is the possible influence from the high content of stable cesium in 

procedure blank, which was used as a tracer for 135Cs and 137Cs measurement. To minimize the 

influence of stable cesium in procedure blank, a method using only cation exchange 

chromatography was developed as illustrated in Figure 10. 

 

For the measurement of 135Cs and 137Cs in seawater using ICP-MS/MS, a large volume (45 L) of 

seawater is needed to obtain sufficient amount of 135Cs for measurement. Cesium was first pre-

concentrated from seawater using AMP powder. Cesium adsorbed on AMP powder was 

selectively extracted using Sr(OH)2, which was crucial to avoid the problem of huge amount of 

Mo which interferes with 135Cs measurement by ICP-MS/MS. The detailed chemical separation 

procedure is described below. 

  Ⅰ. Add concentrated HNO3 to 45 L of seawater to adjust pH 1.5-2.0, add 2.0 mL of 134Cs solution 

(0.27 Bq g-1), the sample solution is mixed. 10 g of dry AMP powder is added to the seawater, the 

sample solution is bubbled using pressed air for one hour and left overnight. The supernatant is 

discarded by siphon, and the AMP in the slurry is separated by filtration through a membrane filter 

and rinsed with 20 mL of 0.01M HNO3 and 20 mL of H2O. 

Ⅱ. 9 g Sr(OH)2 in 50 mL H2O is mixed with AMP, which is stirred for 30 minutes; the supernatant 

separated by filtration is heated to dryness, the residue is re-dissolved with 1M HNO3; 

Ⅲ. The sample solution is loaded to a 2 mL AMP-PAN (100-600 μm) column which was 

preconditioned with 10 mL of 1M HNO3; 

Ⅳ. Rinse the column with 45 mL of 1M HNO3, 15 mL of H2O and 200 mL of 0.1M NH4NO3;  

V. Elute cesium from AMP-PAN column with 10 mL of 1.5M NH3·H2O; 

VI. Directly load the eluate onto a 10 mL AG 50W×8 column which is preconditioned with 40 mL 

of 5M HNO3, 20 mL of H2O and 20 mL of 1.5 M NH3·H2O; 

VI. Rinse the AG 50W×8 column with 50 mL of 1.5M NH3·H2O, 20 mL of H2O and 220 mL of 

0.5M HNO3, and then elute cesium with 100 mL of 0.5M HNO3.  

 

A selective elution of cesium from AMP-PAN column using NH4Cl was developed for separation 

of cesium in soil and sediment for 135Cs measurement using ICP-MS/MS, which avoids the 

introduction of AMP components into sample solution. The excessive amount of NH4Cl was 

efficiently removed from cesium fraction by sublimation in the presence of small amount of LiCl. 

The developed chemical separation procedure is described below. 
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Ⅰ. After ashing the soil and sediment in a muffle furnace at 450℃ for 8 h,  aqua regia is added 

with a ratio of 8:1 for acid: sample (mL g-1). The beaker with sample is covered with watch glass 

and heated at 180℃ for 2 h on a hot plate. After filtration, the leachate is evaporated to dryness 

and re-dissolved in 1.0 M HNO3. 

Ⅱ. A 1 mL column of AMP-PAN (100 μm-600 μm) is prepared and preconditioned with 40 mL of 

4M NH4NO3, 20 mL of H2O and 10 mL of 1 M HNO3; 

Ⅲ. Load the sample solution onto the AMP-PAN column at a flow rate of 1.5 mL min-1; rinse the 

column with 30 mL of 1M HNO3 and 20 mL of H2O; elute cesium using 40 mL of 4M NH4Cl; 

Ⅳ. Add 60 mg LiCl to the eluate, the eluate is evaporated to dryness on a hot plate and then heated 

at 350℃ for 1-2 h to sublimate NH4Cl. The residue is dissolved with 10 mL of 1.5M NH3·H2O. 

V. The sample solution is loaded on a 10 mL AG 50W×8 column, which is preconditioned with 

40 mL of 5M HNO3, 20 mL of H2O and 20 mL of 1.5 M NH3·H2O; 

VI. Rinse the AG 50W×8 column with 50 mL of 1.5M NH3·H2O, 20 mL of H2O and 70 mL of 1 

M HNO3, and then elute cesium with 70 mL of 1 M HNO3.  

For the determination of 135Cs and 137Cs in waste samples from nuclear reactor operation and 

decommissioning, the chemical separation is focused on the removal of major radioactivity and 

purification of cesium from barium before ICP-MS/MS measurement. The ferrous ion in steel 

samples can react with AMP and consequently affect the separation of cesium on AMP-PAN, 

therefore, H2O2 needs to be added to oxidize ferrous ion to ferric iron. The chemical separation 

procedure is shown below. 

 Ⅰ. 0.2 mL of 30% H2O2 is added to sample solution to oxidize Fe2+ to Fe3+ and remain an oxidizing 

medium. 

Ⅱ. A 1 mL AMP-PAN (100-600 μm) column is prepared and preconditioned with 40 mL of 4M 

NH4NO3, 20 mL of H2O and 10 mL of 1 M HNO3; 

Ⅲ. Load the sample solution onto the AMP-PAN column at a flow rate of 1.5 mL min-1; rinse the 

column with 45 mL of 1M HNO3 and 15 mL of H2O; elute cesium using 8 mL of 1.5 M NH3·H2O; 

Ⅳ. The eluate is directly loaded onto a 2 mL anion exchange column (AG MP-1M, 7 mm  5 

cm, Cl- form), the column is rinsed with 5 mL of 1.5 M NH3·H2O.  

V. Cesium in the effluent and washing solution are combined, and loaded onto a 10 mL cation 

exchange column (AG 50W×8) which is preconditioned with 40 mL of 5M HNO3, 20 mL of H2O 

and 20 mL of 1.5 M NH3·H2O; 

VI. Rinse the AG 50W×8 column with 40 ml of 1.5M NH3·H2O, 20 mL of H2O and 70 mL of 1 

M HNO3, and then elute cesium with 70 mL of 1 M HNO3.  
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 Figure 11. Procedures of chemical separation of cesium for different samples including 1) 200 

mL seawater; 2) environmental solid samples; 3) nuclear waste samples; 4)  45 L seawater.  

 

3.2.5  Measurement of 135Cs  

3.2.5.1 Measurement of 135Cs using TIMS  

In TIMS measurement of 135Cs, it was found that 10 ng of cesium loaded on Re filament was 

quickly consumed in 10 minutes, caused an ionization efficiency of less than 0.5%, consequently 

a low sensitivity for 135Cs measurement. This might be attributed to that cesium compounds is easy 

to be volatized at relatively low temperature before ionized on the filament. Utilization of graphite 

and glucose activator and carburization of filament were investigated to improve the ionization 

efficiency of cesium. It was observed that carburization of Re filament, addition of graphite and 

glucose as activator on the filament can significantly improve the ionization efficiency to 2.8%, 

12.9% and 26.7%, respectively (see paper Ⅰ, Figure 1.). The increased ionization efficiency of 

cesium should be related to the fact that the deposited carbon on the surface of Re filament might 

form cesium carbide and thus reduce the vaporization of cesium before ionization. Addition of 

graphite and glucose with sample on the filament also prompts the formation of cesium carbides, 

thus reduces the vaporization of cesium before ionization. Glucose solution is easy to form a 

homogenous mixture with cesium and helpful to reduce the loss of cesium by vaporization. 

Therefore, glucose was selected as activator for the measurement of 135Cs and 137Cs by TIMS. It 

was also found that the ionization efficiency of cesium increased exponentially with the amount 

of glucose until 1 μg and then gradually reach to a relatively constant level of 41% when 10 μg of 

glucose was added (see paper Ⅰ, Figure 2.). The achieved ionization efficiency (41%) is more than 

80 times higher than the value without activator, and the highest value ever reported. The heating 

current for the sample preparation (e.g. 400 mA, 600 mA and 800 mA) also influence the ionization 

efficiency of cesium,  and the highest ionization efficiency of cesium was obtained when the 

sample prepared at a heating current of 600 mA. This might be due to that low current is not 
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sufficient to form stable cesium carbide species, while at higher current, a large fraction of cesium 

was evaporated and could not be detected by the collection system.  

The influence of Rb on the measurement of 135Cs and 137Cs was also observed, the ionization 

efficiency of Cs (10 ng) was significantly decreased from 26.7% to less than 0.2% when the 

amounts of Rb on the filament increased from 10 ng to 1000 ng. The decrease of ionization 

efficiency should be attributed to the competitive ionization of Rb and Cs because of their similar 

ionization potential, Rb (4.18 eV) vs Cs (3.89 eV) (see paper Ⅰ, Figure 4.). Therefore, Rb needs to 

be efficiently removed before measurement of 135Cs using TIMS. Under optimized parameters, 10 

ng of cesium can be measured for more than 5 hours with the signal intensity of 20 V for 133Cs. 

Meanwhile, the interference from 135Ba and 137Ba on the detection of 135Cs and 137Cs was 

eliminated to be negligible due to their different ionization potentials of Ba (5.21 eV) and Cs (3.89 

eV).  

3.2.5.2 Measurement of 135Cs using ICP-MS/MS 

In the measurement of 135Cs and 137Cs by ICP-MS, the isobaric and polyatomic interferences are 

the major challenges. This work has confirmed that the isobaric interference of 135Ba on the 

measurement of 135Cs was efficiently removed by introducing N2O or mixture of He and N2O into 

collision-reaction cell in ICP-MS/MS. The signal intensity of 135Ba was suppressed by more than 

4 orders of magnitude, while the signal intensity of Cs was not significantly affected. This is 

attributed to the high O-atom affinity of Ba+ ion (92.8 kcal mol-1) compared to Cs+ ion (14 kcal 

mol-1) in gas phase ion-molecule reaction, resulting in the formation of BaO+, but not CsO+. With 

0.70 mL min-1 N2O as reaction gas, the measurable 133Cs/135Ba ratio was improved by a factor of 

more than 2104, while the sensitivity of Cs was decreased by a factor of 8 (see Figure 12). 

Polyatomic ions such as 95Mo40Ar+, 97Mo40Ar+, 119Sn16O+ and 121Sb16O+ are another type of 

interferences in ICP-MS measurement of 135Cs. The signal intensities at m/z=135 and 137 for 

different concentrations of single element standard solutions of Mo, Sn and Sb at the optimal 

condition of ICP-MS/MS with 0.7 mL min-1 of N2O was measured. The results show that the signal 

intensities at m/z=135 and 137 were very low, but increased with the increased concentration of 

these elements (paper Ⅱ, Figure S3). Among them, Sb has a relatively severe influence with 70 

cps on m/z=137, compared to  4 cps for Sn and 1cps for Mo with 50 ng mL-1 solution of Sn, Sb 

and Mo. Considering their low concentration in final purified solution (less than 0.4 ng mL-1 for 

Sn and Sb, 1 ng mL-1 for Mo), these interferences on the measurement of 135Cs and 137Cs (< 0.3 

cps) are negligible.  
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Fig 12. Variation of intensities of Cs+ and Ba+ signal and ratios of 133Cs/135Ba with the flow rate of 

N2O injected to the DRC. The standard solution of Cs (1 ng mL-1) and Ba (5 ng mL-1) was 

used for this experiment. 

 

Matrix effect is another issue for precise determination of 135Cs and 137Cs in environmental 

samples, especially using desolvating sample introducing system (e.g., Apex Q or Aridus). It was 

observed that signal intensity of 135Cs was significantly suppressed by a factor of 3.7 when sample 

solution contained 400 μg mL-1 of Rb, and a decrease of 16% for signal intensity of 135Cs for a 

sample solution containing  25 μg mL-1 of Rb, (see paper Ⅳ, Figure 6.). The similar phenomenon 

was also observed for samples containing stable cesium. The signal intensity of 135Cs was 

suppressed by a factor of 4.4 when stable cesium concentration increased to 80 μg mL-1  with the 

use of Apex Q for sample introduction. This might be attributed to the reduced ionization 

efficiency when large amount of cesium or rubidium was introduced to the plasma. Both cesium 

and Rb are easily ionized elements with the first ionization energy of 3.89 eV and 4.18 eV, 

respectively. The overall ionization efficiency of cesium might be reduced with the increased 

amount of Cs or Rb introduced to the plasma. The introducing efficiency of the sample solution 

was significantly improved with a factor of 3-10 by Apex Q desolvating system, caused a severe 

reduction of sensitivity for 135Cs compared to samples without stable cesium or Rb. The sensitivity 

improved by increasing the aerosol yield was offset by the matrix effects. Most of Rb can be 

removed in the chemical separation, while the interference of stable cesium was inherent and can 

not be eliminated by chemical separation. Internal standards, e.g. In, Te, and Xe were used for 

calibration of the matrix effects. The results (Figure 13) show that the signal intensities of 115In, 
130Te, 134Xe and 135Cs were suppressed simultaneously with the increased concentration of 133Cs 

in ICP-MS/MS measurement using Apex Q introduction system. Therefore, 135Cs intensity can be 

calibrated by these internal standards. However, considering the mass difference (m/z=115 and 

133) and stability of internal standard (134Xe as an impurity in working gas), 130Te is the most 
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suitable one and was selected for correction. This matrix effects could be also corrected using 137Cs 

present in the sample as isotopic tracer by measurement of 137Cs in the original samples (or pre-

concentrated sample) using gamma spectrometry and 135Cs/137Cs  ratio using established ICP-

MS/MS method. 134Cs can be also spiked as isotopic tracer for this correction, which might be 

more suitable for the sample with very low 137Cs concentration such as seawater. Compared to 

internal standard, the isotope dilution is more accurate because of their identical chemical 

behavior.  

 

 

Figure 13. Measured and calibrated signal intensity of 115In, 130Te, 134Xe and 135Cs with different 

concentration of 133Cs (1 μg mL-1 to 80 μg mL-1). 

 

Both TIMS and ICP-MS/MS measurement methods were developed and confirmed to be reliable 

for the determination of 135Cs and 137Cs in environmental samples. TIMS is more sensitive, with 

less isobaric interference, while ICP-MS/MS is rapid and suitable for analysis of large number of 

samples. The abundance sensitivity for these two instruments are comparable, to be around 10-10 . 

Though TIMS is more sensitive than ICP-MS/MS, the longer detection time, high cost and less 

accessibility make it less practical for large number samples analysis.  

3.2.6 Method validation and performance 

To evaluate the reliability of the developed analytical methods for the determination of 135Cs and 
137Cs in environmental samples, standard reference materials with reported value were analyzed 

using the developed analytical methods. The analytical results (Table 9) show a good agreement 

between measured results of 135Cs/137Cs in this study with reported values, indicating the reliability 

of the developed analytical methods. 

The developed analytical methods for determination of 135Cs  in different sample matrix were 

relatively simple and fast, and can be completed in two days for one batch of 8 samples. In 

combination with ICP-MS/MS or TIMS measurement, it can be used for determination of 135Cs 

concentration and 135Cs/137Cs atomic ratio in various environmental and waste samples from  
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Table 9. Analytical results of  135Cs/137Cs atomic ratio in standard reference materials using distinct analytical methods developed in 

this work in comparison with the reported values 

Method Reference material 135Cs/137Cs (this study) 135Cs/137Cs (reported) Reference 

AMP-PAN + AG 50W×8 

(TIMS) 

 

 

 

 

 

AMP-PAN + AG 50W×8 

(ICP-MS/MS) 

 

 

AMP-PAN + AG MP-1M + 

AG 50W×8 (ICP-MS/MS) 

 

 

AMP + AMP-PAN + 

AG 50W×8 (ICP-MS/MS) 

IAEA-375 

 

 

 

 

IAEA-443 

 

IAEA-375 

IAEA-330 

IAEA-385 

 

IAEA-375 

 

 

 

IAEA-443 

0.296 ± 0.008 (n=3) 

 

 

 

 

1.15 ± 0.07 (n=3) 

 

0.30 ± 0.02 (n=3) 

0.29 ± 0.02 (n=1) 

1.10 ± 0.17 (n=3) 

 

0.30 ± 0.02 (n=3) 

 

 

 

1.28 ± 0.19 (n=2) 

0.30 ± 0.01 (n=5) 

0.30 ± 0.03 (n=3) 

0.31 ± 0.03 (n=3) 

0.27 ± 0.02 (n=1) 

0.32 ± 0.01 (n=1) 

1.22 ± 0.16 (n=3) 

 

 

0.29 ± 0.02 

0.80 ± 0.16 

1.21 ± 0.14 

 

 

 

 

1.22 ± 0.16 (n=3) 

 

27 

24 

11 

10 

45 

8 

 

 

9 

12 

14 

 

 

 

 

8 
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nuclear facilities. The overall recovery of cesium was in the range of 60%-85% (depending on the 

analytical methods used). The interferences from Rb, Ba, Mo, Sn and Sb were well eliminated by 

chemical separation and instrument setup in TIMS or ICP-MS/MS. The count rates at m/z 135 and 

137 in the procedure blanks were measured to be 0.3 ± 0.2 cps, and the sensitivity of 3105 cps for 

1 ng mL-1 of stable Cs was obtained using Apex-ICP-MS/MS. The detection limit of 135Cs  was 

estimated to be 6.210-15 g (0.26 µBq), corresponding to 3.110-14 g g-1 (1.3 µBq g-1)  for 0.2 g of  

waste samples (metal sample or exchange resin) and 9.110-17 g g-1 (3.9 nBq g-1) for 60 g soil 

samples. For seawater samples, the detection limit of 135Cs was 4.0 10-17 g L-1 using TIMS and 

1.510-16 g L-1 using ICP-MS/MS, respectively. The obtained detection limit of 135Cs is sufficiently 

low for determination of 135Cs in environmental samples.  

 

3.3 Chemical separation of tin and detection of 126Sn by ICP-MS/MS 

3.3.1 Chemical separation of  tin 

Separation of tin from matrix, major radionuclides (60Co and 137Cs) and isobars (126Te,) using 

extraction chromatography (TRU, TEVA), anion exchange resin (AG 1×4) was investigated using 

a simulated solution containing Sn, Te, Cs and Co. The results (Figure 14) show that both Sn and 

Te were adsorbed on the TRU, TEVA and AG 1×4 columns, while Co and Cs as cation presented 

in the effluent. Te on TRU and  AG 1×4 column can be removed by rinsing with 2M HCl, while 

Te on TEVA resin could not be removed by 2M HCl. 0.3M HF could elute Sn from TRU column, 

but not for TEVA and AG 1×4 column. 20 mL of 2M HNO3 could effectively eluate Sn from 

TEVA and AG 1×4 column.  

The measured decontamination factors for Te, Co and Cs using TRU, TEVA and AG 1×4 are 

presented in Table 10. High decontamination factors for Co and Cs were obtained using three 

columns, while AG 1×4 column show high decontamination factor of 7700 for Te in comparison 

with TRU (550) and TEVA (350).  Anion exchange chromatographic column (AG 1×4 ) was used 

to separate Sn from waste sample in this work. 

 

Table 10. Decontamination factors for Co, Cs and Te and recovery of Sn using different 

analytical methods. 

Elements TRU TEVA AG 1×4 

Co 

Cs 

Te 

Sn recovery 

1.1×106 

1.8×106 

550 

88% 

1.2×106 

2.4×106 

350 

98% 

1.5×106 

2.3×106 

7700 

99% 
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Figure 14. Elution profiles of Sn and Te from TRU, TEVA and AG 1×4 column using 0.3M HF 

for TRU and 2M HNO3 for TEVA and AG 1×4 as eluent (sample loading in 2M HCl, rinsing 

with 40 mL of  2M HCl and 5 mL of H2O). All resins were packed in 2 mL columns (ϕ7 mm×5 

cm), simulated sample solution was prepared with 2 μg of Sn, Te, Co and Cs. 
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3.3.2 Measurement of 126Sn by ICP-MS/MS 

The major challenges in the measurement of ultra-low level 126Sn by ICP-MS are the elimination 

of isobaric interference of stable 126Te (18.86%) and 126Xe (0.09%) and peak tailing of stable 124Sn 

(5.79%). Using two sequential quadrupole mass filters mode in ICP-MS/MS, the tailing of 124Sn 

at m/z=126 was improved to be <110-10 and its influence to the measurement of 126Sn is negligible. 
126Xe, present as an impurity in Ar gas, is a major isobaric interference in the ICP-MS measurement 

of 126Sn. N2O, O2 and NH3 as reaction gas were investigated for elimination of the isobaric 

interferences (126Xe and 126Te). The results (Figure 15) show that the signal intensity of 118Sn and 
131Xe simultaneously decreased with increased flow rate of N2O, but no obvious difference 

between Xe and Sn. The signal intensity of 131Xe was significantly decreased with the flow rate of 

O2, while the signal intensity of 118Sn was not significantly reduced. With 0.4 mL min-1 of O2, the 

signal intensity of 131Xe was suppressed by a factor of 190, while 118Sn signal was decreased by a 

factor of 3.9. The decrease of 118Sn signal intensity might be attributed to the formation of oxides 

due to the high O-atom affinity of Sn+ (75.1 kcal mol-1). Using NH3 as reaction gas, the signal 

intensity of 131Xe was significantly decreased from 3884 cps to 15 cps by a factor of 260, while 

the signal intensity of 118Sn was only decreased by a factor of 1.3. Therefore, NH3 was selected as 

a reaction gas for the measurement of 126Sn. With 0.10 mL min-1 of NH3 as reaction gas, the 

interference of 126Xe was eliminated to be less than 0.2 cps. It was observed that the measurement 

sensitivity of Sn was enhanced by a factor of 2-3 with the introduction of He (optimized at a flow 

rate of 6 mL min-1), and no additional interference on m/z of 126 by application of He gas was 

observed [105,106], therefore, mixed gas of He (6 mL min-1) and NH3 (0.1 mL min-1) was used as 

reaction gas for measurement of  126Sn by ICP-MS/MS in this work. 
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Figure 15. Variation of signal intensity of 118Sn and 131Xe with the flow rate of reaction gas N2O, 

O2 and NH3. 

 

Elimination of 126Te using collision-reaction gas N2O, O2 and NH3 was also investigated for 

measurement of 126Sn using ICP-MS/MS, the results (Figure 16) show that the signal intensity of 
118Sn and 125Te simultaneously decreased with increased flow rate of N2O, O2 and NH3, no obvious 

removal of 125Te from 118Sn was observed by using N2O, O2 and NH3 as reaction gas. The 

decreased signal intensity of 118Sn and 125Te might be related to the ions transport efficiency, which 

was declined with the use of collision-reaction gas. Studies on the gas-phase ion-molecule reaction 

show similar behaviors of Sn+ and Te+ using CH4, NO, CS2, NO2 gases as reaction gas [107,108]. 

Therefore, the isobaric interference of 126Te on the measurement of 126Sn can not be efficiently 

eliminated using the reaction gas in ICP-MS/MS. Fortunately, Te concentration in procedure blank 

and separated samples were very low, with less than 20 cps on m/z 126 for procedure blank. 

Therefore, its interference can be corrected. 



49 
 

 

  

 

Figure 16. Variation of signal intensity of 118Sn and 125Te with the increased flow rate of reaction 

gas N2O, O2 and NH3 in the ICP-MS/MS measurement of 126Sn.  

Six samples of spent ion exchange resins were analyzed for 126Sn concentration using the 

developed analytical method. The measured concentrations of 126Sn were in the range of 12.2-39.1 

fg g-1, varied by a factor of 3.2 (Table 11) and no obvious correlation between 137Cs and 126Sn was 

found in these samples. Both 126Sn and 137Cs are fission products, and the fission yield of 126Sn 

(0.056%) is  two orders of magnitude lower than 137Cs (6.2%), However, a much lower 126Sn/137Cs 

atomic ratios (less than 0.0001) were observed among the analyzed ion exchange resin samples. A 

possible reason might be the different chemical properties of tin and cesium, as well as their 

pathway entered to reactor water and ion exchange resin. 137Xe, the precursor of 137Cs, is gas when 

it is produced by fission of 235U and 239Pu, 137Cs is water soluble, therefore they are easily leaked 

from the nuclear fuel and enter to the reactor water. While 126Sn and its precursors are insoluble, 

thus not easy to be leaked to the reactor water.  
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The developed procedure for separation of 126Sn from ion exchange resin is simple and rapid, 

which can be completed in one day for one batch of 8 samples. The typical recovery of tin is more 

than 90%. By using Apex-Q desolvating sample introduction system, the detection sensitivity was 

significantly improved to 1.1106 cps for 1 ng mL-1 118Cs standard solution. The count rates at m/z 

of 126 in the procedure blanks were measured to be 1.6 ± 0.7 cps. Based on these performances, 

minimum detectable amount of 126Sn was estimated to be 2.0×10-15 g mL-1 using 3 times standard 

deviation of the procedure blanks. For 5 g of ion exchange resin, the detection limit of the method 

for 126Sn can be calculated to be 1.3×10-15 g g-1 (0.58 μBq g-1) considering a recovery of 90% for 

chemical separation procedure and 3 mL final solution for ICP-MS/MS measurement. Therefore 

the developed method is sufficient for rapid and sensitive determination of 126Sn concentration in 

various waste samples from nuclear facilities. 

 

Table 11. The concentration of 126Sn in spent ion exchange resin from nuclear power plants 

Samples Weight/g Concentration of 126Sn  

(fg g-1) 

137Cs activity  

(kBq g-1) 

126Sn/137Cs 

atomic ratio 

1# 

2# 

3# 

4# 

5# 

6# 

4.234 

4.816 

3.774 

5.116 

2.375 

3.490 

39.1±7.8 

30.1±6.0 

12.2±2.5 

19.9±4.0 

30.3±6.0 

13.6±2.7 

2.40±0.02 

8.18±0.04 

9.79±0.07 

6.01±0.04 

6.76±0.04 

152±1 

(5.7±1.1)×10-5 

(1.3±0.3)×10-5 

(4.3±0.9)×10-6 

(1.2±0.2)×10-5 

(1.6±0.3)×10-5 

(3.1±0.3)×10-7 

 

3.4 Application of 135Cs (135Cs/137Cs)  

3.4.1 Waste characterization 

In this study, 135Cs in waste samples (zirconium alloy, stainless steel, carbon steel, filter and ion 

exchange resin) from nuclear decommissioning and operation of nuclear facilities were analyzed, 

the analytical results are presented in Table 12. 

Zirconium alloy and steel samples were collected from a nuclear power plant under 

decommissioning. Compared to steel sample, three zirconium samples contain higher level 

radiocesium (135Cs and 137Cs), indicating that they were contaminated by leaked nuclear fuel. The 

different concentrations of radiocesium in these samples might be attributed to their different 

sampling location in the reactor in relation to their contamination level. A similar 135Cs/137Cs 

atomic ratios of 0.238-0.244 were observed in Zr-1 and Zr-2 which were sampled from the same 

reactor. A relatively higher 135Cs/137Cs ratio of 0.311 was measured in the sample Zr-3 which was 

sampled from another reactor, indicating that the leaked nuclear fuel deposited in these two 

reactors had been exposed to different irradiation history (thermal neutron flux) in the reactor.  

Six filter leachate samples and one filter sample were analyzed. The measured 135Cs concentrations 

vary from (6.9 ± 1.8) ×10-8 Bq mL-1 to (1.18 ± 0.12)×10-5 Bq mL-1 in 6 leachate samples, which 

originated from ion exchange filter used for enriching radionuclides from cooling water of the 

operational nuclear power reactors. The total content of 135Cs in the ion exchange filter was (1.46 
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± 0.16) ×10-3 Bq, this filter was used to enrich radionuclides from spent fuel pool water. 

Radiocesium in reactor coolant water or fuel pool water has three sources: (1) release of radioactive 

gases (e.g. 135Xe) from fuel elements, which is decayed to radiocesium and trapped in the water; 

(2) released fission products and activation products due to fuel leakage; (3) fission products of 

uranium as an impurity present in reactor coolant and surface of construction materials [109]. The 

different concentrations of radiocesium in reactor coolant are attributed to different quantities 

and/or the severity of nuclear fuel leakage, as well as the enrichment factor. The low 135Cs/137Cs 

atomic ratio (0.126-0.295) in four filter leachate indicates that the reactor coolant was 

contaminated by leaked nuclear fuel; while the high 135Cs/137Cs atomic ratio in other two filter 

leachate indicate low neutron flux to which the leaked fuel/uranium has been exposed.  

The 135Cs/137Cs atomic ratio in the filter was 0.735 ± 0.081, and  a relatively high 135Cs level (1.46 

mBq) compared to the filter leachate (total 100 mL leachate was used) was observed. Such a high 

ratio indicate a relative low neutron flux to which the uranium was exposed. Sources of 

radiocesium in this filter might originate from dissolution of the deposited uranium on the outer 

surface of the spent fuel assembly. The high 135Cs/137Cs ratio (0.735) might be also attributed to 

that the spent fuel stored in the cooling pool had been unloaded from the reactor for a relatively 

long time (e.g. > 35 years). The high 135Cs level might indicate a relatively high deposition of 

uranium on nuclear fuel assembly. 

The concentrations of 135Cs in six resin samples are 14.1-892 mBq g-1. These ion exchange resins 

have been used to purify coolant water in a pressurized water reactor. The significant difference 

of 135Cs concentrations in these samples might be attributed to the different volume of coolant 

water that has been purified by these resins and original concentration of 135Cs in the coolant (i.e. 

different level of leakage of the spent fuel in this reactor). The similar 135Cs/137Cs  atomic ratios in 

these resins in the range of 0.415-0.461, are comparable to the reported value in the coolant of the 

same type of reactor (VVER-440) [22].  

Based on the level of 135Cs in these waste samples, different strategy should be considered during 

repository. For zirconium alloy, filter and spent ion exchange resin samples with a high 

concentration of 135Cs, long-term environmental and ecological impact needs to be considered; 

while for the stainless steel and carbon steel with low concentration of 135Cs, short-term radiation 

impact should be considered with regards to activation products in these samples, such as short-

lived radionuclides (e.g. 60Co, 125Sb, 55Fe, 63Ni etc), which have less long-term radioecological 

impact.   
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Table 12 Radiocesium concentration and 135Cs/137Cs atomic ratio in waste samples  

Sample 135Cs/137Cs 135Cs activity 137Cs activity 

Zr-1 

Zr-2 

Zr-3 

Steel-1 

Filter leachate-1 

Filter leachate-2 

Filter leachate-3 

Filter leachate-4 

Filter leachate-5 

Filter leachate-6 

Filter 

resin-1 

resin-2 

resin-3 

resin-4 

resin-5 

resin-6 

0.238 ± 0.012 

0.244 ± 0.019 

0.311 ± 0.021 

0.761 ± 0.201 

0.279 ± 0.046 

1.21 ± 0.21 

1.25 ± 0.34 

0.126 ± 0.021 

0.295 ± 0.029 

0.181 ± 0.018 

0.74 ± 0.08 

0.446 ± 0.032 

0.418 ± 0.050 

0.415 ± 0.022 

0.455 ± 0.041 

0.461 ± 0.028 

0.447 ± 0.035 

(0.293 ± 0.014) Bq m-2 

(0.127 ± 0.010) Bq m-2 

(1.97 ± 0.13) Bq m-2 

(1.11 ±0.33)×10-4 Bq g-1 

(8.50 ±1.41)×10-8 Bq mL-1 

(2.28±0.40)×10-7  Bq mL-1 

(6.9 ±1.8)×10-8  Bq mL-1 

(7.2 ± 1.2)×10-7 Bq mL-1 

(1.18 ±0.12)×10-5 Bq mL-1 

(1.13 ±0.11)×10-6 Bq mL-1 

(1.46 ± 0.16)×10-3  Bq 

(1.41 ± 0.10)×10-2 Bq g-1 

(4.49 ± 0.54)×10-2 Bq g-1 

(5.33 ± 0.29)×10-2 Bq g-1 

(3.59 ± 0.32)×10-2 Bq g-1 

(4.09 ± 0.25)×10-2 Bq g-1 

(0.892 ± 0.070) Bq g-1 

(9.38 ±0.23)×104 Bq m-2 

(3.96 ±0.19)×104 Bq m-2 

(4.84 ±0.23)×105 Bq m-2 

(11.1 ±3.3) Bq g-1 

(2.32 ±0.35)×10-2 Bq mL-1 

(1.44±0.21)×10-2  Bq mL-1 

(4.20±0.79) )×10-3 Bq mL-1 

(0.435±0.028) Bq mL-1 

(3.03±0.22) Bq mL-1 

(0.475±0.041) Bq mL-1 

(152±11) Bq 

(2.40±0.02) )×103 Bq g-1 

(8.18±0.04)×103 Bq g-1 

(9.79±0.07)×103 Bq g-1 

(6.01±0.04)×103 Bq g-1 

(6.76±0.04)×103 Bq g-1 

(1.52±0.01)×105 Bq g-1 

 

3.4.2 Application of 135Cs for environmental tracer studies 

Based on the different value of 135Cs/137Cs atomic ratio from the global fallout (3.6 ± 0.4), 

Chernobyl accident (0.64 ± 0.04) (decay corrected to Aug 2019) and Fukushima accident (0.35 ± 

0.02) (decay corrected to March 2011), the sources of radiocesium in the environment can be 

identified [12,13,15].   

The determined 135Cs/137Cs ratios in soil samples collected from different locations are 2.08-2.68 

in Denmark (Risø), 0.66 ± 0.06 in Sweden (Galve) and 0.71 ± 0.08 in Ukraine (Feofaniya). Using 

two end-source model (global fallout and Chernobyl accident), the contribution from Chernobyl 

accident was estimated to be 31%-52% in Denmark, 99% in Sweden and 98% in Ukraine. Based 

on the modelling of atmospheric dispersion (Figure 17), the Chernobyl plume was initially 

transported towards the northwest to the Baltic countries, then the plume was blown eastwards and 

southwards carrying the contaminants towards central European [110]. Galve, on the east coast of 

Sweden, had received high level deposition in the early scattering period of radioactive plume; 

while Feofaniya, on the south east of Chernobyl nuclear power plants, was contaminated by south-

blew Chernobyl plume, which was somewhat diluted compared to the northeastern plume. The 

observed level of 137Cs (1650 Bq kg-1 and 142-283 Bq kg-1 in soil from Galve and Feofaniya, 

respectively) was consistent with the atmospheric dispersion models. Compared to radiocesium 

level from global fallout (normally less than 10 Bq kg-1), 137Cs in these soils was almost two orders 

of magnitude higher, indicating a higher contribution from Chernobyl accident fallout [111]. In 

contrast, Denmark received less deposition of the Chernobyl radioactive plume and low level 135Cs 
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and 137Cs concentration. 137Cs in Danish soil was increased by a factor of 1 compared to the pre-

Chernobyl level, with an average contribution of 50% from Chernobyl accident. 

 

 

Figure 17. Dispersion of Chernobyl accident radioactive plume [110] 

The measured 135Cs/ 137Cs ratio in seawater samples from the Baltic Sea and the Danish straits 

water  (0.97-1.18) are similar, this ratio is 2-3 times lower than that in the Greenland seawater 

(2.30-2.97) and Roskilde Fjord water (2.54), indicating their different sources in these areas. 

Besides the global fallout, the Baltic Sea and its surrounding area have received significant amount 

of Chernobyl derived radioactive substances including radiocesium [26], a higher 137Cs level has 

been observed in the seawater in the Baltic Sea, as well as in the Danish Straits [112]. The 

contribution of Chernobyl accident (81%-89%) was estimated for seawater from the Baltic Sea 

and Danish straits, while the higher 135Cs/137Cs atomic ratios in seawater from Greenland and 

Roskilde Fjord were attributed to a higher contribution from global fallout of nuclear weapon tests. 

Besides the global fallout, other sources such as discharges from the two European reprocessing 

plants and Chernobyl accident also contributed to 135Cs and 137Cs in west Greenland coast seawater 

and Roskilde Fjord seawater. Transport of the marine discharges from the reprocessing plants at 

La Hague and Sellafield to the Greenland Sea and to the Greenland west coast has been reported 

by the measurement of 129I and 99Tc [29,113]. Due to long distance and dilution effects, Chernobyl 

radioactive plume has limited influence to the Greenland region. Therefore, radiocesium in 

seawater from west Greenland coast mainly originated from global fallout and discharges from 

reprocessing plants. On contrast, the discharges from reprocessing plants shows less influence to 

the seawater in the Roskilde Fjord based on the monitoring of 99Tc concentration, e.g., 1.2 Bq m-3 

in Esk Estuary seawater (Irish Sea close to Sellafield reprocessing plant), 0.001 Bq m-3 in Mariager 

Fjord seawater (west of Kattegat) and 0.0004 Bq m-3 in Roskilde Fjord seawater [114]. However, 
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Denmark has received some contaminants from Chernobyl accident including radiocesium. A 

similar ratio of 135Cs/137Cs (2.68±0.53) as the Roskilde Fjord water was observed in surface soil 

samples collected at Risø (near the seawater sampling site in the Roskilde Fjord), where 31% of 

radiocesium from the Chernobyl accident and 69% from global fallout were estimated. 

Considering the specific morphology of Roskilde Fjord, 70 km long and narrow inlet, the exchange 

rate of the fjord water with the outside Kattegat seawater is very slow. The volume of annual input 

freshwater from the catchment through rivers to the Roskilde Fjord is 0.350 km3, similar to the 

total volume (0.362 km3) of Roskilde Fjord [115], which results in a significant contribution of 

radiocesium deposited on the land from global fallout and Chernobyl accident, as well as a 

relatively rapid outflow of fjord water to the Kattegat. Therefore, radiocesium in the Roskilde 

Fjord seawater received a dominant contribution of river runoff which carried the integrated signal 

of radiocesium in the soil (global fallout and Chernobyl accident fallout) surround the fjord. 
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4. Conclusions and perspective  

4.1 Conclusions  

A series of analytical methods have been developed for the determination of 135Cs concentration 

and 135Cs /137Cs atomic ratio in environmental and waste samples, and successfully applied in the 

environmental tracer studies and characterization of nuclear waste. The application of 135Cs as an 

oceanographic tracer was demonstrated to identify and quantify the sources of radiocesium in 

seawater from Baltic Sea and Danish straits. An analytical method for rapid analysis of 126Sn in 

waste sample was also established, and successfully applied for characterization of spent ion 

exchange resin samples. The major achievements are summarized below. 

1. Sensitive measurement method using TIMS for the determination of 135Cs was developed. High 

ionization efficiency of 50.6% for cesium, and decontamination factor of 1800 for Rb were 

achieved, enabling determination of the ultra-low level of 135Cs in small volumes of seawater (~50 

mL). 

2. Selective elution of cesium using NH4Cl from AMP-PAN column without dissolution of AMP 

component was proposed for the first time, thereby significantly reducing the burden for removing 

large amount of molybdenum from cesium fraction. Massive NH4Cl in the eluate of Cs was 

successfully removed by sublimation at 350C with the addition of LiCl. The developed method 

was applied to separation of cesium from large size of samples. 

3. A method of determination of 135Cs concentration and 135Cs/137Cs atomic ratio in large volume 

seawater using ICP-MS/MS was established. An innovative method was proposed to selectively 

extract cesium from pre-concentrated AMP powder using Sr(OH)2, which avoids the problem of 

generating large amount of MoO4
2-, NH4

+ from AMP dissolution, and competitive adsorption of 

NH4
+ with Cs+ on AG 50W×8 column for further purification of Cs+.  

4. 135Cs/137Cs atomic ratio as a unique fingerprint was used to identify the sources of radiocesium 

in environmental samples and thereby estimate their contributions. The water masses exchange in 

Danish straits and Roskilde Fjord was investigated using 135Cs. The potential application of 135Cs 

(135Cs /137Cs) as an oceanographic tracer was demonstrated.   

5. A rapid analytical method for the determination of 126Sn in spent ion exchange resin was 

developed using selective extraction of Sn from waste, separation of Sn by anion exchange 

chromatography and ICP-MS/MS measurement. High chemical yields (more than 90%) and 

efficient elimination of interference from 126Xe on the measurement of 126Sn were achieved. Low 

detection limit of 1.3×10-15 g g-1 (0.58 μBq g-1 for 126Sn) was obtained using 5 g of ion exchange 

resin, enabling it to be applied for the characterization of 126Sn in waste samples. 

4.2 Perspective 

The application of the developed methods for determination of 135Cs concentration and  135Cs/137Cs 

atomic ratio in environmental samples and their application for environmental tracing studies is 

limited in this work due to the limited time. Application of 135Cs/137Cs ratio as oceanographic tracer 

to investigate the water movement, water masses interaction and water exchange is also limited, 

but it shed a light in this field, it is expected that some following up work will be implemented. 

Analysis of 135Cs concentration and 135Cs/137Cs ratio in archived timer series samples such as 
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aerosol and fallout (precipitation) samples in our lab is expected to re-construct imprints of each 

nuclear events, which will be useful for the application of 135Cs/137Cs as environmental tracer, and 

exploration of the dispersion, re-suspension of radioactive particles. 

Determination of 126Sn in environmental samples was still a great challenge due to the ultra-trace 

amounts of 126Sn in ordinary environmental samples and high concentration of interfering elements. 

Since 126Sn in ordinary environmental samples was mainly originated from the global fallout of 

nuclear weapon tests, the concentration of 126Sn was considered to be less than 1 fg g-1 in soil 

samples based on 137Cs level. More effort is still needed to effectively eliminate isobaric 

interference of 126Te in the ICP-MS measurement in order to determine 126Sn in environmental 

samples. Measurement method using TIMS for ultra-low level 126Sn is also worth to be 

investigated.  
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ABSTRACT: The atomic ratio of 135Cs/137Cs is a powerful fingerprint for distinguishing the source terms of radioactive
contamination and tracing the circulation of water masses in the ocean. However, the determination of the 135Cs/137Cs ratio is very
difficult due to the ultratrace level of 135Cs (<0.02 mBq/m3) and 137Cs (<2 Bq/m3) in the ordinary seawater samples. In this work, a
sensitive method was developed for determination of 135Cs concentration and 135Cs/137Cs ratio in seawater using chemical
separation combined with thermal ionization mass spectrometry (TIMS) measurement. Cesium was first preconcentrated from
seawater using ammonium molybdophosphate-polyacrylonitrile column chromatography and then purified using cation exchange
chromatography to remove the interferences. With this method, decontamination factors of 6.0 × 106 for barium and 1800 for
rubidium and a chemical yield of more than 60% for cesium were achieved. By using glucose as an activator, the ionization efficiency
of cesium was significantly improved to 50.6%, and a constant high current of Cs+ (20 V) can be maintained for more than 180 min,
which ensures sensitive and reliable measurement of low level 135Cs and 137Cs. Detection limits of 4.0 × 10−17 g/L for both 135Cs and
137Cs for 200 mL seawater were achieved, which enables the accurate determination of 135Cs concentration and 135Cs/137Cs ratio in a
small volume of seawater samples (<200 mL). The developed method has been validated by analysis of seawater reference material
IAEA-443. Seawater samples collected from the Greenland Sea, Baltic Sea, and Danish Straits have been successfully analyzed for
135Cs concentrations and 135Cs/137Cs ratios, and the results showed that 135Cs concentrations in the seawater of the Baltic Sea is
much higher than that in the Greenland Sea, which is attributed to the high deposition of Chernobyl accident derived radiocesium in
the Baltic Sea region.

Radiocesium (134Cs, 135Cs, and 137Cs) was produced and
released to the environment by human nuclear activities,

such as nuclear weapon tests, nuclear accidents, spent nuclear
fuel reprocessing, and operation of nuclear reactors. Due to the
high fission yield (6.22% for 235U thermal neutron fission),
more than 1400 PBq of 137Cs has been released into the
environment.1 137Cs is therefore one of the most important
radionuclides in view of the radiation impact of human nuclear
activities on the eco-system. Although 134Cs can be also
produced through fission reactions of uranium and plutonium
with a very low independent fission yield (1.2 × 10−5% for
235U), it is mainly produced by neutron activation of 133Cs,
which is a fission product, and stable isotopes of cesium

presented in reactor materials and nuclear fuel as an impurity.
135Cs is also a fission product of uranium and plutonium, but

its fission yield varies with neutron flux and irradiation time.
Due to the source specific value, the 134Cs/137Cs ratio has been
successfully used as a tracer for source identification2,3 and
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investigation of geochemical processes, such as sedimentation
rate,4 transport pathway of reprocessing discharge labeled
water from the North Sea to the Arctic and Greenland Sea and
corresponding transit times,5 the sources and contribution of
the Fukushima derived radioactive substances in the ocean,
and atmospheric deposition.6 However, the relative short half-
life of 134Cs (2.06 y) makes the 134Cs/137Cs ratio less
applicable after several years post release. 135Cs, a long-lived
radiocesium with a half-life of 2.3 × 106 years, provides an
option to replace 134Cs as an environmental tracer. 135Xe is the
decay precursor of 135Cs in its fission production from uranium
and plutonium; it has a very large neutron capture cross
section (2.6 × 106 b) and is considered a neutron poison in the
nuclear reactor. Therefore, the production yield of 135Cs is
highly dependent on the neutron flux and irradiation time.
Consequentially, the 135Cs/137Cs atomic ratio is a specific and
unique feature of its source. The 135Cs/137Cs atomic ratio in
the global fallout of nuclear weapons tests was reported to be
0.92 ± 0.57 (refer to year 1962), while much lower 135Cs/137Cs
ratios of 0.29 ± 0.04 (refer to April 1986) in the Chernobyl
accident release8 and 0.333−0.375 (refer to March 11, 2011)
in the Fukushima accident release9 were reported. After the
Fukushima Diichi nuclear power plant accident, the
135Cs/137Cs ratios in various environmental samples such as
soil, lichen, moss, rice, mushroom, soybean, bark, and
sediment10−17 and waste such as spent Cs adsorbents18 were
determined to assess the contamination level and identify the
sources of 137Cs (the damaged reactors or the spent fuel
pools). However, less work has been dedicated to the
determination of 135Cs/137Cs in seawater samples, especially
in seawater without direct contamination. The only one data of
135Cs/137Cs in a heavily contaminated Irish seawater (IAEA-
443) was reported to be 1.22 ± 0.11 (refer to first Jan 2015).8

Cesium is considered a conservative element in the ocean;
large amount of radiocesium has been discharged from
reprocessing plants and the Fukushima accident to the seas,
and the air releases of radiocesium from the Chernobyl and
Fukushima accidents were also deposited and transported to
the seas. The 135Cs/137Cs ratios in seawater provide an
excellent tracer in oceanographic studies.
Although the determination of 135Cs in nuclear waste using

neutron activation analysis (NAA) was reported in 1973,19 the
determination of 135Cs in environmental samples became
possible only in recent years by mass spectrometry due to its
low concentration. Sector field inductively coupled plasma-
mass spectrometry (SF-ICP-MS),20,21 electrothermal vapor-
ization-inductively coupled plasma-mass spectrometry (ETV-
ICP-MS),22 triple quadrupole inductively coupled plasma-mass
spectrometry (ICP-QQQ-MS),6,9,10 resonance ionization mass
spectrometry (RIMS),23 and thermal ionization mass spec-
trometry (TIMS)7,24−29 have been used for this purpose. Due
to the serious isobaric interference of 135Ba and polyatomic
interference (e.g., 95 Mo40Ar+, 97 Mo40Ar+, 119Sn16O+,
121Sn16O+), high decontamination factors for Ba and other
interfering elements are needed prior to the spectrometric
measurement. Due to the high elimination of Ba using a
dynamic reaction cell and significant improvement of
abundance sensitivity, ICP-QQQ-MS has been successfully
applied for measurement of 135Cs/137Cs ratios in various
environmental samples. However, due to the very low 135Cs
concentration (<5 × 10−16g/L) in ordinary seawater, up to 45
L of seawater is needed for the determination using this

method, which makes the sampling difficult and chemical
separation time-consuming. TIMS is a sensitive method for
measurement of low-level radionuclides, the different behaviors
of Cs and Ba on the evaporation and ionization in TIMS make
it easy to eliminate the interference of 135Ba. However, the low
ionization efficiency of Cs and serious suppression effect of Rb
on the ionization of Cs in TIMS seriously limit the sensitive
measurement of 135Cs in environmental samples. This work
aims to develop a sensitive and reliable method for
determination of ultra-low-level 135Cs and 137Cs in small
volumes of seawater samples, in order to apply them as tracers
for oceanographic studies. Efforts were mainly devoted to
effective removal of Rb and sensitive TIMS measurement of
135Cs and 137Cs by improving the ionization efficiency of Cs on
the target.

■ EXPERIMENTAL SECTION

Reagent and Material. All reagents used in this study,
including HNO3, HCl, NH4NO3 and NH3·H2O, benzene, and
graphite were of analytical reagent grade. Ultrapure water (18.2
MΩ cm) produced by Sartorius water purification system
(Arium pro VF) was applied for dissolution and dilution of
reagents. In-house purified HNO3 by a distillation system
(Savillex DST-1000, USA) was employed for the final elution
of cesium from a cation exchange resin column and dissolution
of the final solution prior to TIMS measurement. Ammonium
molybdophosphate-polyacrylonitrile (AMP-PAN, 60−100
μm) resin and strong acidic cation exchange resin (AG 50W-
× 8, H+ form, analytical grade, 100−200 mesh) used for
separation and purification of cesium were purchased from
Triskem International and Bio-Rad Laboratories, respectively.
D(+)-Glucose, (analytical reagent grade) was purchased from
VWR International, LLC, and prepared in a 100 g/L solution
using deionized water (18.2 MΩ cm)
Reference materials IAEA-375 (soil collected from Novo-

zybkov, Bryansk, Russia in 1990) and IAEA-443 (Irish
seawater sampled in 1993) were provided by the International
Atomic Energy Agency (IAEA). Seawater samples were
collected from the Danish Straits (Møn, Sundet, Kattegat,
and Hesselø), the Baltic Sea, and the west coast of Greenland
in different sampling campaigns. The sampling sites are shown
in Figure S1. These water samples were filtered through a 0.45
μm membrane, acidified to pH 2 using HNO3, and stored in a
polyethylene container for shipping to a laboratory for analysis.

Instrumentation. The measurement of cesium isotopes
was implemented by Triton Plus TIMS (Thermal Fisher
Science, USA), which is equipped with nine Faraday cups and
five ion counters (IC). There are two retarding potential
quadrupoles (RPQ) located at the front of the central IC1 and
high mass position IC5, which can improve the abundance
sensitivity to less than 4 × 10−10 for the 135Cs/133Cs ratio by
suppressing the tailing effect of a strong 133Cs signal. Due to
the specific collector configuration, it was hindered to
determine 135Cs, 137Cs, and 133Cs simultaneously, so peak-
jumping mode was employed to perform the measurement of
135Cs/133Cs, 137Cs/133Cs, and 135Cs/137Cs atomic ratios in this
study. In order to decrease the scattering influence of 133Cs in
the ion counter, 133Cs ions were measured by a Faraday cup.
For low-level seawater samples, an integration time of 8 s was
selected to improve the statistics of counts of these ions
(135Cs+ and 137Cs+) and therefore their measurement precision.
Auto tune was conducted for optimization of the signals of
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135Cs and 137Cs after the signal of 133Cs was increased to 2 V.
Seawater samples were measured at an intensity of about 20 V
for 133Cs, which corresponds to a filament current of about 940
mA. Parameters affecting the measurement of 135Cs and 137Cs
such as filament type and heating current of filament were
investigated and optimized.
Investigations on the Effects of Activators and

Heating Current on Ionization Efficiency of Cs. Ten
nanograms of stable 133Cs (in a single element standard
solution) and several micrograms of graphite or glucose
solution (D-glucose of 100g/L prepared using deionized water)
were mixed and loaded on Re filament and then evaporated to
dryness at a certain current. The ionization efficiency of 133Cs
was measured using the central Faraday cup in total
evaporation (TE) mode (nearly all ions would be collected
until the sample was completely consumed). The ionization
efficiency was presented and calculated as a ratio of the
number of measured Cs+ ions to the number of cesiums loaded
on the filament. The effects of activators and heating current,
as well as carburization of the Re filament on the ionization
efficiency, were evaluated.
Investigations on the Influence of Rb and Ba on the

Measurement of Cesium Isotopes. Ten nanograms of
stable 133Cs was mixed with different amounts of Rb ranging
from 10 ng to 1 μg and then loaded on the Re filament. The
ionization efficiency of 133Cs was measured to evaluate the
influence of the amount of Rb on the measurement of 135Cs.
Ten nanograms of stable 133Cs was mixed with different

amounts of Ba ranging from 0.1 ng to 100 ng and loaded on
the Re filament. The variation of signal intensities of 133Cs and
135Ba ions with the filament current was measured to
investigate the influence of Ba on the measurement of 135Cs.
Chemical Separation of Cesium from Seawater. An

AMP-PAN resin was used for preconcentration of Cs from
seawater. A total of 200 mL of seawater was first acidified using

HNO3 and adjusted to 1.0 M HNO3, which was loaded onto a
2 mL AMP-PAN column (φ7 mm × 5 cm). After rinsing with
45 mL of 1.0 M HNO3 and 15 mL of ultrapure H2O, the
column was rinsed using 200 mL of 0.1 M NH4NO3 to remove
Rb; finally, 10 mL of 1.5 M NH3·H2O was employed to elute
Cs from the AMP-PAN column.
The eluate of 1.5 M NH3·H2O was directly loaded onto a 10

mL cation exchange column (AG 50W- × 8, H+ form, φ1.0 cm
× 20 cm), which was preconditioned with 50 mL of 5.0 M
HNO3, 20 mL of ultrapure H2O, and 20 mL of 1.5 M NH3·
H2O. The column was rinsed with 50 mL of 1.5 M NH3·H2O,
20 mL of ultrapure H2O, and 220 mL of 0.5 M HNO3. Finally,
100 mL of 0.5 M HNO3 (purified by distillation) was
employed to elute Cs from the AG 50W- × 8 column. The
eluate was evaporated to dryness and redissolved with a few
microliters of 2% HNO3 for TIMS measurement of 135Cs and
137Cs. The diagram of the analytical procedure is shown in
Figure S2.
Soil reference material (IAEA-375) of 0.5 g was weighed to a

beaker and ashed in a muffle oven at 450 °C for 8 h to
decompose the organic matter, then the soil sample was
digested with 20 mL of aqua regia at 180 °C for 4 h. After
filtration, the leachate was adjusted to 1.0 M HNO3, and
cesium was separated using the same procedure as for seawater
using AMP-PAN and AG 50W- × 8 columns.

■ RESULTS AND DISCUSSION
Selection of Optimal Activator for Ionization of Cs in

TIMS. Our preliminary experiment showed that the intensity
of the Cs+ signal was very weak (<1 V), and the cesium loaded
on the ordinary Re filament was quickly consumed. A total of
10 ng of cesium on the Re filament was used in about 10 min.
The total ionization efficiency of cesium was estimated to be
only 0.5% (Figure 1). The very low ionization efficiency of
cesium caused unstable and low measurement sensitivity of

Figure 1. Intensity and extended time of Cs+ ion signal of Cs target prepared using different methods in TIMS measurement. The target was
prepared using 10 ng of cesium and heated at 400 mA for evaporation: One sample of 10 ng of Cs was directly loaded onto the Re filament. One
sample was loaded on a carburized Re filament, and the other two samples were prepared by mixing graphite slurry or 1 μg of glucose solution as an
activator with 10 ng of Cs and loaded on the carburized Re filament.
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135Cs and 137Cs. It was reported that carburization of the
filament could improve the ionization efficiency of analytes in
TIMS measurement.30 Our experimental results (Figure 1)
indicate that carburization of the Re filament before loading
the cesium sample can only increase the ionization efficiency to
2.8%. However, by loading a mixture of the cesium sample
solution with a graphite slurry on the Re filament, the
ionization efficiency of cesium was significantly improved by a
factor of 5, up to 12.9%. Mixing the sample with a glucose
solution (1 μg) further improved the ionization efficiency of
cesium to 26.7% (Figure 1), showing an excellent feature for
enhancing the Cs+ ionization. Although a similar high current
of Cs+ of 20 V was achieved for both graphite and glucose as
an activator, the sample that used glucose as an activator
showed much a longer term of stable Cs+ ion current, up to
180 min compared to about 85 min for graphite as an activator
(Figure 1).
The amount of glucose used as an activator has shown a

significant influence on the ionization efficiency of cesium. For
a total load of 10 ng of 133Cs, the ionization efficiency of Cs
increased exponentially with an amount of glucose less than
1000 ng (Figure 2); a relative constant ionization efficiency

was obtained when the loaded amount of glucose was higher
than 5.0 μg. With 10 μg of glucose, the ionization efficiency of
10 ng of cesium was observed to be 41%, which is more than
80 times higher than that without activator. However, when
more than 10 μg of glucose was loaded with cesium (10 ng),
the vacuum of the ionization chamber started to become
worse, causing unstable signal intensity and consequently
worsening analytical precision. Therefore, 10 μg of glucose was
selected for sample preparation on the filament in this work.
The improvement of ionization efficiency of the analyte by

adding activators on the filament has been widely reported. For
the measurement of 135Cs, silica gel + H3PO4, TaCl5 + H3PO4,
Ta2O5, graphite, and glucose have been applied as
activators,14,16,28 and the highest ionization efficiency of
20.9% was reported by using graphite slurry. Our result
using 10 μg of glucose is more than 2 times higher than the
reported value. It is not well understood how the activator can

improve the ionization efficiency of cesium. Cesium is a
volatile element; most cesium compounds (e.g., CsNO3) are
easily vaporized or decomposed at relatively low temperatures.
Addition of an activator can stabilize cesium by reducing the
vaporization speed of cesium on the filament during the
heating process. It was reported that carbon and uranium could
form uranium carbide species (UC or UC2) on the filament
during heating, which significantly enhanced the ionization
efficiency of uranium by hindering the formation of oxides as a
volatile species such as UO+ and UO2

+.31 As for cesium, a
similar process might occur to form cesium carbide and
significantly stabilize the cesium on the filament, which helps
to produce a constantly high intensity Cs+ ion beam during the
thermal ionization process in TIMS. Carburized Re filament
and graphite slurry can provide carbon to form such cesium
carbide (surface binding), while glucose can react with a
cesium sample more efficiently, thus to stabilize the cesium on
the filament and improve the ionization efficiency of cesium.

Influence of Heating Current of the Filament for
Sample Evaporation on the Ionization Efficiency of
Cesium. Cesium solution with an activator loaded on the
filament was first evaporated by heating the filament before
measurement. The heating current might influence the quality
of the Cs target prepared on the filament and therefore the
ionization efficiency of cesium. Mixtures of 10 ng of Cs with 10
μg of glucose were loaded onto both ordinary and carburized
Re filaments; the samples on filaments were then evaporated at
different heating currents for target preparation to investigate
this effect. The experiment results (Figure 3) show that the

highest ionization efficiencies of cesium (41.1% and 50.6%)
were obtained for ordinary and carburized filaments when the
sample was evaporated at a current of 600 mA. This might be
attributed to the low current being not sufficient to form stable
cesium carbide compounds, while a higher current causes a
loss of cesium during the evaporation process. It is noteworthy
that relatively higher ionization efficiencies were always
obtained using a carburized Re filament compared to an
ordinary Re filament.

Figure 2. Variation of ionization efficiencies of cesium (10 ng) with
the amounts of glucose added on the filament as an activator (400 mA
of heating current for sample evaporation, carburized Re filament was
used for the experiment).

Figure 3. Effect of heating current of the filament for sample
evaporation on the ionization efficiency of cesium in the TIMS
measurement (10 ng of cesium and 10 μg of glucose solution were
mixed and loaded onto the filament for target preparation).
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Type of Re Filament for Cs Isotopes Measurement.
Both single and double filaments are used in TIMS for the
isotopes measurement of different elements. The two models
of filament were investigated for the measurement of 135Cs by
TIMS. Ten nanograms of stable 133Cs, 1 ng of stable Ba, and
10 μg of glucose solution were loaded on the filaments of
single Re or double Re filaments; the intensities of the Cs+ ion
signal were measured with increased current on the filament.
The results showed that for a carburized single Re filament, the
intensity of the 133Cs ion signal reached 20 V when the
filament current was increased to <950 mA. Under this
condition, the count rate at m/z 135 was less than 0.5 cps.
However, for double filaments, the ionization current on the
filament has to be increased to more than 1300 mA for
reaching 20 V for the signal intensity of 133Cs. Under this
condition, the count rate of up to 5 cps at m/z 135 was
observed. These results indicate that a higher temperature is
required for ionization of cesium when employing a double
filament, which caused an increased interference of Ba on the
measurement of 135Cs, worsened the measurement accuracy of
low-level 135Cs in seawater samples and raised the detection
limit of 135Cs. Therefore, the carburized single Re filament was
employed for the measurement of 135Cs and 137Cs in this
study.
Influence of Rb and Ba on the Measurement of

Cesium Isotopes by TIMS. It has been reported that Rb can
suppress the ionization of cesium in TIMS measurement due

to its similar ionization potential (3.89 eV for Cs vs 4.18 eV for
Rb).32 The experiment using 10 ng of stable 133Cs mixed with
different amounts of Rb (10 ng to 1000 ng) showed that the
ionization efficiency of Cs decreased from 26.7% to less than
0.2% when the amount of Rb was increased from 10 ng to
1000 ng (Figure 4). When 20 ng of Rb was presented in the
sample, the ionization efficiency of Cs decreased by 10−20%
compared to that without Rb. However, if the amounts of Rb
increased to 100 ng, ionization efficiency decreased almost 100
times. Since the concentration of Rb in the environmental
samples is a few orders of magnitude higher than that of Cs,
e.g., 0.27−0.55 ng/mL for Cs and 119−138 ng/mL for Rb in
seawater,33,34 removal of Rb from cesium is important for the
sensitive measurement of cesium isotopes by TIMS.
The major isobaric interference for measurement of 135Cs in

mass spectrometry is the isobar 135Ba (natural abundance of
6.59%). Due to the significantly different first ionization
potentials of cesium (3.89 eV) and barium (5.21 eV), cesium
starts to be ionized at a filament current of only 800 mA and
reaches 20 V at a current of 930 mA, while Ba starts to be
ionized at a filament current of more than 1200 mA (Figure 5).
The interference of barium can be therefore easily suppressed
by applying a current of less than 1000 mA on the filament.
The TIMS measurements of mixtures of 10 ng of stable 133Cs
with different amounts of Ba (from 0.1 ng to 100 ng) showed
that when the signal intensity of 133Cs reached 20 V at a
filament current of 930 mA, the count rate at m/z 135 was less

Figure 4. Variation of ionization efficiency of cesium with the amounts of Rb present on the filament (solution containing 10 ng of cesium and 1.0
μg of glucose was evaporated on the Re filament at 600 mA of heating current for evaporation).
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than 0.5 cps for a sample with 10 ng of Ba. This indicates that
the influence from Ba can be significantly suppressed by

applying a relatively low filament current for ionization of
cesium. It was observed that even for a cesium sample
containing 100 ng of Ba, the count rate at m/z 135 was less
than 3 cps. In this work, the content of Ba in the final samples
was reduced to less than 5 ng by chemical separation using
AMP-PAN and ion exchange chromatography; therefore, the
isobaric interference from Ba can be ignored.

Chemical Separation of Cesium from Seawater. Direct
measurement of 135Cs and 137Cs in seawater by TIMS is
impossible due to the low concentration of radiocesium (1−20
mBq/L137Cs in seawater) and interference from the sample
matrix. Therefore, chromatographic separation using APM-
PAN resin and cation exchange resin (AG 50W- × 8) was
applied for the separation of cesium from seawater in order to
remove all matrix components and the interfering elements
such as Rb and Ba. It was observed that a large fraction of Cs
was coeluted with Rb via 0.2 M NH4NO3 solution when a 1
mL AMP-PAN column was used. A 2 mL AMP-PAN column
(φ 7 mm × 5 cm) was used in this work to enable the removal
of Rb without a significant loss of Cs. Different concentrations
of NH4NO3, i.e., 0.10, 0.15, and 0.20 M, as rinse solutions were
investigated for removal of Rb in the AMP-PAN chromato-
graphic separation. The results (Figure 6) show that
decontamination factors of 5.9, 6.0, and 7.8 for Rb were

Figure 5. Variation of intensities of 133Cs and 135Ba ion signals with
the current applied on the filament for ionization (solution containing
10 ng of cesium, 1 ng of barium, and 10 μg of glucose was evaporated
at a heating current of 600 mA on Re filament).

Figure 6. Profiles of Rb (100 μg) and Cs (1 μg) on a 2 mL AMP-PAN column. (a) Rinsing with 0.10−0.20 M NH4NO3; (b) rinsing with 15 mL of
H2O; (c) eluting with 10 mL of 1.5 M NH3·H2O).
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obtained by rinsing the column with 100 mL of 0.20 M
NH4NO3, 135 mL of 0.15 M NH4NO3, and 200 mL of 0.10 M
NH4NO3, respectively. Therefore, 200 mL of 0.10 M NH4NO3
rinsing followed by an elution using 1.5 M NH3·H2O were
employed in the AMP-PAN column separation of Cs.
Although AMP-PAN is a specific resin for the separation of

Cs from a sample matrix, the removal efficiencies of Rb and
other interfering elements such as Ba and Mo are not
sufficiently high for the TIMS measurement of 135Cs. Cation
exchange chromatography is often used for further purification
of Cs from other cations.1 However, the separation of Cs from
Rb is difficult due to their similar properties and behaviors on
cation exchange chromatography. The eluting profiles of Cs
and Rb from a cation exchange chromatography column using
different concentrations of HNO3 (Figure S3) show a large
overlap when 1.5 M HNO3 is used for elution. With a
decreasing concentration of HNO3, more solution was needed
to elute Cs and Rb, but a better isolation of Cs from Rb was
obtained. When the column was eluted with 0.5 M HNO3, and
220−320 mL eluate was collected, a recovery of 70% for Cs
and a decontamination factor of 240 for Rb were obtained.
Although a better removal of Rb can be obtained by using an
even lower concentration of HNO3, a large volume of eluate
and long separation time is needed. Considering a Rb/Cs mass
ratio of 220−400 in seawater33,34 and the ignored influence of
Rb when the Rb/Cs mass ratio is less than 2, a
decontamination factor of more than 1000 for Rb in seawater
will be good enough to eliminate the influence of Rb on the
ionization of Cs in the TIMS measurement of 135Cs. Therefore,
0.5 M HNO3 was employed to elute Cs from the cation
exchange column. By combining AMP-PAN with cation
exchange chromatographic separation, a decontamination
factor of more than 1800 for Rb was achieved, which is
more than 3 times higher than the reported values.16,28 For
TIMS measurement, the 0.5 M HNO3 eluate was evaporated
to dryness and redissolved in 10 μL of 2% HNO3 and loaded
on the Re filament after being mixed with glucose. Spectra of a
mass scan (m/z of 133−138) of a real sample (IAEA-375) are
presented in Figure S4. No other mass peak except 133Cs,
135Cs, and 137Cs was observed in this sample, indicating a good
separation of cesium from sample matrix and other interfering
isotopes (e.g., 134Ba, 136Ba, 138Ba).
Recovery of cesium was monitored by measurement of 133Cs

in the original and final solution using ICP-MS. The results
showed recoveries of 95% and 70% in AMP-PAN and AG
50W- × 8 chromatographic separation steps, respectively, and
an overall recovery of more than 60% for Cs in the entire
procedure. Meanwhile, decontamination factors of 6.0 × 106,
4.2 × 105, 3.3 × 105, and 2.1 × 105 were achieved for Ba, Mo,
Sn, and Sb, respectively. The total content of Rb, Ba, and Mo
in the final Cs fraction was less than 20 ng, 3 ng, and 5 ng,
respectively, and Sb and Sn presented in the target were <2 ng.
The influence from these interfering elements on the
measurement of 135Cs and 137Cs by TIMS is therefore
eliminated.
Detection Limits of the Method for 135Cs and 137Cs.

By using a carburized Re filament and glucose as an activator, a
stable 133Cs+ ion intensity of up to 20 V was obtained for a
total load of 10 ng of Cs. Due to the utilization of retarding
potential quadrupole (RPQ) in the TIMS, the abundance
sensitivities of 133Cs to 135Cs and 137Cs are <4 × 10−10. The
count rates at m/z of 135 and 137 in the procedure blanks
were measured to be 0.3 ± 0.2 cps. On the basis of these

performances, minimum detectable amounts of 135Cs and
137Cs can be estimated to be 5 × 10−18 g (0.005 fg) using 3
times the standard deviation of the blanks and a measurement
sensitivity of 120 cps/fg for 135Cs. For 200 mL of seawater, the
detection limits of the method for 135Cs and 137Cs are
calculated to be 4.0 × 10−17g/L (0.13 mBq/L for 137Cs) in
consideration of a recovery of 60% for cesium; this detection
limit is about 2 orders of magnitude lower than the reported
value using ICP-QQQ-MS10 and gamma spectrometry for
137Cs.35,36

Validation of the Method by Analysis of Certified
Materials for 135Cs and 137Cs. Two reference materials,
seawater IAEA-443 and soil IAEA-375, were analyzed for
135Cs/137Cs atomic ratios using the developed method. The
results (Table 1) indicate that the measured ratios of 1.15 ±

0.07 (decay corrected to January 1, 2015) in IAEA-443 and
0.296 ± 0.008 (decay corrected to April 26, 1986) in IAEA-
375 are in good agreement with the reported values (Table 1).
These results demonstrated that the developed method is
reliable and accurate for the determination of the 135Cs/137Cs
ratio in a small volume seawater and normal environmental
samples.

Determination of 135Cs and 137Cs in Seawater from
the Danish Straits, the Baltic Sea, and Greenland West
Coast. 135Cs and 137Cs in seawater samples from the Danish
Straits, the Baltic Sea, and Greenland west coast were
determined using the developed method. The results (Table
2) show that the 135Cs/137Cs atomic ratios are similar in the
seawater collected from the Baltic Sea and the Danish Straits at
0.97−1.18, but lower than that in the Greenland seawater
(2.30−2.97), indicating their different sources in these two
areas. Besides the global fallout, the Baltic Sea and its
surrounding area have received significant deposition of
Chernobyl derived radioactive substances including radio-
cesium;38 a high 137Cs level has been observed in the seawater
in the Baltic Sea, as well as in the Danish Straits.39

The reported 135Cs/137Cs atomic ratios in the global fallout
and Chernobyl accident releases are 3.6 ± 0.4 and 0.64 ± 0.04
(decay corrected to August 15, 2019), respectively.7,8 The
135Cs/137Cs ratios in seawater from the Danish Straits and the
Baltic Sea (0.97−1.18) are higher than the Chernobyl derived
radiocesium ratio, but much lower than the global fallout
sourced radiocesium ratio. On the basis of two-end model, the
contribution of Chernobyl accident derived radiocesium (135Cs
and 137Cs) in the water of the Baltic Sea and Danish Straits can
be estimated to be 81%−89%. On the basis of the long-term

Table 1. Comparison of the Analytical Results of
135Cs/137Cs Atomic Ratios in IAEA Reference Materials with
the Reported Values

sample 135Cs/137Cs reference

IAEA-375a 0.30 ± 0.01 (n = 5) 27
0.30 ± 0.03 (n = 3) 24
0.31 ± 0.03 (n = 3) 11
0.27 ± 0.02 (n = 1) 10
0.32 ± 0.01 (n = 1) 37
0.296 ± 0.008 (n = 3) this study

IAEA-443b 1.22 ± 0.16 (n = 3) 8
1.15 ± 0.07 (n = 3) this work

aDecay corrected to April 26, 1986. bDecay corrected to January 1,
2015.

Analytical Chemistry pubs.acs.org/ac Article

https://dx.doi.org/10.1021/acs.analchem.0c00688
Anal. Chem. 2020, 92, 6709−6718

6715

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c00688/suppl_file/ac0c00688_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c00688/suppl_file/ac0c00688_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c00688?ref=pdf


monitoring of 137Cs in the Baltic Sea and Danish Straits, the
contributions of Chernobyl accident and global fallout have
been estimated to be 80% and 16% in this region.40 Our
estimation is similar to this value; the slight difference and
variation might be attributed to the marine discharges of the
reprocessing plants at La Hague and Sellafield that entered the
Baltic Sea through the Danish Straits and were an important
source of 137Cs in the Danish Straits and south of the Baltic Sea
in the 1970s until early 1980s. Because of the significantly
reduced discharges of 137Cs from these reprocessing plants
since the 1980s, the contribution of this source is limited in the
present seawater in the Baltic Sea and the Danish Straits.
The measured 135Cs/137Cs atomic ratios in the seawater

from the Greenland west coast are 2.97 ± 0.86 and 2.30 ±
0.85, which is lower than the global fallout ratio (3.6 ± 0.4),
indicating that besides the global fallout of nuclear weapons
tests as the dominant source, other sources also contributed to
137Cs and 135Cs in the Greenland west coast seawater. These
sources should be the discharges from the reprocessing plants
(with a 135Cs/137Cs atomic ratio of 1.36 ± 0.17 from Sellafield
reprocessing plant, decay corrected to August 15, 2019) as well
as the Chernobyl accident releases (with a 135Cs/137Cs atomic
ratio of 0.64 ± 0.04). Transport of the marine discharges from
the reprocessing plants at La Hague and Sellafield to the
Greenland Sea and to the Greenland west coast has been
observed via the measurement of 129I and 99Tc, which are
highly discharged from European reprocessing plants.41,42

The 137Cs concentrations (Table 2) in seawater were
calculated based on the measured 137Cs/133Cs atomic ratios
in this work and the 133Cs concentration measured by ICP-MS.
Meanwhile, the 137Cs concentrations in the same water
samples were also determined by HPGe gamma spectrometry
after adsorption of cesium with 50 g of AMP powder from 45
L of seawater. The results measured by TIMS are in good
agreement with those measured by gamma spectrometry,
further confirming the reliability of the developed method for
the determination of 137Cs. However, a much smaller volume
of seawater (200 mL) and less analytical time (2 days for
sample preparation and measurement) are needed in the
developed method compared to the gamma spectrometry (45
L of seawater and 4−5 days of analytical time). In addition, the

developed mass spectrometry method can give not only the
135Cs/137Cs ratio but also the concentrations of 137Cs and
135Cs, therefore providing the level, distribution, and source of
radiocesium in the investigated seas, as well as the contribution
of each source.

■ CONCLUSIONS

A method of chromatographic separation in combination with
TIMS measurement was developed and successfully applied for
determination of 135Cs and 137Cs concentrations and
135Cs/137Cs atomic ratios in small volume seawater (<200
mL); the following achievements were reached: (1) An overall
decontamination factor of 1800 for Rb was achieved by using
an AMP-PAN combined with a cation exchange chromato-
graphic separation. (2) The ionization efficiency of cesium in
the TIMS was significantly improved from less than 0.5% up to
50% by using 10 μg of glucose as an activator, carburized Re
filament, and a 600 mA heating current for target preparation.
This ensures obtaining a constantly high intensity of the Cs+

ion beam for sensitive and reliable measurement of cesium
isotopes for a long time up to 180 min for a 10 ng Cs target.
(3) With the developed method, a detection limit of 4.0 ×
10−17g/L for 135Cs and 137Cs (corresponding to 1.7 μBq/m3

for 135Cs) was achieved for a 200 mL seawater sample, and the
analytical method was verified by analysis of seawater reference
material IAEA-443. (4) The developed method has been
successfully applied to determine 135Cs and 137Cs in seawater
from the Danish Straits, the Baltic Sea, and Greenland west
coast, with 137Cs concentrations down to 1.56 mBq/L. The
135Cs/137Cs atomic ratios in the Baltic Sea and Danish Straits
(0.97−1.18) are much lower than that in the Greenland west
coast (2.30−2.97). On the basis of the reported 135Cs/137Cs
ratios from different sources, it was estimated that more than
81% of the radiocesium in the Baltic Sea is originated from the
Chernobyl accident, which agrees with the estimated value
from the long-term measurement of 137Cs in the Baltic Sea. (5)
The developed method is suitable for accurate determination
of 135Cs and 137Cs in a small volume of seawater (<200 mL)
for not only routine monitoring but also identification of the

Table 2. 135Cs/137Cs Atomic Ratios and 137Cs and 135Cs Concentrations in Seawater from Danish Straits, the Baltic Sea, and
Greenland West Coasta

sample site
latitude,
longitude

Cs
concentration
(μg L−1)

137Cs/133Cs
atomic ratio

(10−8)

135Cs/133Cs
atomic ratio

(10−8)
135Cs/137Cs
atomic ratio

137Cs
concentrationb

(mBq L−1)

137Cs
concentrationc

(mBq L−1)

135Cs
concentrationb

(μBq/m3)

Møen 54° 57′,
12° 41′

0.43 ± 0.01 1.81 ± 0.17 1.78 ± 0.17 0.98 ± 0.08 23.4 ± 2.2 21.8 ± 0.6 301 ± 28

Sundet S 55° 25′,
12° 36′

0.82 ± 0.01 0.80 ± 0.08 0.79 ± 0.08 0.99 ± 0.15 19.6 ± 2.0 20.1 ± 0.7 255 ± 26

Kattegat 56° 39′,
12° 00′

0.29 ± 0.01 1.79 ± 0.42 2.11 ± 0.50 1.18 ± 0.12 15.5 ± 3.7 11.6 ± 0.4 241 ± 57

Hesselø 56° 10′,
11° 47′

0.22 ± 0.01 1.42 ± 0.18 1.57 ± 0.20 1.11 ± 0.21 9.40 ± 1.22 9.96 ± 0.65 137 ± 18

Hesselø 56° 10′,
11° 47′

1.17 ± 0.02 0.51 ± 0.09 0.50 ± 0.09 0.97 ± 0.27 18.0 ± 3.2 13.3 ± 0.6 229 ± 41

Baltic Sea 54° 30′,
14° 40′

0.42 ± 0.01 2.09 ± 0.27 2.42 ± 0.32 1.16 ± 0.13 26.6 ± 3.5 25.7 ± 1.1 401 ± 53

Greenland 63° 52′,
52° 22′

0.61 ± 0.01 0.117 ± 0.031 0.346 ± 0.093 2.97 ± 0.86 2.12 ± 0.57 1.89 ± 0.18 82.6 ± 22.2

Greenland 70° 47′,
58° 31′

0.75 ± 0.01 0.074 ± 0.022 0.170 ± 0.050 2.30 ± 0.85 1.66 ± 0.49 1.56 ± 0.23 50.1 ± 14.8

aReference date is August 15, 2019. bResults obtained in this work using the measured 137Cs/133Cs and 135Cs/133Cs ratios by TIMS and 133Cs
concentration in seawater measured by ICP-MS. cResults of γ measurement of the concentrated Cs in 50 g of AMP from 45 L of seawater.
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sources of radiocesium pollution and tracing transport pathway
of polluted water masses.
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Figure S4. Spectra of mass scan of a real sample (IAEA-375) prepared for TIMS measurement 
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measured by Faraday cup. The cesium (133Cs) loaded on the filament was estimated to be 

about 10 ng, which contained 5.6 fg 137Cs and 2.6 fg 135Cs.   
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ABSTRACT: An analytical method was developed for the
determination of ultralow level 135Cs in environmental samples
by chromatographic separation of cesium with AMP-PAN and
AG50W-X8 columns and sensitive measurement of cesium
isotopes with triple quadrupole inductively coupled plasma mass
spectrometry (ICP-MS/MS). Cesium was simply released by acid
leaching using aqua regia from environmental solid samples and
preconcentrated on AMP-PAN column. The cesium adsorbed on
the column was effectively eluted with NH4Cl solution without
dissolving the AMP. The excessive amount of NH4Cl in the eluate
was removed by sublimation in the presence of small amount of
LiCl. The remaining barium and other interfering elements such as Mo, Sn, Sb, and Li were efficiently removed using cation
exchange chromatography (AG50W-X8). The decontamination factors of this procedure are above 4 × 107 for barium and 4 × 105

for molybdenum; the chemical yields of cesium are more than 85% for samples of less than 10 g. This method enables to separate
cesium from large size of samples for the determination of ultralow level 135Cs, avoiding the problem of removal of a huge amount of
Mo in the dissolved AMP. Intrinsic 137Cs in the environmental samples measured by gamma spectrometry before and after
separation was used as internal isotope dilution standard for quantitative determination of 135Cs without complete release and
recover of radiocesium. The interference of barium (135Ba and 137Ba) to the ICP-MS measurement of 135Cs and 137Cs was further
suppressed to 8 × 10−5 by using N2O as the reaction gas in ICP-MS/MS at a flow rate of 0.7 mL/min, so a total suppression of 2 ×
10−12 for Ba was achieved, making the isobaric interference of Ba isotopes to the measurement of 135Cs and 137Cs in environmental
samples negligible. A detection limit of 9.1 × 10−17 g/g for 135Cs and 137Cs was achieved for 60 g samples. The developed method
was validated by analysis of standard reference materials (IAEA-375, IAEA-330, and IAEA-385) and successfully applied for the
determination of 135Cs concentrations and 135Cs/137Cs ratios in soil samples collected from Denmark, Sweden, and Ukraine. The
135Cs/137Cs isotopic ratios in Danish soil (2.08−2.68) were significantly higher than that from Sweden and Ukraine (0.65−0.71),
indicating different sources of radiocesium. This work demonstrated the application of 135Cs/137Cs as a unique fingerprint for
discriminating the sources of radioactive contamination and estimating their contribution to the total inventory, which will be useful
for nuclear forensics and environmental tracer studies.

Radioisotopes of cesium are important in environmental
protection due to their high production and volatile

feature of cesium; among them, 137Cs and 134Cs are the major
concern. 135Cs is one of important radionuclides in the waste
repository due to its long half-life (2.3 × 106 years) and
relatively large inventory. These radioisotopes of cesium are
mainly produced by fission of nuclear fuel with some neutron
activation production of 134Cs, and released to the environ-
ment mainly by atmospheric nuclear weapons tests, nuclear
accidents, spent nuclear fuel reprocessing plants, and nuclear
power and research reactors.1 Based on the source specific
134Cs/137Cs ratios, they have been used as tracers for
identification of sources of radioactive substances,2,3 estimation
of sedimentation rate, and circulation of water mass in the
ocean.4,5 However, due to the short half-life of 134Cs (2.1

years), the 134Cs/137Cs ratio can only be used for a limited time
(<10 years). The Fukushima derived 134Cs in the environment
has already been difficult to measure in the present
environmental samples.
In the production of 135Cs by fission of nuclear fuel, besides

direct fission production of 135Cs, most 135Cs is produced by
the decay of other short-lived fission products of isobars
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(135Te, 135I and 135Xe). Due to an extremely large neutron
capture cross section (2 × 106 b), part of the formed 135Xe is
converted to 136Xe instead of decaying to 135Cs, causing the
accumulated fission yield of 135Cs to vary with neutron flux and
irradiation time. While, the fission yield of 137Cs does not
change because of no such neutron poison in the fission chain
production of 137Cs. The 135Cs/137Cs ratio therefore shows a
source dependent value and is related to the neutron flux and
irradiation time of the nuclear fuel (235U or 239Pu),6 which
makes it a fingerprint for source identification or indicator of
nuclear power plant operation.7 The 135Cs/137Cs atomic ratio
at the time of explosion of nuclear weapons was estimated to
be 1.0, and the global fallout 135Cs/137Cs atomic ratio was
measured to be 3.7 until 2020.8 Much lower 135Cs/137Cs ratios
of 0.28−0.32 for the Chernobyl derived radiocesium (decay
corrected to April 1986)9 and 0.33−0.38 for the Fukushima
derived radiocesium (decay corrected to March 2011)10 were
reported, while various ratios of 135Cs/137Cs of 0.4−1.6 in the
discharges from reprocessing plants and influent from nuclear
reactors were reported,11 reflecting the influence of neutron
flux and irradiation time, as well as the time interval between
production and analysis. This shows the potential to replace
the short-lived 134Cs with 135Cs in tracer applications.12−16

As a low-energy beta emitter, the measurement of 135Cs by
radiometric method is usually hindered by the coexistence of
high-energy beta emitter 137Cs, which is often several orders of
magnitude higher radioactivity compared to that for 135Cs.
Mass spectrometry is therefore a practical technique for 135Cs
measurement in the environmental samples. Among them,
resonance ionization mass spectrometry (RIMS),17 thermal
ionization mass spectrometry (TIMS),18−20 sector field
inductively coupled plasma-mass spectrometry (SF-ICP-
MS),21,22 electric thermal vaporization ICP-MS (ETV-ICP-
MS),23 and triple quadrupole inductively coupled plasma mass
spectrometry (ICP-MS/MS)12−14 have been used for this
purpose. ICP-MS/MS is becoming the most attractive mass
spectrometric technique for the measurement of 135Cs due to
its highest popularity, high abundance sensitivity, and excellent
removal of barium interference by reaction cell technique.
Due to the low concentration of 135Cs in ordinary

environmental samples (<1 mBq/kg), cesium needs to be
preconcentrated and separated from the sample matrix and
interferences before measurement. It has been widely reported
that cesium is strongly bound in minerals in the soil and
sediment,1 and it is therefore important to effectively release
the binding radiocesium from sample matrix to the solution
before chemical separation. The elimination of isobaric
interference is the most critical issue for the accurate
measurement of 135Cs and 137Cs by ICP-MS/MS, because
the mass concentrations of stable isobars (135Ba and 137Ba) are
more than 8 orders of magnitude higher than 135Cs and 137Cs
in the environmental samples. The interference of polyatomic
ions formed by Mo, Sn, and Sb with isotopes of light elements
(e.g., O, S, Ar, etc.) is another critical issue and has to be
resolved. Due to the specific adsorption of Cs, AMP powder
and AMP-PAN resin have been used to isolate Cs from the
sample matrix, and the AMP matrix with adsorbed Cs was
usually dissolved with ammonia for further purification of
cesium. A combined anion and cation exchange chromato-
graphic (AG MP-1 M and AG 50W-X8) separation procedure
has been reported,13,14 in which MoO4

2− in the sample
solution was removed by anion exchange column, and the Cs
remained in the effluent was purified using a cation exchange

column. This method has been successfully applied for analysis
of Fukushima accident derived environmental samples.13,14

However, it might be not suitable for analysis of large size of
environmental background samples (e.g., >100 g soil or
sediment and large volume of seawater) with ultralow level
135Cs. In this case, a large amount of AMP powder or AMP-
PAN resin needs to be used to preconcentrate cesium,
consequently a massive amount of Mo and Ba is introduced to
the sample solution by complete dissolution of AMP using
ammonia, which will make the following purification of Cs
from Mo and Ba very challenging.
This work aims to develop a method for accurate

determination of ultralow level 135Cs in large size environ-
mental solid samples. The work focuses on effective release of
cesium from environmental solid samples, selective separation
of cesium from sample matrix using a AMP-PAN column
without introducing Mo into sample solution, complete
elimination of barium isobaric interference, and sensitive
measurement of 135Cs and 137Cs using ICP-MS/MS.

■ EXPERIMENTAL SECTION

Instrumentation. A triple-quadrupole ICP-MS instrument
(Agilent 8800, U.S.A.) was employed for the measurement of
135Cs and 137Cs in this work, which was equipped with an
octopole dynamic reaction cell (DRC) between two quadru-
pole mass filters. The first quadrupole (Q1) selects the target
ions with certain m/z values (e.g., m/z = 135 and 137) and
introduces it into the DRC. The collision/reaction gas injected
to the DRC reacts with the entered ions to remove the
interfering ions by forming new ions. The analyte ions (original
or newly formed) are selected in the second quadrupole (Q2)
and measured in the following detector. N2O gas (99.999%
purity) was injected to the DRC as collision/reaction gas.
Apex-Q sample introduction system (Elemental Scientific
Instruments, U.S.A.) was used to improve the sensitivity of
cesium isotopes.

Reagents and Samples. All reagents used in this work
were of analytical reagent grade. Ultrapure water (18.2 MΩ
cm, Sartorius water purification system, arium pro VF) and
distilled HNO3 (by Savillex DST-1000 system, U.S.A.) were
used for preparation of cesium solution from AG 50W-X8
column for ICP-MS/MS measurement. AMP-PAN (100−600
μm, Triskem International) resin and strong acidic cation
exchange resin AG 50W-X8 (100−200 mesh, H+ form,
analytical grade, Bio-Rad laboratories) were used for separation
and purification of cesium.
Reference materials IAEA-375 (soil, collected from

Novozybkov, Bryansk, Russia in 1990), IAEA-385 (Irish sea
sediment, collected in 1995), and IAEA-330 (spinach,
collected from Polesskoe, Kiev, Ukraine in 1990) were
purchased from the International Atomic Energy Agency
(IAEA). Two Danish soil samples were analyzed in this study,
one (Soil-1) was collected from 0 to 5 cm using a stainless steel
cylinder in Roskilde, and another one (Soil-2) is a mixed
surface soil (0−5 cm), which was collected from 8 different
sites (Tylstrup, Borris, Askov, St. Jyndevad, Tystofte,
Tornbygar̊d) in Denmark. One soil from Gavle, Sweden and
three soils from Feofaniya, Ukraine were collected from 0 to 5
cm depth in 1992. The sampling sites are shown in Figure S1.

Release of Cesium from Solid Samples. Soil or
sediment samples were first oven-dried at 80 °C and then
ashed in a muffle oven at 450 °C for 8 h to decompose the
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organic substances. A total of 1−60 g of soil samples were used
in this work depending on the measured 137Cs level. Two
methods were applied to release cesium from soil/sediment
samples, one was acid leaching using aqua regia and the other
one was fusion using LiBO2. For acid leaching, aqua regia was
added to the ashed soil or sediment with a ratio of 8 for acid/
sample (mL/g). A small volume of acid (HCl) was slowly
added to the sample to dissolve carbonate to avoid a sudden
release of a large amount of CO2, which could cause a spillover
of the sample out of the beaker. The sample with acid solution
in a beaker was covered with a watch glass and heated at 180
°C for 2 h on a hot plate. The leachate was separated by
filtration through a glass fiber filter, the residue was washed
with diluted HCl and the washing solution was combined with
leachate. For fusion method, LiBO2 was mixed with the ashed
soil in a graphite crucible with a mass ratio of 1:2 for sample/
LiBO2. The sample with LiBO2 was fused at 950 °C for 20
min. The obtained molten button of sample was dissolved with
aqua regia, and the solution was used for separation of cesium.
The residue was dried and measured for the remaining 137Cs to
monitor the recovery in this step. The leachate was evaporated
to near-dryness and dissolved in 1.0 M HNO3.
Separation of Cesium Using AMP-PAN Column.

Cesium was separated and purified from the sample matrix
and interferences using AMP-PAN column followed by a
cation exchange (AG 50W-X8) chromatography. The prepared
sample solution was loaded into an AMP-PAN column (1.0
mL resin packed in a 2 mL column, ϕ 7 mm × 5 cm), which
has been preconditioned with 40 mL of 4 M NH4NO3, 20 mL
of ultrapure H2O, and 10 mL of 1 M HNO3. The column was
rinsed with 30 mL of 1 M HNO3 and 20 mL of deionized H2O
to remove matrix elements. Cesium adsorbed on the column
was eluted with selected ammonium salt (e.g., NH4Cl,
NH4NO3, and (NH4)2SO4).
Removal of NH4Cl Salt from the Eluate of Cesium.

Before further purification of cesium (eluted from AMP-PAN
column) using cation exchange chromatography, NH4Cl needs
to be removed because of the competitive adsorption of NH4

+

with Cs+ on the cation exchange resin. The NH4Cl eluate with
cesium was heated to dryness on a hot plate at 180 °C after
adding LiCl (or other protective reagents). The residue in the
beaker was then heated at different temperature (e.g., 350, 400,
and 450 °C) for about 1−2 h in a muffle oven to remove
NH4Cl. After cooling to room temperature, the remaining
residue was dissolved with 10 mL of 1.5 M NH3·H2O. For
method development, a small fraction of the solution (0.1 ml)
was taken for the measurement of Cs content using ICP-MS to
monitor the recovery of cesium in this step.
Purification of Cesium from Li, Ba, and Mo. The

obtained sample solution from the last step was loaded onto a
cation exchange column (10 mL of AG 50W-X8, ϕ1.0 cm × 20
cm, H+ form), which was preconditioned with 50 mL of 5.0 M
HNO3, 20 mL of deionized H2O, and 20 mL of 1.5 M NH3·
H2O. The column was rinsed with 50 mL of 1.5 M NH3·H2O
and 20 mL of deionized H2O (and 70 mL of 1 M HNO3 for
optimized procedure). Cesium remaining in the column was
eluted with different concentrations of HNO3 (e.g., 0.5, 1.0,
1.5, and 2.0 M). For method development, each 10 mL of
eluate was collected and measured for Li, Cs, and Ba using
ICP-MS to obtain an elution curve. For analysis of samples, the
collected eluate of cesium (e.g., 70 mL of 1 M HNO3) was
evaporated to dryness and redissolved with 2 mL of 0.30 M
HNO3 for measurement of 135Cs/137Cs ratio using ICP-MS/

MS. The schematic diagram of the optimized analytical
procedure is shown in Figure S2.

Measurement of 137Cs Using Gamma Spectrometry.
Radioactivity of 137Cs in all samples was measured using an
HPGe gamma spectrometer (with a relative counting efficiency
of 35% and a resolution of 1.85 keV for 1332 keV gamma peak
of 60Co) by counting its 661.6 keV γ rays. The dried samples
were sealed into a plastic container and put on the top of the
detector (nearest distance). Gennie 2000 software (Canberra)
was used to acquire gamma spectra and perform spectra
analysis. The gamma spectrometry was calibrated for counting
efficiency using a mixed gamma standard; the measurement
results of 137Cs were corrected for counting geometry, self-
absorption (density and sample components), and sum
coincidence.

Measurement of Cesium Isotopes (135Cs and 137Cs)
with ICP-MS/MS. Cesium isotopes (135Cs and 137Cs) in the
prepared solution were measured using ICP-MS/MS. The
instrument was tuned using stable 133Cs (1.0 ng/mL) prepared
using cesium standard solution (CPI international, Amster-
dam, Netherlands). The blanks, standards, and samples were
prepared in 0.30 M HNO3 for measurement. The sample
solution was introduced using MicroMist nebulizer with a
peristaltic pump at 0.1 mL/min for 133Cs measurement and
optimization of the instrument setup. Pt skimmer cone, s-lens,
and hot plasma were used in the measurement of cesium
isotopes. N2O (99.999% purities) was injected to the DRC as
reaction gas in the measurement of 135Cs and 137Cs. For
measurement of 135Cs and 137Cs in low-level environmental
samples, an Apex-Q sample introduction system was employed
to improve nebulization efficiency, measurement sensitivity of
cesium isotopes and analytical precision. For measurement of
135Cs, both Q1 and Q2 were set to m/z = 135, and for 137Cs,
they were set to 137.

■ RESULTS AND DISCUSSION

Extraction of Cesium from Environmental Solid
Samples. Both acid leaching using aqua regia and complete
decomposition using LiBO2 fusion followed by acid dissolution
were investigated for releasing radiocesium (135Cs and 137Cs)
from the soil/sediment to solution. Since both 135Cs and 137Cs
in the environment were originated from human nuclear
activities, and their chemical properties and environmental
behaviors are similar, 137Cs was therefore measured in the
samples before and after decomposition using gamma
spectrometry and the efficiency of the decomposition methods
was evaluated. The results (Table S1) show that a high
recovery of more than 93% for 137Cs was observed using LiBO2
fusion. This should be attributed to the complete decom-
position of the sample indicated by the entire melt of the
sample with flux at high temperature. A small loss of 137Cs in
this method might be attributed to the following dissolution of
the molten button. It is interesting that acid leaching using
aqua regia also showed a high leaching efficiency of 137Cs from
soil/sediment, for less than 10 g of samples, more than 85% of
137Cs was leached, and even for a sample of up to 60 g, the
137Cs recovery was higher than 60%. This indicates that acid
leaching is sufficiently good for releasing 135Cs and 137Cs from
soil/sediment. Since the acid leaching is simple, easy operation,
less time-consuming, and more suitable for treatment of a large
size sample compared with fusion method, acid leaching using
aqua regia with a sample/acid ratio of 1:8 at 180 °C for 2 h is
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recommended and used in this work. The content of 137Cs in
the original samples and the separated cesium samples were
measured using gamma spectrometry to calculate the recovery
of 135Cs in the chemical separation procedure. 135Cs/137Cs
atomic ratios in the final prepared samples were measured
using ICP-MS/MS, which was used in combination with the
measured 137Cs concentrations in the original samples for
calculation of 135Cs concentrations in the samples, i.e., 137Cs
was used as an internal isotope dilution standard, as well as a
chemical yield tracer. Meanwhile the incomplete release and
recover of 135Cs in the sample preparation does not influence
the final analytical results of 135Cs concentration.12 It has been
widely reported that 137Cs deposited in soil from human
nuclear activities was firmly bound to soil grains and mainly in
the clay minerals and micas component by occupying/
replacing the site of potassium in the crystal of clay
minerals.23−26 The fractionation analysis of soil and sediment
samples has shown that only a small percentage of 137Cs
presents as exchangeable, or associated with carbonate, organic
substances or oxides, but mainly associated with minerals,27

and aqua regia could leach 70−95% of 137Cs from the soil and
sediment. The leaching efficiency of 137Cs is also highly related
to the type and properties of the sample. For soil/sediment
sample, ashing at relatively low temperature (450 °C) is
necessary for decomposition of organic substances and
avoiding loss of cesium at high temperature due to its volatile
property.
Preconcentration of Cesium from Sample Solution

by AMP-PAN Column. The acid leachate of the sample
contains high level of matrix elements (cations), a preconcen-
tration of cesium from the sample matrix is needed before
further purification. Due to the selective adsorption of cesium,
AMP powder or AMP-PAN column were widely applied for
preconcentration of cesium from seawater or sample solution.1

Our experiment showed that more than 97% cesium in the
acidic solution (e.g., 1 M HNO3) can be adsorbed on AMP
powder or AMP-PAN resin. For the determination of 135Cs,
the adsorbed cesium on the AMP or AMP-PAN resin needs to
be eluted for further purification and measurement of 135Cs
using ICP-MS/MS. Ammonia has been used to remove cesium
from AMP powder.14 In this case, all AMP was dissolved.
Consequently, all interference elements (e.g., Ba, Mo, Sn, Sb,
etc.) also entered into the sample solution, which will influence
removal of these interferences. Meanwhile, large amounts of
molybdate, phosphate, and potassium were also dissolved into
the solution, which significantly influence the further
purification of cesium from interferences. The highly selective
adsorption of Cs+ on AMP-PAN is based on the replacement
of NH4

+ in the AMP by Cs+. Therefore, a high concentration
of NH4

+ solution might be possible to replace and elute Cs+

adsorbed on the AMP-PAN without dissolving the AMP
component. The elution characteristics of Cs+ from the AMP-
PAN column with different ammonium salts were investigated.
The results show that NH4HCO3, (NH4)2CO3, NH4F,
NH4C2O4, NH4Ac, and NH4Citr solution can directly dissolve
AMP component, similar as ammonia solution, therefore these
reagents could not be used for this purpose. Ammonium
thiocyanate solution can react with AMP and reduce it to
phosphorus molybdenum blue, as indicated by the color
change of the AMP-PAN resin from yellow to blue. NH4Cl,
NH4NO3, and (NH4)2SO4 solutions do not dissolve AMP but
could elute Cs+ from the AMP-PAN resin. In the eluate of
these reagents, the high concentration of NH4

+ will strongly

influence the further separation of Cs+ using cation exchange
chromatography because of its competitive adsorption with
Cs+ on the resin and has to be removed before separation.
Considering the easy removal of NH4Cl by the heating method
based on its sublimation at low temperatures (338 °C), the risk
for dangerous explosion of NH4NO3 during heating, and
difficulties in removal of sulfate, NH4Cl was selected to elute
Cs+ from the AMP-PAN resin.
The elution profiles of Cs+ from AMP-PAN column (1.0

mL) with different concentrations of NH4Cl solution (Figure
1) show that cesium can be efficiently eluted with high

concentration of NH4Cl, and a recovery of >95% for cesium
was obtained using 40 mL of 4 M or 5 M NH4Cl. While, a
large volume and long tailing were observed when eluted with
3 M or lower concentrations of NH4Cl. In considering the
amount of NH4Cl in the eluate, 40 mL of 4.0 M of NH4Cl was
applied to elute cesium from 1 mL of AMP-PAN column.
In addition, the AMP-PAN column can efficiently remove

Ba, Sb, and Sn by factors of 7300, 20, and 1400, respectively,
which are much better than that using AMP powder.14 This is
very critical to achieve a better separation of Cs from Ba and
other interfering elements in a large size soil or sediment
samples (e.g., 60 g) for ultralow-level 135Cs measurement.

Removal of Ammonium from Cs Eluate. Cation
exchange chromatography demonstrated an effective technique
for purifying cesium from Ba and other interfering elements.
However, due to the competitive adsorption, almost no
adsorption of Cs+ on the AG 50W-X8 column (10 mL) was
observed when directly loading the cesium eluate in 4 M
NH4Cl medium. The massive NH4

+ ions in the eluate have to
be removed prior to the purification of cesium by cation
exchange chromatography. However, due to the similar
chemical properties of Cs+ and NH4

+, it is difficult to remove
NH4

+ without loss of Cs+. Based on the low sublimation
temperature of NH4Cl (338 °C) but not CsCl, a simple
heating method was developed to remove NH4Cl by
sublimation. The eluate was first evaporated to dryness on a
hot plate; the residue was then heated at 350−450 °C to
remove NH4Cl. The results show that almost all NH4Cl was
sublimated at a temperature of above 350 °C for more than 2
h. However, it was observed that most of cesium (>60%) was

Figure 1. Elution profiles of Cs with different concentrations of
NH4Cl solution from 1 mL of AMP-PAN column.
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also lost when NH4Cl was sublimated, even heated at only 350
°C (Table 1).

Cesium chloride is not a volatile species, with a melting
point of 646 °C and a boiling point of 1297 °C. The loss of
cesium in the heating process might be attributed to its small
amount (<20 μg) compared to the extremely large amount of
NH4Cl, resulting in a NH4Cl/CsCl mass ratio of more than 5
× 105. During the sublimation process, a massive amount of
NH4Cl gas (possibly also with some NH3 and HCl) was
released, and a trace amount of CsCl wrapped in the NH4Cl
might be carried out in this process. It was noticed that, by
adding H3PO4 into the eluate before evaporation, the recovery
of cesium was significantly improved to 67% (Table 1).
Addition of other salts such as LiCl, NaCl, and CaCl2, the
recovery of cesium was also significantly improved; almost
quantitative recovery of Cs was obtained when more than 60
mg of LiCl was added. LiCl, NaCl, and CaCl2 are not volatile
compounds; CsCl might be adsorbed on the particles of these
salts during the sublimation of NH4Cl, thus preventing the loss
of CsCl. The increased recoveries of Cs with the amount of
LiCl of less than 60 mg (Table 1) confirmed that the sufficient
amount of particles/salt are important for preventing loss of Cs
during sublimation of NH4Cl. However, cations of Li

+, Na+,
and Ca2+ also compete with Cs+ to adsorb on the cation
exchange resin during the purification of cesium. Due to much
low relative selectivity of Li (0.85) on the cation exchange
resin (AG 50W) compared to Cs (2.7), Na (1.5), and Ca
(3.9), LiCl has much less influence on the adsorption of Cs+

on the cation exchange resin. Therefore 60 mg of LiCl was
selected in this study.
Elimination of Ba and Other Interfering Elements

Using Cation Exchange Chromatography. Although
AMP-PAN is a specific resin for separation of Cs from the
sample matrix, the removal efficiencies for most of interfering
elements, such as Ba, Mo, Sb and Sn, are not sufficient high for
the low-level 135Cs measurement by ICP-MS/MS. Besides the

interfering elements, Li+ added in the last step also needs to be
removed due to matrix effect in ICP-MS/MS measurement.
Based on the different affinity/relative selectivity of Cs+ and
these interfering elements, strong acidic cation exchange resin
(AG 50W-X8) was applied for purification of cesium. The
affinity of Cs+ is much higher than that of Li+ but lower than
that of Ba2+. Li+ is first removed from the column; Cs+ is then
eluted but keeping Ba2+ on the column. The decontamination
factor of Ba relies on the eluent and its concentration. After
removal of NH4Cl by sublimation, the cesium sample was
prepared in a small volume of 1.5 M NH3·H2O (10 mL). In
this alkaline media, Mo, Sn, and Sb can be converted to anion
species (MoO4

2−, Sn(OH)6
2− and SbO3

−), which are not
adsorbed on the cation exchange resin. After loading the Cs
sample solution to AG 50W-X8 column, and rinsing with 50
mL of 1.5 M NH3·H2O and 20 mL of H2O, anion species of
Mo, Sn, and Sb can be well eliminated. HNO3 was then used
for elution of Cs, which can avoid introduction of any salt to
the final solution and benefit for sensitive measurement of
cesium isotopes. Meanwhile, the eluate can be evaporated to
dryness and prepared in a small volume solution for ICP-MS/
MS measurement.
The elution profiles (Figure 2) show that 2.0 M HNO3 can

quickly elute Cs from the column, but Ba can be also quickly

eluted and overlap with Cs eluate. By eluting with lower
concentrations of HNO3 (e.g., 0.5 M), Cs can be completely
separated from Ba, but a large volume of eluent is needed. The
optimal elution was achieved using 1 M HNO3, and in this
case, Cs can be completely separated from Ba and Li with 70
mL of 1 M HNO3, meanwhile most of K+ and Rb+ can be also
removed due to their lower affinity compared to Cs+.14 A 10
mL cation exchange resin (AG50W-X8) in a column of ϕ1.0 ×
20 cm was employed for obtaining a better separation of Cs
from Ba, Rb, and K.
The decontamination factors of Ba, Li, Mo, Sn, and Sb in the

cation exchange chromatographic separation procedure were
monitored by determination of the concentrations of these
elements in the final eluted Cs fraction using ICP-MS and
compared with the initiate amounts of these elements in the
leached sample solution. The overall decontamination factors

Table 1. Recoveries of Cesium during the Sublimation of
NH4Cl Eluate at Different Temperatures and Different
Protective Reagents

sample
no. temperature/°C

protective
reagent

amount of
protective reagent

recovery of
Cs/%

1 350 no 31 ± 8
(n = 3)

2 400 no 32 ± 8
(n = 3)

3 450 no 34 ± 9
(n = 3)

4 350 H3PO4 1.5 mmol 67 ± 7
(n = 3)

5 350 LiCl 8 mg 47 ± 6
(n = 3)

6 350 LiCl 24 mg 76 ± 5
(n = 3)

7 350 LiCl 40 mg 91 ± 3
(n = 3)

8 350 LiCl 60 mg 99 ± 3
(n = 3)

9 350 LiCl 80 mg 100 ± 3
(n = 3)

10 350 NaCl 80 mg 91 ± 5
(n = 3)

11 350 CaCl2 80 mg 89 ± 5
(n = 3)

Figure 2. Elution profiles of Cs, Ba, and Li on 10 mL of AG50-X8
column (ϕ1.0 × 20 cm, H+ form) with different concentrations of
HNO3.

Analytical Chemistry pubs.acs.org/ac Article

https://dx.doi.org/10.1021/acs.analchem.0c01153
Anal. Chem. 2020, 92, 7884−7892

7888

https://pubs.acs.org/doi/10.1021/acs.analchem.0c01153?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c01153?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c01153?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c01153?fig=fig2&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c01153?ref=pdf


of 4 × 107 for Ba, 4 × 106 for Li, 4 × 105 for Mo, 3 × 105 for
Sn, and 2 × 105 for Sb were achieved, which are better or
comparable compared to the reported values using combined
chromatographic purification (AMP-PAN, AGMP-1 M, and
AG 50W-X8).14,18 In consideration of all steps including ICP-
MS measurement, the entire analysis of a batch of 8 samples
can be completed within 3 days. The overall chemical yields of
135Cs were measured by counting the 137Cs in the original
samples and the final separated cesium solution by gamma
spectrometry to be more than 85% for soils from Sweden and
Ukraine. The recoveries of radiocesium in each step were also
measured by counting 137Cs, being about 90% for acid leaching
step, 97% for AMP-PAN column separation, 99% for NH4Cl
sublimation process, and 99% for cation exchange resin
purification step. A slightly lower chemical yields of 60−70%
for cesium was obtained for Danish soil samples, which is
mainly attributed to the lower leaching rate of cesium in the
step of aqua regia leaching of big soil samples (60 g). However,
this can be improved by dividing big sample into a few aliquots
for leaching to increase the leaching efficiency.
For the analysis of real environmental samples, the Cs eluate

in 1.0 M HNO3 was evaporated to dryness and then prepared
in 2.0 mL of 0.3 M HNO3 for ICP-MS/MS measurement. The
concentrations of Ba, Mo, Sb, and Sn in the final Cs fraction
were less than 0.1, 1, 0.2, and 0.2 ng/mL respectively.
Measurement of Low-Level 135Cs and 137Cs by ICP-

MS/MS. The major challenges in the measurement of ultralow
level 135Cs and 137Cs (<2 fg/g) in environmental samples are
elimination of isobaric interference of stable 135Ba and 137Ba,
interference of polyatomic ions including 95Mo40Ar+,
97Mo40Ar+, 119Sn16O+, and 121Sb16O+ and suppressing the
tailing of stable 133Cs. In this work, two sequential quadrupole
mass filters equipped in the Agilent 8800 was used to reduce
the tailing influence of 133Cs; collision reaction technique with
N2O as reaction/collision gas was used to eliminate Ba
interference, as well as polyatomic ions interference. The
results (Figure 3) show that the signal intensities of Ba+ ions
were significantly decreased by 5 orders of magnitude when the
flow rates of N2O gas injected to the DRC were increased from
0 to 0.9 mL/min., while the signal intensities of Cs+ ions were
only slightly reduced with the increased flow rates of N2O.

This is attributed to the high affinity of Ba+ ion with oxygen
atom (92.8) compared to Cs+ ion (14) in N2O gas,28 causing
formation of BaO+ but not CsO+. With 0.70 mL/min of N2O
as reaction gas, the measured 133Cs/135Ba ratios were improved
by a factor of more than 2 × 104, while the sensitivity of Cs was
decreased by a factor of 8. At this condition, the measured
sensitivity of Cs is 3.4 × 105 cps/ppb with the Apex-Q system,
while the contributions of 0.2 ng/mL Ba at the m/z = 135 and
137 were less than 0.3 cps.
The interferences from polyatomic ions on m/z = 135 and

137, such as 95Mo40Ar+, 119Sn16O+, 97Mo40Ar+, and 121Sb16O+

were investigated by measuring the signal intensities at m/z =
135 and 137 for different concentrations of single element
standard solutions of Mo, Sn, and Sb at the optimal condition
of ICP-MS/MS with 0.7 mL/min. N2O as reaction gas. The
results (Figure S3) show that the signal intensities at m/z =
135 and 137 were very low but increased with the
concentrations of these elements in the standard solution,
indicating the polyatomic ions formed by these elements were
effectively destroyed in the DRC by the injected reaction/
collision gas. For 50 ng/mL solution of Sn, Sb, and Mo, the
measured intensities at m/z of 135 and 137 were 4 cps for Sn,
70 cps for Sb, and 1cps for Mo. Although the concentration of
Mo in the final Cs eluate was relatively higher (1 ng/mL)
compared to other elements, the interference from Mo (<0.02
cps) is still negligible. Because the concentrations of Sn and Sb
in the final purified sample solution were less than 0.2 ng/mL,
the interferences from these elements on the measurement of
135Cs and 137Cs (<0.3 cps) are also negligible. Meanwhile, it
also indicates that the effective removal of these elements from
Cs fraction is critical for accurate measurement of the low-level
135Cs due to their relatively high concentrations in the soil and
sediment samples (about 1−3 μg/g Mo, Sb and Sn) compared
to 135Cs (<3 × 10−15 g/g).
The abundance sensitivity is another critical interference for

the measurement of low-level 135Cs due to the relatively high
stable cesium concentration in environmental samples (1−3
μg/g) and low atomic ratio of 135Cs/133Cs (<10−8 in
background area); application of two sequential quadrupole
mass filters for the measurement of 135Cs by setting m/z = 135
for both quadrupoles significantly improved the abundance
sensitivity. The signal intensity at m/z = 135 was measured
using a cesium standard solution of 50 μg/mL to evaluate the
tailing influence of 133Cs; the abundance sensitivity (ratio of
the count rate at m/z = 135 to that at m/z = 133) was
estimated to be less than 1 × 10−11. This is about 3 orders of
magnitude lower than the 135Cs/133Cs ratio in normal
environmental samples, therefore sufficient good for reliable
measurement of ultralow level 135Cs without a correction for
the tailing contribution of 133Cs. However, if large amount of
stable cesium (e.g., >2 mg) was used as carrier in the chemical
separation, the interference of 133Cs tailing will be too serious
(corresponding to 20 fg of 135Cs) to obtain an accurate result
of low-level 135Cs even for a correction. Therefore, no stable
cesium could be added as carrier in the chemical separation of
cesium for the determination of 135Cs using ICP-MS/MS.

Detection Limit of the Method for 135Cs. By using
Apex-Q sample introduction system, the measurement
sensitivity was significantly improved to 3.4 × 105 cps for 1
ng/mL 133Cs standard solution. The count rates at m/z of 135
and 137 in the procedure blanks were measured to be 0.3 ±
0.2 cps. Based on these performances, minimum detectable
amount of 135Cs and 137Cs can be estimated to be 1.8 × 10−15

Figure 3. Variation of intensities of Cs+ and Ba+ signal and ratios of
133Cs/135Ba with the flow rates of N2O injected to the DRC. The
standard solutions of Cs (1.0 ng/mL) and Ba (5.0 ng/mL) were used
in this experiment.

Analytical Chemistry pubs.acs.org/ac Article

https://dx.doi.org/10.1021/acs.analchem.0c01153
Anal. Chem. 2020, 92, 7884−7892

7889

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c01153/suppl_file/ac0c01153_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c01153?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c01153?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c01153?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c01153?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c01153?ref=pdf


g/mL using 3 times standard deviation of the procedure
blanks. For 60 g of soil sample, the detection limit of the
method for 135Cs and 137Cs can be calculated to be 9.1 × 10−17

g/g (or 0.30 mBq/g for 137Cs and 3.9 nBq/g for 135Cs)
considering a recovery of 65% for cesium and 2 mL final
solution prepared for measurement; this value is more than 1
order of magnitude better than the reported value using ICP-
MS/MS.14

Validation of the Developed Method. There is no
standard reference material of similar matrix as soil and
sediment with certified for 135Cs concentration or 135Cs/137Cs
ratio available, the standard reference materials of soil (IAEA-
375, collected from contaminated area by Chernobyl accident
in Russia), sediment (IAEA-385, collected from the Irish Sea)
and spinach (IAEA-330, collected from Polesskoe, Kiev,
Ukraine) with the reported 135Cs/137Cs ratios in literatures
were therefore analyzed using the developed method. The
results (Table 2) show that the measured 135Cs/137Cs atomic
ratios for IAEA-375 and IAEA-330 are in well agreement with
the reported data in the literature, indicating the developed
method is reliable and accurate for the determination of 135Cs
and 135Cs/137Cs ratio in environmental samples. As for IAEA-
385 sediment, only two data were reported,12,14 and our result
agreed with the value reported by Zheng.14

135Cs/137Cs Ratios in Soil from Denmark, Sweden, and
Ukraine. Soil samples collected from Denmark, Sweden, and
Ukraine were analyzed for 135Cs concentrations and
135Cs/137Cs atomic ratios using the developed method. The
results (Table 3) show that the measured 135Cs/137Cs atomic
ratios in the soils collected from Gavle, Sweden and Feofaniya,
Ukraine are similar (0.65−0.71), although the 137Cs concen-
trations (140−1650 Bq/kg) are different in these samples by a
factor of 2−10. While a much higher 135Cs/137Cs atomic ratios
of (2.08−2.68), but a much lower 137Cs concentrations (3−8
Bq/kg) were observed in soil samples from Denmark. This
should be attributed to the different sources of 135Cs and 137Cs
in these soil samples. As high as 1650 Bq/kg of 137Cs was
measured in the soil collected from Gavle, Sweden and 142−
286 Bq/kg in Feofaniya, Ukraine, they are 1−3 orders of
magnitude higher than the level in the soil received only global
fallout.32 The measured 135Cs/137Cs ratios (0.65−0.71)
(corresponding to 0.30−0.32 with decay correction to April
1986) are similar to those reported ratios in the Chernobyl
accident derived radiocesium (0.28−0.32),9 indicating that
most of radiocesium in these samples were originated from the
Chernobyl accident fallout. It has been also reported that
Gavle in Sweden and Feofaniya in Ukraine had received
heavily radioactive fallout from Chernobyl accident in 1986,

and other anthropogenic radionuclides related to Chernobyl
accident were observed in these samples.33 A much lower 137Cs
concentrations were observed in the Danish soil samples. The
measured 135Cs/137Cs ratios in two Danish soil samples are
2.68 ± 0.53 (Soil-1) and 2.08 ± 0.31 (Soil-2), which is about
3−4 times higher than the ratios measured in the Chernobyl
accident contaminated soil from Gavle, Sweden and Feofaniya,
Ukraine. Danish Soil-1 was collected from upper 0−5 cm in
Roskilde in 2019, while the Danish Soil-2 is a mixture of soil
samples collected from 0 to 5 cm depth at 8 different sites over
Denmark in 1987 (Table S2). Based on the assumption of only
two sources of 137Cs and 135Cs in Denmark (global fallout and
Chernobyl accident fallout) and the reported 135Cs/137Cs
atomic ratios of 3.7 ± 0.4 for the global fallout and 0.65 ± 0.04
for Chernobyl accident releases (decay corrected to Feb
2020),9,11 the contributions of radiocesium from Chernobyl
accident can be estimated to be 31% for Soil-1 and 51% for
Soil-2. The estimated value in Soil-2 agree well with the
estimation through the monitoring of 137Cs level in soil at 8
different sites in Denmark collected before Chernobyl accident
(1983) and after the Chernobyl accident (1987; Table S2). A
less contribution of Chernobyl accident was estimated in Soil-1
compared to the Soil-2. The 137Cs concentration (3.3 Bq/kg)
in the Soil-1 is also lower than that in Soil-2 (8.0 Bq/kg) by a
factor of 2.4, which supports the less fallout of Chernobyl
accident in this site. This is the lowest radiocesium level
environmental sample ever used for the radiocesium ratios
determination by ICP-MS/MS, which will broaden the

Table 2. Comparison of the Measured 135Cs Concentrations and 135Cs/137Cs Atomic Ratios in Standard Reference Materials
with the Reported Values

sample matrix 135Cs/137Cs atomic ratio (this work) 135Cs activity (mBq/kg) 135Cs/137Cs atomic ratios (in literature)

IAEA-375a soil 0.30 ± 0.02 (n = 3) 24.3 ± 1.6 0.30 ± 0.0129

0.30 ± 0.0111

0.31 ± 0.0112

0.27 ± 0.0230

0.32 ± 0.0131

IAEA-330a spinach 0.29 ± 0.02 (n = 1) 8.12 ± 0.56 0.29 ± 0.029

IAEA-385b sediment 1.10 ± 0.17 (n = 3) 0.30 ± 0.05 0.80 ± 0.1612

1.21 ± 0.1414

aDecay corrected to April 1986. bDecay corrected to Jan 2015. The results for soil and sediment are the average and 1SD of 3 replicate samples, for
spinach are the measurement results with overall analytical uncertainties (k = 1).

Table 3. Analytical Results of 135Cs Concentrations and
135Cs/137Cs Ratios in Surface Soil Samples from Denmark,
Sweden, and Ukrainea

sample
137Cs activity
(Bq/kg)

135Cs/137Cs
atomic ratios

135Cs activity
(mBq/kg)

Danish soil-1
(n = 2)

3.32 ± 0.16 2.68 ± 0.53 0.12 ± 0.02

Danish soil-2
(n = 2)

8.03 ± 0.31 2.08 ± 0.31 0.23 ± 0.03

Sweden soil
(n = 1)

1650 ± 18 0.66 ± 0.06 14.7 ± 1.03

Ukraine soil-1
(n = 1)

283 ± 3 0.65 ± 0.07 2.49 ± 0.27

Ukraine soil-2
(n = 1)

142 ± 3 0.71 ± 0.08 1.36 ± 0.15

Ukraine soil-3
(n = 1)

150 ± 3 0.71 ± 0.08 1.44 ± 0.16

aAll 137Cs data are decay corrected to 1st Feb 2020. The uncertainties
presented here are the overall uncertainty with k = 1
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application of 135Cs/137Cs as a tracer in environmental process
studies.
The analytical results of these soil samples demonstrate that

the developed method could be successfully applied for the
determination of 135Cs concentrations and 135Cs/137Cs ratios
in ordinary environmental samples (with 137Cs concentration
down to 3.3 Bq/kg). It also indicates that the 135Cs/137Cs
ratios can be used as a unique fingerprint for discriminating the
sources of radioactive contamination and estimating their
contributions to the total inventory, which will be useful for
nuclear forensics and environmental tracer studies.

■ CONCLUSION
A method was developed for the determination of 135Cs
concentrations and 135Cs/137Cs atomic ratios in environmental
solid samples by coupling AMP-PAN and AG 50W-X8
chromatographic separation with ICP-MS/MS measurement.
A selective elution of Cs using NH4Cl from AMP-PAN
without dissolution of the AMP component was proposed for
the first time, thereby significantly reducing the burden for
removal of a large amount of molybdenum from cesium
solution. Ammonium chloride in the eluate of Cs was removed
satisfactorily by sublimation at 350 °C with the addition of
LiCl to prevent cesium loss during sublimation. In
combination with cation exchange chromatographic separa-
tion, high decontamination factors for Ba, Mo, Sb, and Sn were
achieved, thus eliminating the interference of these elements
on the measurements of 135Cs and 137Cs by ICP-MS/MS. A
detection limit of 9.1 × 10−17 g/g for 135Cs and 137Cs was
achieved for 60 g of soil sample. The analytical method has
been validated by analysis of reference materials IAEA-375,
IAEA-330, and IAEA-385 and successfully applied to
determine 135Cs/137Cs in environmental soil samples from
Denmark, Sweden and Ukraine. The 135Cs/137Cs atomic ratios
in Danish soil (2.08−2.68) are much higher than that in the
Swedish and Ukrainian soil (0.65−0.71), suggesting their
different sources. About 50% Chernobyl derived radiocesium
in the Danish soil was estimated. This demonstrated that the
developed method for determination of 135Cs/137Cs can be
used to identify the sources of radioactive contamination and
estimate their contribution to the total inventory, and a broad
application of 135Cs/137Cs as a tracer in nuclear forensics and
environmental studies can be foreseen.
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Figure S1. Sampling sites of soil in Denmark, Sweden and Ukraine

Figure S2. Schematic diagram of chemical separation procedure of cesium in soil samples for 

determination of 135Cs



Figure S3. Variation of signal intensities of polyatomic ions of Sn and Sb with m/z of 135 and 137 

with the concentrations of these elements using the optimal condition of ICP-MS/MS for 135Cs 

measurement (0.7 mL/min. N2O as reaction gas)

Table S1. Recoveries of 137Cs in sample preparation using acid leaching with aqua regia and 

LiBO2 fusion methods 

Sample Weight

(g)

Treatment 

Method

137Cs 

concentration 

before treatment

(Bq/g)

137Cs 

concentration 

after treatment

(Bq/g)

Recovery

(%)

IAEA-375 soil

IAEA-330 spinach

IAEA-385 sediment

Danish soil-1

Danish soil-2

Ukraine soil-1

Ukraine soil-2

Ukraine soil-3

Sweden soil

1.003

1.012

1.006

40.016

60.062

60.037

20.029

10.174

10.064

10.124

2.002

Aqua regia

Aqua regia

Aqua regia

Aqua regia

Aqua regia

Aqua regia

LiBO2

Aqua regia

Aqua regia

Aqua regia

Aqua regia

2.809

2.809

0.937

1.9110-2

3.3210-3

8.0310-3

8.0310-3

0.283

0.142

0.150

1.654

0.095

0.119

0.017

0.3110-2

1.2110-3

2.1610-3

0.0510-3

0.022

0.016

0.018

0.214

96.4±3.1

95.8±3.2

98.2±3.7

83.8±5.6

63.4±8.4

73.1±6.9

93.1±7.1

92.4±3.9

88.7±4.4

88.2±4.1

87.1±3.0



Table S2. Deposition of 137Cs (Bq/m2) in Danish soil in 1983 and 1987

Sampling site 137Cs con. in 1983

(Bq/m2)

137Cs con. in 1987

(Bq/m2)

Contribution from Chernobyl 

accident

Tylstrup

Borris

Askov

St.Jyndevad

Tystofte

Tornbygård

Ledreborg

Abed

1750

1600

2300

1910

1600

1230

1300

1410

2950

3630

4590

3570

2950

2410

2440

2220

45.9%

59.8%

54.3%

51.2%

50.5%

53.4%

51.4%

42.1%



 

                                                                                                                                 

Paper Ⅲ 

 

Zhu, L.C.; Hou, X.L., Qiao, J.X.  

Determination of 135Cs concentration and 135Cs/137Cs ratio in waste 

samples from nuclear decommissioning by chemical separation and 

ICP-MS/MS. 

Talanta, 2021, 221, 121637. 



Talanta 221 (2021) 121637

Available online 8 September 2020
0039-9140/© 2020 Elsevier B.V. All rights reserved.

Determination of 135Cs concentration and 135Cs/137Cs ratio in waste 
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A B S T R A C T   

Determination of 135Cs concentration and 135Cs/137Cs atomic ratio is of great importance in characterization of 
radioactive waste from decommissioning of nuclear facilities. In this work, an effective analytical method was 
developed for simultaneously determination of 135Cs and 137Cs in different types of waste samples (steel, zir-
conium alloy, reactor coolant, ion exchange filter paper and spent ion exchange resin) by coupling AMP-PAN, AG 
MP-1M and AG 50 W-X8 chromatographic separation with ICP-MS/MS measurement. Decontamination factors of 
7.0 × 106 for Co, 6.0 × 106 for Ba, 4.2 × 105 for Mo, 3.2 × 105 for Sn and 2.1 × 105 for Sb were achieved using 
the chemical separation procedure. The overall chemical yields of cesium were higher than 85%. A detection 
limit of 3.1 × 10− 14 g/g for 135Cs was achieved for 0.2 g stainless steel sample or spent resin. The developed 
method was validated by analysis of standard reference materials (IAEA-375) and successfully applied for 
analysis of zirconium alloy, steel, ion exchange filter paper and spent ion exchange resin from nuclear power 
reactors. The obtained 135Cs can be used to evaluate the long-term environmental impact and provide useful 
information for waste disposal. The measured 135Cs/137Cs ratio in reactor coolant, as a characteristic informa-
tion, might be useful for source identification and localization of leaked fuel element. The neutron flux of the 
leaked fuel element can be estimated based on the measured 135Cs/137Cs atomic ratios in the reactor coolant 
water. The developed method is simple and rapid (8 samples/day) for the determination of 135Cs concentrations 
and 135Cs/137Cs ratios in various waste samples from nuclear decommissioning.   

1. Introduction 

Since 1950s, nuclear energy has become an important energy in 
many countries. There are around 450 nuclear power reactors in oper-
ation at present, meanwhile, increased number of power reactors were 
closed and have being decommissioned [1]. Nuclear waste generated 
during the operation of nuclear power plants (e.g. ion exchange resin) 
and decommissioning needs to be safely deposited. Radiological char-
acterization of these wastes is critically important for their safe re-
pository. Among all radionuclides, long-lived radionuclides, especially 
the difficult-to-measure radionuclides such as 99Tc, 129I, 93Mo, 135Cs and 
actinides are very important and highly challenging in the waste 
characterization. 

As a high yield fission product (6.9% from 235U fission), 135Cs is a 
long-lived (2.3 Myr) pure beta emitter (Emax = 268 keV) with a very 
low specific radioactivity of 0.043 Bq/ng. Therefore, the measurement 

of 135Cs by radiometric method, i.e. liquid scintillation counting or beta 
counting is hindered due to the co-existence of 137Cs, which has a short 
half-life (30 yr), similar fission yield as 135Cs and high beta energy 
(Emax = 1176 keV). Neutron activation analysis (NAA) has been pro-
posed for the determination of 135Cs in high-level waste samples by 
converting 135Cs to a gamma emitting radionuclide 136Cs through 
neutron activation reaction. However, it cannot be used for the deter-
mination of low level 135Cs due to the high detection limits [2,3]. Mass 
spectrometry is a sensitive measurement technique for the determina-
tion of long-lived radionuclides, which enables the measurement of 
135Cs at femtogram levels [4,5]. Among them, thermal ionization mass 
spectrometry (TIMS) is one suitable technique for measurement of 135Cs 
due to its high sensitivity and less interferences [6–9], but its less 
accessibility and capability make it difficult to be used for routine 
analysis of large number of samples. ICP-MS can also be used for mea-
surement of 135Cs, but the isobaric interference (135Ba), peak tailing of 
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stable 133Cs and polyatomic interference (95Mo40Ar+, 119Sn16O+) seri-
ously limit its application in the measurement of 135Cs. The triple 
quadrupole ICP-MS can be used to significantly suppress peak tailing of 
133Cs; in combination with collision reaction technique in this instru-
ment, the interferences of 135Ba and polyatomic ions can be also elimi-
nated, enabling it to measure low-level 135Cs, as well as 137Cs [10–13]. 
However, nuclear waste samples usually contain high level of radioac-
tivity of activation products, e.g. 60Co, 58Co, 125Sb, which might be more 
than 6 orders of magnitude higher than that of 135Cs, thus limits the 
direct measurement by ICP-MS due to the radioactive damage and 
contamination of the instrument. Therefore, chemical separation of ce-
sium from complicated matrix, major radioactive radionuclides and 
interfering elements is needed prior to its measurement. Different sep-
aration methods, such as AMP adsorption, and ion exchange techniques 
could be used for this purpose [14–16]. 

In the decommissioning of nuclear reactors, all components of the 
materials which were exposed to neutron irradiation or contaminated by 
radioactive substances such as various metal used as construction ma-
terials in the reactor are dominant wastes. During the operation of nu-
clear power reactor, coolant water and spent fuel pool water are easily 
contaminated due to the leakage of nuclear fuel and the corrosion of the 
construction metals, which are routinely purified by mixed ion exchange 
column, resulting in a large amount of spent ion exchange resin wastes. 
These materials need to be characterized for various radionuclides, 
especially long-lived radionuclides before repository. Meanwhile, the 
reactor coolant water and spent fuel pool water also need to be analyzed 
for various radionuclides for monitoring the contamination level and 
possible leakage of the nuclear fuel element. Many analytical methods 
have been reported for the determination of long-lived radionuclides in 
waste samples from nuclear decommissioning and reactor operation 
such as 99Tc, 93Zr and 129I [17–20], but very few on the determination of 
135Cs in waste samples. The reported method for the determination of 
135Cs in the evaporated coolant water by NAA and ICP-MS showed a 
relatively high detection limit (0.4–2 Bq/L) for 135Cs [3], which is not 
suitable for ordinary coolant water and fuel pool water. Another method 
using ion chromatography and ICP-MS was also reported for the deter-
mination of 135Cs in irradiated UO2 pellet with a relatively high detec-
tion limit up to 0.7 mBq/g [21]. To the best of our knowledge, the 
method for the determination of 135Cs in steel, zirconium alloy, filter 
and spent ion exchange resin from nuclear facilities is still not available. 

This work aims to develop an effective method for the determination 
of 135Cs concentration and 135Cs/137Cs atomic ratio in different waste 
samples from nuclear decommissioning and waste repository. This will 
be implemented through establishing effective methods for releasing 
cesium from sample matrix by acid dissolution and leaching, removing 
dominant radioactive radionuclides and major interfering elements 
using chemical separation, and systematically optimization of mea-
surement method of 135Cs using triple quadrupole ICP-MS with suffi-
ciently suppressing isobaric interferences (135Ba), tailing effect of 133Cs 
and interferences of polyatomic ions. 

2. Experimental 

2.1. Instrumentation 

A tandem quadrupole ICP-MS/MS (Agilent 8800, Japan), equipped 
with a Ni sampler cone, a Ni skimmer cone, a spray chamber and a PTFE 
nebulizer, was employed to determine 135Cs and 137Cs in purified waste 
samples. The first quadrupole mass filter situated in front of the 
collision-reaction cell was used to select analyte ions (m/z = 135 and 
137) to enter the analysis system, and reject all other ions. N2O 
(99.999% purity, Air Liquide Denmark) was introduced into the 
collision-reaction cell to eliminate the isobaric interference (135Ba and 
137Ba) by forming oxides of barium and polyatomic interference 
(95Mo40Ar+, 97Mo40Ar+, 119Sn16O+ and 121Sb16O+) by splitting them to 
single ions. The analytes ions (135Cs and 137Cs) were selected in the 

second quadrupole mass filter and measured by detector. Diluted stable 
Cs standard solution (10 μg/mL, LabKings, Netherlands) was used to 
optimize the instrumental parameters. A high performance sample 
introduction system (Apex-Q, Elemental Scientific Instruments, USA) 
was employed to further improve the sensitivity of cesium isotopes. The 
instrumental parameters used for the measurement of 135Cs and 137Cs 
are listed in Table 1. 

An HPGe gamma spectrometer (Canberra) with spectroscopy soft-
ware Genie 2000 was used to measure the activity of radionuclides in 
waste samples (e.g. 137Cs by counting its 661.6 keV gamma rays) in this 
work. The resolution of this system is 1.83 keV for 1332 keV gamma line 
of 60Co and the relative counting efficiency is 25%. The detector was 
calibrated for counting efficiency using a mixed gamma standard. 

2.2. Reagents, materials and samples 

All reagents used in this study, including HNO3, H2SO4, HCl, HF, 
H2O2, NH3⋅H2O were of analytical reagent grade. Ultra-pure water 
(18.2 MΩ cm, Sartorius water purification system, arium pro VF) and 
purified HNO3 (acid distilled system, Savillex DST-1000, USA) were 
employed for dilution of reagents, elution of cesium from cation ex-
change column and preparation of final Cs solution prior to ICP-MS/MS 
measurement. AMP-PAN (100–600 μm, Triskem International) resin and 
ion exchange resin (AG MP-1M and AG 50 W-X8, 100–200 mesh, 
analytical grade, Bio-Rad Laboratory) were used for separation and 
purification of cesium. 

Reference material IAEA-375 (soil collected from Novozybkov, 
Bryansk, Russia in 1990), was purchased from the International Atomic 
Energy Agency (IAEA). 

Different types of samples from nuclear power plants such as stain-
less steel and carbon steel from pressure vessel of nuclear reactor (which 
was exposed to the neutron flux during operation of the nuclear reactor), 
zirconium alloy from the construction of reactor (which was contami-
nated by the reactor water on the surface), leachate of ion exchange 
filter paper used for pre-concentration of radionuclides in coolant water 
of nuclear power reactors, ion exchange filter paper and spent ion ex-
change resins (which were used for purification of the reactor coolant 
water in different nuclear reactors, e.g. boiling water reactor and pres-
surized water reactor) were analyzed in this work. The detailed infor-
mation of these samples are summarized in Table 2. 

PWR: pressurized water reactor; BWR: boiling water reactor; a) 
leachate of ion exchange filter paper used for pre-concentration of 
reactor coolant water; b) Mixed ion exchange filer paper used for pre- 
concentration of spent fuel pool water; c) Mixed ion exchange resin 
for purification of reactor coolant water. 

Table 1 
Optimized parameters for measurement of135Cs and137Cs by 
ICP-MS/MS.  

Parameters Value 

RF power 1500 W 
Sampling position 6.0 mm 
Plasma gas flow rate 15 L/min 
Auxiliary gas flow rate 0.98 L/min 
Nebulizer pump 0.1 rps 
Nebulizer gas flow rate 0.98 L/min 
N2O flow rate 0.70 mL/min 
OctP Bias − 5.5 V 
OctP RF 180 V 
Extract 1 − 105 V 
Extract 2 − 200 V 
Q1 Entrance 2 V 
Q1 Exit 4 V  
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2.3. Pretreatment of different types of waste samples 

2.3.1. Stainless steel and carbon steel 
Steel samples were transferred to a beaker and dried by heating on a 

hot plate at 150 ◦C for 1–2 h. 0.05–0.3 g of dried sample was weighed to 
a round flask. The steel samples were dissolved with 20–30 mL of 5 M 
H2SO4 at 180 ◦C for 1–2 h. Then the obtained sample solution was 
transferred to a tube after removing the residue still remained in some 
sample (e.g. carbon steel, a tiny amount of black residue floats on the 
dissolved sample solution after the dissolution, which might be carbon 
in the steel). 

2.3.2. Zirconium alloy 
The zirconium alloy samples, as one piece with a surface area of 

5–10 cm2, were collected from a nuclear reactor as construction material 
that was exposed to and surface contaminated by reactor water. The 
samples in a beaker were first dried by heating at 150 ◦C for 1 h. The 
dried samples were measured for surface area and total weight. The 
zirconium alloy samples were then measured using an HPGe gamma 
spectrometry for gamma emitting radionuclides (mainly 60Co and 
125Sb). The samples were then leached with 30–50 mL of aqua regia at 
180 ◦C on a hot plate. The solution was transferred to a bottle and the 
zirconium alloy was measured again using gamma spectrometry. The 
sample was leached again with aqua regia if the total gamma activity 
remaining on the residue was more than 5%. All leachates were com-
bined in a bottle and weighed, which was used for the determination of 
135Cs and 137Cs. This process was applied to dissolve all deposited ra-
dionuclides on the surface of the zirconium alloy. 

2.3.3. Spent ion exchange resin 
About 0.2 g sample was transferred to a 50 mL centrifuge tube and 

weighed. Radionuclides in the resin were measured by an HPGe gamma 
spectrometry. After measurement, 30 mL of 5 M HNO3 was added to the 
centrifuge tube, shaking for 0.5 h to leach cesium. The leachate was 
transferred to a bottle after centrifuging for 10 min at 3000 rpm. The 
residue was rinsed with 5 mL 5 M HNO3 for 2 times, and the leachate and 
rinsing solution were combined for further separation of cesium. The 
residue of resin was dried and measured by gamma spectrometry. 

2.3.4. Filter paper 
The ion exchange filter paper sample that have been used to 

concentrate radionuclides from reactor coolant water was weighed into 
a beaker, about 10 mL of concentrated H2SO4 was added to digest for 
20–30 min. 10 mL of concentrated (65%) HNO3 was then added and 
heated at 200 ◦C on a hot plate for 30 min. 15 mL of H2O2 was added to 
the sample and heated at 200 ◦C for 30–60 min. After cooled down, 70 

mL water was carefully added to the sample. The leachate was collected 
by filtering through a glass fiber filter (0.45 μm pore size). The residue 
was rinsed 3 times using 10–20 mL of 1 M HNO3. Radionuclides in the 
leachate and residue of filter were measured by HPGe gamma spec-
trometry for monitoring the recovery of cesium in this step. 

2.3.5. Leachate of filter paper 
The mixed ion exchange filter paper that was used to concentrate 

radionuclides from 2.5 L coolant water of different nuclear reactors was 
leached using the same method as above, the obtained leachate was used 
for the determination of radiocesium. 

2.4. Chemical separation of cesium from waste samples 

An aliquot of solution (15–40 mL) of the dissolved metal, leachate of 
zirconium alloy, spent ion exchange resin and filter paper was weighed 
to a beaker, 1.0 μg of stable cesium (Cs standard, Lab Kings, 
Netherlands) was added to the solution as carrier and chemical yield 
tracer. For high concentration of acid in the dissolved solution or 
leachate, H2O was added to adjust the acid concentration to 1 M HNO3 
media. 0.2 mL 30% H2O2 was added to sample solution to form an 
oxidizing media. The solution was loaded to a 1.0 mL AMP-PAN resin 
column (100–600 μm, φ7 mm × 5 cm). After rinsing with 45 mL of 1 M 
HNO3 and 15 mL of H2O, Cs retained on the column was eluted with 8 
mL of 1.5 M NH3⋅H2O from the column. The eluate was directly loaded 
onto a 2 mL anion exchange column (AG MP-1M, φ7 mm × 5 cm, Cl−

form), the column was rinsed with 5 mL of 1.5 M NH3⋅H2O. Cesium in 
the effluent and washing solution was combined, and then loaded onto a 
10 mL cation exchange column (AG 50 W-X8, φ1.0 cm × 20 cm, H+

form). The column was rinsed with 40 mL of 1.5 M NH3⋅H2O, followed 
by 20 mL H2O and 70 mL of 1 M HNO3. Cesium was finally eluted from 
the AG 50 W-X8 column using 70 mL of 1 M HNO3. The eluate was 
evaporated to near dryness on a hot plate, the residue was dissolved with 
3 mL of 0.3 M HNO3 (distilled) for the determination of 135Cs, 137Cs and 
133Cs by ICP-MS/MS. Fig. 1 shows a schematic diagram of the separation 
procedure for cesium. 

3. Results and discussion 

3.1. Release of cesium from solid waste samples 

Two types of metal samples from nuclear reactors are often required 
for radiochemical analysis depending on the source of radionuclides in 
it, i.e. induced and surface samples. For metals used in the nuclear 
reactor components which are close to the reactor core and exposed to 
the neutron flux of the reactor, radionuclides are mainly generated by 
neutron activation reaction of the isotopes of elements present in the 
metal samples, with small fraction of fission products of 235U present in 
the metal samples as impurity. This type of samples is called induced 
samples. Some fission products leaked from the damaged nuclear fuel 
elements and activation products corroded from other part of the reactor 
construction materials into the reactor water might be deposited on the 
surface of the components of the nuclear power plants. For samples 
which are located outside of the reactor core and not exposed to the 
neutron flux, the radionuclides are mainly deposited from the reactor 
water. Since all radioactive substances in this type of samples are surface 
contamination, they are called surface samples. Therefore, two different 
methods were used for releasing radiocesium from them, total dissolu-
tion and leaching to dissolve the surface deposited radionuclides. Acid 
dissolution using 5 M H2SO4 solution at 180 ◦C was applied to dissolve 
stainless steel and carbon steel samples to release all radioactive sub-
stance including radiocesium into the solution for further separation of 
individual radionuclides such as 36Cl, 55Fe, 63Ni. The experiments 
showed that all steel sample can be completely dissolved by 3–6 M 
H2SO4. Heating the solution can significantly improve the dissolution 
speed. It was observed that concentrated H2SO4 could not dissolve the 

Table 2 
Information of waste samples used for the determination of135Cs concentration 
and135Cs/137Cs ratio.  

Sample Type of sample Reactor 
type 

Reactor 
No. 

Zr-1 Zirconium alloy BWR R-1 
Zr-2 Zirconium alloy BWR R-1 
Zr-3 Zirconium alloy BWR R-2 
Steel-1 Stainless steel BWR R-2 
Steel-2 Carbon steel BWR R-1 
Leachate-1a) Acid leachate of ion exchange filter 

paper 
BWR R-3 

Leachate-2a) Acid leachate of ion exchange filter 
paper 

BWR R-4 

Leachate-3a) Acid leachate of ion exchange filter 
paper 

BWR R-5 

Filter 
paperb) 

Mixed ion exchange filter paper BWR R-6 

Resin-1c) Spent ion exchange resin PWR R-7 
Resin-2c) Spent ion exchange resin PWR R-7 
Resin-3c) Spent ion exchange resin PWR R-7  
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steels. This might be attributed to the formation of oxides on the surface 
of the metal, which prevent the further reaction of H2SO4 with metal. 
For 2.0 g of stainless steel and carbon steel samples, all materials can be 
completely dissolved within 2 h. In carbon steel and some stainless steel 
samples, small amount of black substance was observed after the 
dissolution, which floated on the surface of the solution. After separation 
and washing with diluted acid (HNO3), the measurement using gamma 
spectrometry did not show any measurable gamma emitters, so the ac-
tivity (mainly 60Co) in the residue was more than 7 orders of magnitude 
lower compared to the value in the original sample. Combustion at 
900 ◦C in air or oxygen atmosphere can ash this substance, indicating it 
should be carbon. Since it does not contain any measureable radioac-
tivity, this insoluble black residue was removed without further treat-
ment. Aqua regia has been widely used for dissolution of steels [22,23], 
however, it contains huge amount of chloride, and the obtained solution 
cannot be used for the determination of 36Cl. If only radiocesium is 
determined, the steel materials can be dissolved using aqua regia, which 
is also relatively faster compared to using only H2SO4. 

Zirconium alloy is difficult to be dissolved using HNO3, HCl, H2SO4 
or aqua regia. HF has to be used, and the dissolution is very slow [24,25]. 
However, for the surface contamination sample, the radioactivity orig-
inated from the deposition of various ions present in the reactor water 
through nuclear fuel leakage and corrosion of the construction mate-
rials. The dissolution of the materials deposited on the surface of zir-
conium can effectively release radiocesium and other radionuclides to 
the solution. In this work, aqua regia was selected to dissolve the 
radioactive contamination on the zirconium alloy surface in a heating 
reflux system. The experiment showed that aqua regia can effectively 
remove the radioactive substance on the surface, without dissolving the 
zirconium alloy matrix. By measuring the activity of residual 60Co on the 
zirconium material, it was observed that more than 95% of the radio-
activity could be removed by digestion using aqua regia at 180 ◦C for 2 h. 
However, zirconium alloy might be also used inside the reactor, which 
was also exposed to the neutron flux. In this case, the radioactivity in 
this sample will be produced by both surface contamination and neutron 
activation. It was observed that the radioactivity in one zirconium 

sample investigated in this work (Zr-3) could not be effectively removed 
by dissolution using aqua regia. By addition of HF to the digestion sys-
tem, the radioactivity was slowly removed from the sample; meanwhile, 
zirconium material was also dissolved which was indicated by the 
reduction of the mass of the remained zirconium material. This sample 
dissolved by a mixed acid of HNO3 + HCl + HF was also analyzed for 
radiocesium in this work. 

Filter papers consisting of anion and cation resins were used to pre- 
concentrate radioactive ions from about 10 L of water collected from a 
spent nuclear fuel pool. Cesium often presents as cation in water, which 
can be retained on cation exchange resin. High concentration of HNO3 is 
often used to elute cations retained in cation exchange resin [12,16]. To 
improve the release efficiency of cesium and other radionuclides, the 
cartridge filter paper was digested with 8 M H2SO4 for 30 min followed 
by 14 M HNO3 at 200 ◦C for 30 min and H2O2 for 30 min, sequentially. 
The leachate was separated and combined with the rinsing solution. The 
measurement of the residue and the original sample by gamma spec-
trometry showed that only less than 2% of 60Co remained in the residue 
after leaching. 

The mixed bed ion exchange column has been routinely used to 
purify reactor coolant water, to remove ions entered into the water from 
the corrosion of the construction materials and leaked from damaged 
nuclear fuel elements, to ensure the quality of the coolant water and 
reduce the radioactive level of the coolant water. Radiocesium present 
as Cs+ in water is easily retained on the cation exchange resin. Corre-
spondingly, high concentration of HNO3 has potential to extract Cs+

from the cation exchange resin [4]. In this work, an aliquot of ion ex-
change resin was analyzed for radiocesium. Acid leaching using 5 M 
HNO3 was investigated to leach radiocesium from the ion exchange 
resin. By measurement of the residual 137Cs on resin using gamma 
spectrometry, it was found that radiocesium can be quantitatively 
extracted from the resin (>99.9%) after leaching with 5 M HNO3 for 30 
min (Table 3.). These results indicate that leaching with 5 M HNO3 is 
sufficient for extraction of cesium from the mixed ion exchange resin. 

Fig. 1. Schematic diagram of chemical procedure for separation of cesium from different nuclear waste samples.  
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3.2. Chemical separation of cesium from waste samples 

Since waste samples from nuclear reactors such as steel, zirconium 
alloy and spent ion exchange resin contain high level radionuclides 
(>106 Bq/g, mainly 60Co, 125Sb, 14C, 3H, 55Fe, 63Ni, etc.), all these ra-
dionuclides have to be removed before ICP-MS measurement of radio-
cesium to avoid the radioactive contamination of the measurement 
instrument. Meanwhile, the matrix elements also have to be removed to 
improve the measurement sensitivity and eliminate the polyatomic ion 
interferences. Based on the specific adsorption of Cs+ on ammonium 
phosphomolybdate (AMP) by replacing NH4

+ in the AMP and better 
separation feature of chromatography, AMP-PAN column chromatog-
raphy was selected in this work to separate Cs from the matrix elements 
and most of the radionuclides in the sample solution. The preliminary 
experiments showed that 60Co, 125Sb, 55Fe, 63Ni, 3H and 14C were not 
retained on the AMP-PAN resin, and therefore can be effectively 
removed from cesium. The measurement results indicated that 60Co in 
the sample solution was removed by AMP-PAN column chromatography 
by a factor of more than 3 × 104, resulting in less than 0.2 Bq in the 
eluate of Cs from the column. To improve the stability of AMP-PAN resin 
and remain high retention for cesium, the acidity of the sample solution 
was reduced to less than 1.0 M by dilution with H2O. The adsorption 
experiments of Cs on AMP-PAN resin from different solution showed 
that the presence of HF, H2SO4, HNO3 and HCl of less than 1.0 M does 
not significantly influence the retention efficiency of cesium on AMP- 
PAN resin. It has been reported that AMP is quite stable in less than 
0.1 M of HNO3, HCl, H2SO4 and HF, and the solubility of AMP increases 
with the concentration of the acid. In 1 M HF, the solubility of AMP in 
24 h contact time increases to 43 g/L from only less than 3.6 g/L in 0.1 M 
HF solution and 0.36 g/L in 0.1 M HNO3 solution [26]. It is therefore 
important to reduce the concentration of the acid to less than 1.0 M for 
HNO3 and HCL, and. less than 0.1 M for HF. Meanwhile, it is also 
important to reduce the contact time of sample solution with AMP-PAN 
resin. Since the adsorption of Cs+ on AMP is a rapid process, and ion 
exchange equilibrium can be quickly reached in less than 30 min, the 
flow rate of sample loading on AMP-PAN column can be increased to 
2–5 mL/min. It has been reported that at a flow rate of 35 mL/min for 5 
mL column, the recovery of Cs was still as high as 93% [27]. In this work, 
a 1 mL AMP-PAN column was used and flow rate of loading solution was 
2 mL/min. It was observed that the color of AMP-PAN column was 
changed from yellow to blue when loading the solution of stainless steel, 
indicating that AMP was reduced to phosphorus molybdenum blue by 
Fe2+. In order to solve this problem, 1.0 mL of 30% H2O2 was added to 
sample solution prior to the AMP-PAN separation process, to oxidize 
Fe2+ to Fe3+ and to form an oxidative media, which was proved to be 
efficient and critical for successful separation of cesium by AMP-PAN 
column. 

Cesium retained on AMP-PAN resin was eluted with 1.5 M NH3 by 
directly dissolving AMP from the column. Meanwhile, a high concen-
tration of MoO4

2− present in the eluate, which interferes with the ICP-MS 
measurement of 135Cs and 137Cs by polyatomic ions of Mo isotope with 
Ar (95Mo40Ar+, 97Mo40Ar+). An anion exchange chromatography (AG 
MP-1M resin) was applied to remove MoO4

2− , while radiocesium as 
cation passed through the anion exchange column and remained in the 
effluent. The measurement of Mo in the solution before and after column 

separation showed that a decontamination factor of 1 × 106 was ach-
ieved by this process. 

The major interferences for the measurement of 135Cs and 137Cs are 
isobars, i.e. stable 135Ba and 137Ba. Based on the different selectivity 
(affinity) of Cs and Ba, cation exchange chromatography was used for 
elimination of barium from radiocesium. Based on our previously 
established method [28], cesium was purified from Ba using a 10 mL of 
AG 50 W-X8 column with a decontamination factor of more than 1.0 ×
105. Meanwhile, an overall decontamination factor for 60Co was further 
improved to be more than 7.0 × 106. The measurement of the final 
eluate using liquid scintillation counting (LSC) indicates that the overall 
remaining activity of the final solution was less than 10 Bq, this also 
implies that the decontamination factors for other dominant radionu-
clides including 125Sb, 55Fe, 63Ni, 3H and 14C were more than 1 × 105 for 
the steel samples. The efficient removal of these dominant radionuclides 
in waste samples enable the measurement of radiocesium by mass 
spectrometry in ordinary chemical laboratory without contaminating 
the instrument and radiation risk to operator. 

The decontamination factors for Ba, Mo, Sb and Sn in the whole 
procedure (Fig. 1.) were measured to be 6.0 × 106, 4.2 × 105, 3.2 × 105 

and 2.1 × 105, respectively, which is comparable with the published 
data [10,12]. This efficiently eliminated interferences from these ele-
ments on the measurement of 135Cs and 137Cs by ICP-MS/MS. 

3.3. Measurement of 135Cs and 137Cs by ICP-MS/MS 

According to the previous study [11,12], the main interferences for 
the measurement of 135Cs and 137Cs by ICP-MS were isobaric interfer-
ence such as 135Ba+ and 137Ba+, and polyatomic interference such as 
95Mo40Ar+, 97Mo40Ar+, 119Sn16O+ and 121Sb16O+. Although most of Ba 
(with a decontamination factor of 6.0 × 106) in the samples has been 
removed by the chemical separation, it is still not sufficient for the 
measurement of low-level 135Cs because of extremely high ratios of 
135Ba/135Cs and 137Ba/137Cs in most of samples. It has been widely re-
ported that Ba+ can be well eliminated by reaction with N2O in a 
collision-reaction cell in ICP-MS [29,30] by forming BaO+ but not for 
Cs+. It was observed that the signal intensity of Ba+ was significantly 
suppressed with the increased flow rates of N2O in the reaction cell, 
while the Cs+ signal intensity only slightly reduced with the flow rate of 
N2O. At a N2O flow rate of 0.70 mL/min, 135Ba+ signal intensity was 
significantly suppressed by a factor of 105, whilst the sensitivity of Cs 
decreased only by a factor of 5–10, causing the improved 133Cs/135Ba 
signal intensity ratios of 2 × 104. In combination with the chemical 
separation, an overall suppression of Ba+ signal of 1011 was achieved, 
thus the interference of Ba on the measurement of 135Cs and 137Cs was 
sufficiently eliminated (Fig. 2.). In the final purified cesium solution, the 
concentration of Ba was lower than 0.2 ng/mL, which is corresponding 
to a contribution of less than 0.2 cps on the m/z of 135 and 137 under the 
optimal measurement condition, similar as the procedure blank of 0.3 
cps, therefore can be ignored. By employing two sequential quadrupole 
mass filter, the abundance sensitivity was improved from 10− 7 to 10− 11 

practically. Before the chemical separation, only 1.0 μg of stable 133Cs 
was spiked to the sample for chemical yield monitoring, making the 
135Cs/133Cs ratios of higher than 10− 9, therefore the interference of 
133Cs peak tailing to the 135Cs and 137Cs was eliminated by this 
approach. However, it is important that not too much stable cesium (e.g. 
>0.1 mg) should be added before chemical separation to avoid a low 
135Cs/133Cs ratio in the final separated samples, which might make the 
peak tailing of 133Cs too high compared to the 135Cs+ signal at m/z =
135, and consequently cause failure for accurate determination of 135Cs. 

3.4. Validation of the analytical method and analytical quality control 

Due to the lack of certified reference material for 135Cs concentration 
or 135Cs/137Cs ratio in the similar sample matrices as the samples 
analyzed in this work, a soil reference material IAEA-375 (soil collected 

Table 3 
Leaching rate of137Cs from mixed ion exchange resin using 30 mL of 5 M HNO3.  

Sample Weight/ 
g 

Before extraction ( ×
103, Bq/g) 

After extraction 
(Bq/g) 

Recovery 
of137Cs/% 

Resin- 
1 

0.202 2.40 ± 0.02 1.18 ± 0.03 99.95 ± 0.01 

Resin- 
2 

0.135 9.79 ± 0.07 0.35 ± 0.02 99.99 ± 0.01 

Resin- 
3 

0.180 151.9 ± 0.6 13.0 ± 0.2 99.99 ± 0.01  
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from Chernobyl accident contaminated area in Russia), in which the 
137Cs concentration and 135Cs/137Cs atomic ratio have been reported in 
literature, was analyzed to evaluate the developed method. The 
measured 135Cs/137Cs atomic ratio (0.30 ± 0.02) (n = 3, decay corrected 
to April 1986) in IAEA-375 agrees well with the reported value 
(0.27–0.32) (decay corrected to April 1986) in the literature [13,31,32], 
demonstrating that the developed method is reliable and accurate for 
the determination of 135Cs and 135Cs/137Cs atomic ratio. 

The major isotopes which might cause isobaric and polyatomic ion 
interferences for ICP-MS measurement of 135Cs and 137Cs were measured 
in the final sample solution to monitor the possible interferences of their 
corresponding ions. These include 138Ba (abundance of 71.7%) for 
monitoring the level of 135Ba and 137Ba isobars, 98Mo (abundance of 
24.1%) for 95Mo40Ar+, 97Mo40Ar+, 120Sn (abundance of 32.6%) for 
119Sn16O+, and 123Sb (abundance of 42.8%) for 121Sb16O+. Since Mo, Sn 
and Sb might be the major component of some sample (e.g. stainless 
steel) and Mo presented in AMP might be not well removed, this step 
was used to confirm the sufficient elimination of all these interferences 
and therefore ensure the analytical quality. 

3.5. Performance of the developed analytical method 

The reported separation procedure of cesium from waste samples is 
simple and fast, and can be completed in one day for one batch of 8 
samples. In combination with ICP-MS/MS measurement, it can be used 
for the determination of 135Cs concentration and 135Cs/137Cs atomic 
ratio in various waste samples from nuclear facilities. The overall re-
covery of cesium was more than 85% (typically more than 95% and 90% 
for sample pretreatment and chemical separation preparation, respec-
tively). The concentrations of Ba, Mo, Sn and Sb in the final separated 
samples were normally lower than 0.1, 1, 0.4, and 0.4 ng/mL, respec-
tively, indicating successful removal of interfering elements by the 
chemical separation procedure (AMP-PAN and ion exchange resin AG 
MP-1M and AG 50 W-X8). The count rates at m/z 135 and 137 in the 
procedure blanks were measured to be 0.3 ± 0.2 cps, and a sensitivity of 
3.39 × 105 cps for 1 ng/mL of stable Cs was achieved in the ICP-MS/MS 
mode using Apex Q for sample introduction. A detection limit of 6.2 ×
10− 15 g (0.26 μBq) for 135Cs can be estimated based on a procedure 
blank of 0.3 ± 0.2 cps, 3.0 mL of the final solution, and 85% recovery of 
cesium. For 0.2 g of metal sample or ion exchange resin, the detection 
limit will be 3.1 × 10− 14 g/g (1.3 μBq/g). For leachate or water of 100 
mL, the detection limit will be 6.2 × 10− 14 g/L (2.6 μBq/L). This is more 
than 3 orders of magnitude lower than the reported level by NAA and 
ICP-MS [3]. The improved detection limit enables the successful deter-
mination of ultra-low level 135Cs in various types of waste samples from 
nuclear facilities which was slightly contaminated by the leakage of 

nuclear fuel elements or exposed to neutron irradiation. 

3.6. Analysis of different waste samples for 135Cs concentrations and 
135Cs/137Cs atomic ratios 

3.6.1. Radiocesium in steel and zirconium alloy 
Stainless steel, carbon steel and zirconium alloy samples collected 

from decommissioning of nuclear power plants were analyzed for 135Cs 
concentrations and 135Cs/137Cs atomic ratios (Table 4.). The 135Cs levels 
in zirconium alloy as surface contaminated sample were presented as 
Bq/m2 surface area, to be 0.293 ± 0.014 Bq/m2 in Zr-1, 0.127 ± 0.010 
Bq/m2 in Zr-2 and 1.97 ± 0.13 Bq/m2 in Zr-3, varying by a factor of 15. 
The different 135Cs levels in these samples should be attributed to 
different contamination level of the components where the zirconium 
materials were sampled. A similar 135Cs/137Cs atomic ratios of 
(0.238–0.244) were measured in Zr-1 and Zr-2 samples which were 
sampled from the same reactor and have relative low 135Cs level. While, 
a relatively higher 135Cs/137Cs ratio of 0.311 was measured in the 
sample Zr-3 which was sampled from another reactor (Reactor 2), and a 
relatively higher 135Cs level in this sample was observed. The difference 
of the 135Cs levels and 135Cs/137Cs atomic ratios in these samples should 

Fig. 2. Mass spectra of 135Cs and 137Cs measured by ICP-MS/MS in separated waste samples.  

Table 4 
Radiocesium concentration and135Cs/137Cs atomic ratio in waste samples.  

Sample 135Cs/137Cs 135Cs activity 137Cs activity 

Zr-1a 0.238 ±
0.012 

(0.293 ± 0.014) Bq/ 
m2 

(9.38 ± 0.23) × 104 

Bq/m2 

Zr-2a 0.244 ±
0.019 

(0.127 ± 0.010) Bq/ 
m2 

(3.96 ± 0.19) × 104 

Bq/m2 

Zr-3a 0.311 ±
0.021 

(1.97 ± 0.13) Bq/m2 (4.84 ± 0.23) × 105 

Bq/m2 

Steel-1a 0.761 ±
0.201 

(1.11 ± 0.33) × 10− 4 

Bq/g 
(11.1 ± 3.3) Bq/g 

Filter paper 
leachate-1b 

0.279 ±
0.046 

(8.50 ± 1.41) × 10− 8 

Bq/mL 
(2.32 ± 0.35) × 10− 2 

Bq/mL 
Filter paper 

leachate-2b 
0.126 ±
0.021 

(7.18 ± 1.21) × 10− 7 

Bq/mL 
(4.35 ± 0.28) × 10− 1 

Bq/mL 
Filter paper 

leachate-3b 
0.295 ±
0.029 

(1.18 ± 0.12) × 10− 5 

Bq/mL 
(3.03 ± 0.22) Bq/mL 

Filter paperb 0.735 ±
0.081 

(1.46 ± 0.16) × 10− 3 

Bq 
152 ± 11 Bq 

Resin-1b 0.446 ±
0.032 

(1.41 ± 0.10) × 10− 2 

Bq/g 
(2.40 ± 0.02) × 103 

Bq/g 
Resin-2b 0.415 ±

0.022 
(5.33 ± 0.29) × 10− 2 

Bq/g 
(9.79 ± 0.07) × 103 

Bq/g 
Resin-3b 0.447 ±

0.035 
(0.892 ± 0.070) Bq/ 
g 

(1.52 ± 0.01) × 105 

Bq/g  

a Decay corrected to the shutdown date of the reactors. 
b Decay corrected to Sep 2019. 
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be attributed to their different sources of 135Cs in these samples. The 
similar 135Cs/137Cs atomic ratios (0.238–244) in Zr-1 and Zr-2 from the 
same nuclear reactor indicates that 135Cs and 137Cs in these two samples 
originated from the same leaked nuclear fuel or fuels experienced the 
same neutron irradiation and burnup level. The slightly different 135Cs 
level (0.127–0.293 Bq/m2) on the surface of these two samples might be 
attributed to the different deposition of the leaked radionuclides on the 
two sites where these samples were sampled due to the different ge-
ometry and location of these two sites in the reactor. The significantly 
higher 135Cs/137Cs atomic ratio of 0.311 in Zr-3 compared to other two 
zirconium samples indicates that its originated source of the leaked 
nuclear fuel has been exposed to a relatively lower neutron flux. Based 
on the production of 135Cs and 137Cs by neutron induced fission of 235U 
or 239Pu in the reactor and the extremely high neutron reaction cross 
section of 135Xe, the decay precursor of 135Cs, the 135Cs/137Cs atomic 
ratios are negatively correlated with the neutron flux [16]. However, it 
might also be resulted from the different cooling time after the shutdown 
of the nuclear reactor. 

The level of 135Cs in most of steel samples (as construction materials) 
including carbon steel sample (steel-2) was below the detection limit of 
the analytical method, which is more than 2 orders of magnitude lower 
than those in the zirconium samples. A high atomic ratio of 135Cs/137Cs 
up to 0.761 ± 0.201 and low concentrations of (1.11 ± 0.33) × 10− 4 Bq/ 
g for 135Cs and 11.1 ± 3.3 Bq/g for 137Cs were measured in one stainless 
steel (steel-1) sample (Table 4). The radiocesium in the stainless steel 
might have two sources, surface contamination from reactor coolant or 
fission of uranium (235U) impurity in the steel. A few orders of magni-
tude lower 135Cs and 137Cs level in steel compared to that in zirconium 
sample indicate the surface contamination from the leaked fuel is not 
significant. Since the steel used as construction materials is located 
outside of the reactor core with a relatively low neutron flux, and the 
uranium impurity in steel is normally very low (e.g. <40 ng/g) [33], the 
levels of 135Cs and 137Cs produced in the steel samples were very low, 
and the 135Cs/137Cs atomic ratio was quite high. 

3.6.2. Radiocesium in filter paper 
Three leachate and one filter paper samples were analyzed for 135Cs 

and 137Cs. The measured 135Cs concentrations in three leachate samples 
vary from (8.50 ± 1.41) × 10− 8 Bq/mL to (1.18 ± 0.12) × 10− 5 Bq/mL. 
The total content of 135Cs in filter paper is (1.46 ± 0.16) 10− 3 Bq. Each 
filter sample consists of three components, microporous filter paper, 
cation exchange and anion exchange filter paper, and these filter papers 
were used to pre-concentrate radiocesium and other elements from 
reactor coolant water or spent fuel pool water. The results measured in 
the filter paper and filter paper leachate reflect the level of radiocesium 
in these water samples. Radiocesium in reactor coolant water has three 
sources (1) release of radioactive gases (e.g. 135Xe) from fuel elements, 
which is decayed to 135Cs and trapped in the reactor coolant water; (2) 
release of fission products into reactor coolant due to fuel leakage; (3) 
fission products of uranium which was leaked from fuel elements to the 
coolant or as an impurity in coolant [34]. The different concentrations of 
radiocesium in reactor coolant were attributed to different quantities 
and/or the severity of fuel leakage, as well as the cleaning process used. 
The monitoring of 135Cs concentrations and 135Cs/137Cs in reactor 
coolant might be used to identify leakages of fuel elements and provide 
information to locate the position of fuel failure in a single fuel element 
leakage occurred. The significantly different level of 135Cs in these 
samples reflect the different sources of radiocesium in reactor coolant 
and fuel pool water. The high level of 135Cs in the filter paper leachate-3 
and filter paper might reflect the significant contribution of fuel ele-
ments leakage in this reactor and the spent fuel pool. 

The measured 135Cs/137Cs atomic ratios in three filter paper leachate 
samples from reactors R3-R5 vary from 0.126 ± 0.021 to 0.295 ± 0.029. 
The 135Cs/137Cs ratios in samples from R3 and R5 (0.279–0.295) were 
similar to that in Chernobyl accident derived samples (0.27–0.32, see 
the values in IAEA-375, IAEA-330), while a lower atomic ratio of 

135Cs/137Cs (0.126) was observed in filter paper leachate-2 from R4, 
indicating that radiocesium in this sample probably originated from the 
core parts of reactors with a high neutron flux. 

The 135Cs/137Cs atomic ratio in the filter paper of pool water was 
0.735 ± 0.081, and a relatively high 135Cs level (1.46 mBq) compared to 
the filter paper leachate (total 100 mL leachate was used) was observed 
in this sample. This filter paper was used to pre-concentrate radionu-
clides from a nuclear fuel pool water. Sources of radiocesium in this 
filter paper should originated from the leakage of spent fuel or disso-
lution of the deposited fission products on the outer surface of the spent 
fuel assembly. The high 135Cs level might indicate a relatively significant 
leakage of fuel in the cooling pool. The high 135Cs/137Cs ratio (0.735) 
might be attributed to that the spent fuel stored in the fuel pool had been 
unloaded from the reactor for a relatively long time (e.g. > 35 years). 

3.6.3. Radiocesium in spent ion exchange resin 
The concentrations of 135Cs in three ion exchange resin samples were 

14.1–892 mBq/g. These ion exchange resins have been used to purify 
coolant water of a pressurized water reactor. The significantly different 
135Cs concentrations in these samples might be attributed to the 
different volume of coolant water that has been purified by these resins 
and original concentration of 135Cs in the coolant (i.e. different level of 
leakage of the spent fuel in the reactors). The 135Cs/137Cs atomic ratios 
in three spent ion exchange resins are quite similar and range within 
0.415–0.447, with an average of 0.436 ± 0.030. This is similar to the 
reported value in the coolant of the same type of reactor (VVER-440) 
[35], but higher than the ratio in the filter paper leachate samples from 
boiling water reactor. This also indicate that the leaked fuel elements 
had been exposed to a relatively lower neutron flux in this reactor. 

Based on these results, zirconium alloy, filter and spent ion exchange 
resin samples are featured with a high concentration of 135Cs, which 
needs to be considered during repository in view of long-term envi-
ronmental and ecological impact; whilst the stainless steel and carbon 
steel only contain activation products, which are normally relatively 
short lived radionuclides (e.g. 60Co, 125Sb, 55Fe, 63Ni, 3H and 14C), and 
have less long-term radiation impact. 

135Xe as precursor of 135Cs in the fission products of 235U and 239Pu at 
m = 135 has an extremely high thermal neutron-capture cross section up 
to 2.6 × 106 b, the 135Cs/137Cs ratios in the nuclear fuel vary signifi-
cantly with neutron flux and irradiation time (burnup of fuel). The 
135Cs/137Cs atomic ratio from nuclear detonation is about 1.0 at the time 
of explosion due to very short neutron irradiation time during explosion 
and the similar cumulative fission yields of 135Cs (6.54%) and 137Cs 
(6.21%), but this ratio is decreased to 0.13–0.45 in nuclear reactor 
coolants and 0.6–0.8 in construction materials of reactors as measured 
in this work. The 135Cs/137Cs ratio in the reactor material can be used to 
estimate the neutron flux where the materials has been exposed. 
Therefore, besides the radiological characterization of nuclear waste, 
the method presented in this work can also be used to identify the source 
of radiocesium and estimate the exposed neutron flux of the leaked spent 
fuel. By measuring 135Cs/137Cs ratio in primary circuit coolant of reactor 
in combination with the operating parameters of the reactor, the loca-
tion of leaking fuel element might be identified. However, this might be 
not practically applicable if several damaged nuclear fuel elements 
occurred in a reactor, the measured ratio of 135Cs/137Cs will be an in-
tegrated value of all leaked radiocesium from the damaged fuel ele-
ments. The 135Cs/137Cs ratio was also correlated with the operation 
history of reactor (thermal neutron flux and shutdown of reactor), the 
measured 135Cs/137Cs can be used to calculate the thermal neutron flux 
in the reactor using formula [2,35]. For example, based on the obtained 
135Cs/137Cs atomic ratios on the surface of zirconium samples and the 
simplified calculation algorithm as follows, the thermal neutron flux in 
the two reactors where the leaked fuel located can be calculated to be 
4.3 × 1013 cm− 2 s− 1 and 2.7 × 1013 cm− 2 s− 1, respectively. 

L. Zhu et al.                                                                                                                                                                                                                                      



Talanta 221 (2021) 121637

8

135CS
137CS

×CFY(137) =
λ
( 135Xe

)

λ
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×
[
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( 135CS
)
− IFY

( 135Ba
)]

+ IFY
( 135CS

)

where: 
CFY(137) is cumulative fission yield for mass 137 (6.21%); 
CFY(135) is cumulative fission yield for mass 135 (6.54%); 
IFY(135Cs) is the independent fission yield for 135Cs (0.55%); 
IFY(135Ba) is the independent fission yield for 135Ba (0.004%); 
λ(135Xe) is the decay constant of 135Xe (2.12ⅹ10− 5 s− 1); 
σ(135Xe) is the thermal neutron capture cross section of 135Xe 

(2.6ⅹ106 b); 
Фth is the thermal neutron flux in the reactor. 

4. Conclusion 

An analytical method was developed for the determination of 135Cs 
concentration and 135Cs/137Cs atomic ratio in different types of radio-
active waste samples (such as stainless steel, zirconium alloy, leachate of 
filter, filter, and spent ion exchange resin) by coupling AMP-PAN, AG 
MP-1M and AG 50 W-X8 chromatographic separation with ICP-MS/MS 
measurement. High radioactivity of 60Co was efficiently removed by 
the chemical separation procedure with decontamination factors of 7 ×
106. The interfering elements such as Ba, Mo, Sn and Sb for the ICP-MS 
measurement of 135Cs and 137Cs were highly removed using the chem-
ical separation. Meanwhile, by using N2O as reaction gas and sequential 
quadrupole mass filter, the isobaric interference of 135Ba and 137Ba and 
the peak tailing of stable 133Cs were efficiently suppressed, and a 
detection limit of 3.1 × 10− 14 g/g for 135Cs was achieved for 0.2 g 
stainless steel sample or spent resin. The developed method was simple 
and rapid, which can be used for the inventory evaluation of 135Cs in a 
large diversity of waste samples from nuclear decommissioning. With 
the developed method, 135Cs concentration and 135Cs/137Cs atomic ratio 
were first successfully determined in zirconium alloy, stainless steel, 
carbon steel, filter and spent ion exchange resin from reactors in oper-
ation and under decommissioning, which is critically important for 
waste characterization and final repository. The 135Cs/137Cs atomic 
ratio has been demonstrated to be useful in identifying the source of 
135Cs and the leaked fuel elements, as well as in estimating the neutron 
flux of leaked fuel experienced in the reactor. 
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Abstract: Radioisotopes of cesium are powerful tracer for oceanographic studies. In this work, a 

novel method was developed for determination of ultra-low level 135Cs and 137Cs in seawater using 

triple-quadrupole inductively coupled plasma mass spectrometry (ICP-MS/MS). Cesium was pre-

concentrated from up to 45 L seawater samples using ammonium molybdophosphate (AMP) 

absorption, following a selective leaching of cesium using Sr(OH)2. The cesium was further 

purified from interfering elements using AMP-PAN and cation-exchange chromatography. 

Sr(OH)2 leaching was found to be an effective approach for selective exchange of cesium from the 

AMP sorbent without dissolution, which avoids the problem of separation of huge amount of NH4
+ 

and MoO4
2- in the following steps. The decontamination factors for barium and rubidium with the 

developed method were more than 4×107 and 800, respectively. The separated 135Cs and 137Cs 

were measured using ICP-MS/MS by employing N2O as reaction gas to further elimination of 

isobaric (i.e. 135Ba and 137Ba) and polyatomic ions interferences. A detection limit of 1.5 ×10-16 g 

L-1 for 135Cs in seawater was achieved. The concentrations of 135Cs in seawater from Baltic Sea, 

Danish straits and Roskilde Fjord were determined using the developed method to identify the 

sources of 135Cs, the water masses exchange in this region was investigated using 135Cs and 137Cs. 

Keywords :135Cs/137Cs ratio, tracer, selective leaching, water masses exchange 
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1. Introduction 

  Large amounts of anthropogenic radionuclides including radiocesium (134Cs, 135Cs and 137Cs) 

have been released into the environment by human nuclear activities such as nuclear weapons tests, 

nuclear fuel reprocessing and nuclear accidents [1,2]. These radionuclides are powerful tracers for 

investigation of water masses exchange [3-5] and water circulation in the ocean [6-10]. Due to 

long residence time in the ocean, easier detection by gamma spectrometry and specific 134Cs/137Cs 

ratio from different sources, 134Cs and 137Cs concentrations and 134Cs/137Cs ratio have been widely 

employed to investigate water movement pathway and transit time (from the Irish Sea/English 

Channel via the North Sea and the Norwegian Coastal Current to the Arctic and the East 

Greenland) [7], to trace the Fukushima radioactive plume in the Pacific Ocean and the Arctic [11]. 

However, due to the short half-life of 134Cs (t½=2.06 year), 134Cs signal become too low to be 

detected a few years after the discharge. As a high-yield fission product (6.6% for 235U induced by 

thermal neutron), the long-lived 135Cs (t½=2.3×106 years) can replace 134Cs as a new tracer [12-

15]. The 135Cs/137Cs atomic ratio is a specific feature of their source, which is related to the 

irradiation time and neutron flux [16,17]. 135Cs/137Cs atomic ratio in the nuclear weapon tests 

derived samples was measured to be around 1.0 (decay corrected to the explosion date) [18]. 

While, this ratio decreases with increased neutron flux after a long-time neutron irradiation in a 

nuclear reactor because of the extremely large neutron capture cross section of 135Xe, which is a 

decay precursor of 135Cs in the fission production from nuclear fuel, causing a reduced yield of 
135Cs. The 135Cs/137Cs atomic ratio as low as 0.12 was observed in the high neutron flux reactor 

derived samples [19]. 

  Due to the very low specific radioactivity of 135Cs and serious interference of high radioactive 
137Cs which co-exists with 135Cs, 135Cs could not be measured by radiometric method (e.g. beta 

counting). Neutron activation analysis (NAA) has been used for determination of 135Cs by 

conversion of 135Cs to short-lived gamma emitting 136Cs, but the worse detection limit hampers its 

application for analysis of environmental samples [20]. Thermal ionization mass spectrometry 

(TIMS) [21-24] and recently developed triple-quadrupole inductively coupled plasma mass 

spectrometry (ICP-MS/MS) are the most used methods for 135Cs measurement [25-26]. Due to the 

long sample preparation and measurement time and very low capacity (a few samples per day), 

TIMS is not suitable for analysis of large number samples required in the environmental studies. 

Based on the features of high abundance sensitivity and well elimination of isobaric interference 

using reaction cell technique (with N2O as reaction gas), ICP-MS/MS has been used to rapid and 

simultaneous determination of 135Cs and 137Cs (5 min/sample) in environmental samples such as 

soil and sediment [27-30]. However, to our best knowledge, no ICP-MS/MS based method has 

been reported for determination of 135Cs and 137Cs in seawater samples. This is attributed to the 

extremely low concentrations of 135Cs and 137Cs in seawater, as well as the matrix interference of 

huge amount of stable 133Cs and rubidium in large volume of seawater. In our previous work, a 

method has been developed to determine 135Cs/137Cs in small volume of seawater by TIMS [31]. 

This work aims to develop an effective analytical method for the determination of 135Cs 
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concentration and 135Cs/137Cs ratio in seawater using ICP-MS/MS. The major effort will be 

dedicated to establish an effective method for separation and purification of cesium from large 

volume of seawater, and removal of barium, rubidium and molybdenum through an innovative 

approach to eliminate their interference on the measurement of 135Cs and 137Cs by ICP-MS/MS. 

The matrix effect of large amount of cesium separated from large volume of seawater on the 

sensitive measurement of 135Cs and 137Cs by ICP-MS/MS will be also investigated to obtain a 

reliable analytical results.       

 

2. Materials and methods   

2.1. Reagents and materials 

All reagents used in this study were of analytical reagent grade. Ultra-purity water (18.2 MΩ cm-

1) and purified HNO3 (double distillation) were used for preparation of solution in all experiment. 

AMP powder and AMP-PAN resin were purchased from Triskem International (France) and AG 

50W×8 (100-200 mesh) was purchased from Bio-Rad Laboratory (USA). Standard solution of 

indium and tellurium (10 mg/L) were provided by LabKings B.V., Netherlands. An in-house 137Cs 

standard solution was used for optimization of instrumental parameters and 134Cs standard solution 

(Eckert & Ziegler, Germany) was used as yield tracer in this study. Certified reference material 

IAEA-443 (Irish seawater) was provided by International Atomic Energy Agency (IAEA). 

Seawater samples collected from Roskilde Fjord, southern Danish straits (Rødvig, Fakse 

Ladeplades, Klintholm havn and Rødby havn), and the Baltic Sea at 2 m depth (Figure 1) were 

analyzed in this work.  

 

Figure 1. Sampling sites of seawater from Roskilde Fjord (S1), Danish straits (S3-S6) and the 

Baltic Sea (S2). 

2.2. Instrumentation 
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 135Cs and 137Cs were measured by triple-quadrupole ICP-MS (8800, Agilent Technologies), 

equipped with two tandem quadrupole mass filters to select the target ions. An octopole dynamic 

reaction cell situated between two quadrupole mass filters is used to remove the isobaric and 

polyatomic interferences by converting them to other ions using N2O as reaction gas. Apex Q 

desolvating sample introduction system (Elemental Scientific Instruments, USA) was used to 

improve the sample introduction efficiency and therefore analytical sensitivity of cesium isotopes. 

1.0 ng mL-1 cesium solution prepared by dilution of cesium standard solution was used to tune the 

instrument to the optimal condition for sensitive and reliable measurement of cesium isotopes.   

  2.3. Pre-concentration of cesium from large volume of seawater  

40-50 L of seawater was filtered through a filter paper to remove suspending particles and 

transferred into a 50 L glass flask. Nitric acid was added to adjust pH to 1.5-2.0, 2 mL of 134Cs 

solution (0.27 Bq g-1, decay corrected to 15th August 2020) was added to the seawater as yield 

tracer. 10 g of dry AMP powder was then added into the glass flask. The solution was bubbled 

using pressed air for one hour. The AMP powder in the sample solution was settled down for 

overnight. The supernatant was removed by siphon, and the AMP powder slurry was transferred 

to a beaker. The flask was washed using water and the washes were combined with AMP slurry.  

The AMP powder was separated by filtration through a membrane filter and rinsed with 20 mL of 

0.01M HNO3 and 20 mL of H2O. 

2.4. Extraction of cesium from AMP powder 

NaOH, Sr(OH)2 and NH3 solution were investigated for extraction of cesium from the AMP 

powder. AMP powder adsorbed with cesium (133Cs and 134Cs) was mixed with certain volume of 

NaOH, NH3 and Sr(OH)2 solution under stirring. The solution was separated from remaining 

residue by filtration, 134Cs in the solution and precipitate was measured using a NaI gamma 

detector. The solution was then loaded to an AG 50W×8 cation exchange column (10 mL) and 

rinsed with 20 mL H2O, the effluent and rinse solution were combined and measured for 134Cs. 

The recovery of cesium (monitored by 134Cs) in the extraction and cation-exchange separation 

were calculated by comparison with the spiked.  

2.5.  Purification of cesium from barium and rubidium 

Cesium in the extracted solution from the AMP powder was further purified using three 

procedures: (1) 10 mL cation-exchange column chromatography (AG 50W-×8); (2) 20 mL AG 

50W-×8 column chromatography; (3) 2 mL AMP-PAN column following a 10 mL AG 50W-×8 

column chromatography. For method (1), the sample solution was directly loaded onto a 10 mL 

AG 50W-×8 column. The column was rinsed sequentially with 50 mL of 1.5 M NH3, 30 mL H2O 

and 200 mL of 0.48 M HNO3. Finally, 100 mL of 0.48 M HNO3 was employed to elute Cs from 

the AG 50W×8 column. The eluate was evaporated to dryness, and the residue was re-dissolved 

with 2 mL 0.3 M HNO3 for ICP-MS/MS measurement. For method (2), the same procedure as the 

method (1), but a larger volume of 350 mL of 0.48 M HNO3 was used to rinse the column. For 

method (3), the sample solution was first evaporated to dryness and then dissolved in 1 M HNO3. 
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The prepared solution in 1.0 M HNO3 was loaded onto a 2 mL AMP-PAN column. After rinsing 

with 40 mL of 1 M HNO3, 20 mL H2O and 200 mL of 0.1 M NH4NO3, cesium on the column was 

eluted using 10 mL of 1.5 M NH3, the eluate was loaded to a 10 mL AG 50W×8 column,  following 

the same procedure as the method (1). 

  2.6. Measurement of 133Cs, 135Cs and 137Cs using ICP-MS/MS 

 Stable cesium (133Cs) in the original seawater and purified solution was measured with ICP-MS 

(single quadrupole mode). 135Cs and 137Cs in the prepared solution were measured using ICP-

MS/MS (triple quadrupole mode). The instrument parameters were optimized using stable 133Cs 

(1.0 ng mL-1) solution prior to sample measurement.  In single quadrupole mode, quartz nebulizer, 

spray chamber, Ni cones were used. While in MS/MS mode, Apex Q sample introducing system 

were employed to improve nebulization efficiency. N2O was used as reaction gas to remove 

interferences of isobaric and polyatomic ions. The blanks, standards and samples were prepared in 

0.3 M HNO3 and the sample solution was introduced with a peristaltic pump at 0.1 mL min-1. In 

MS/MS mode, both Q1 and Q2 were set to m/z=135 for measurement of 135Cs, and 137 for 137Cs.  

 2.7. Investigation of matrix influence of stable cesium and rubidium on the measurement 

sensitivities of 135Cs and 137Cs  

In-house 137Cs/135Cs solution was mixed with different amount of stable cesium (133Cs) to prepare 

a series of solution with the same amounts of 137Cs/135Cs, but different 133Cs concentrations (1 μg 

mL-1, 2 μg mL-1, 5 μg mL-1, 10 μg mL-1, 20 μg mL-1, 40 μg mL-1 and 80 μg mL-1). Similar method 

was used to prepare a series of solution with the same 137Cs concentration, but different Rb 

concentrations of 25 μg mL-1, 50 μg mL-1, 100 μg mL-1, 200 μg mL-1 and 400 μg mL-1. The 

prepared samples were measured for 135Cs and 137Cs by ICP-MS/MS with or without APEX Q 

introduction system.  

  3. Results and discussion 

3.1. Influence of amount of AMP powder on the separation of cesium from seawater 

The dry AMP powder of 3-30 g was added to 45 L seawater which was adjusted to pH 1.5-2.0 

using HNO3 and the sample was bubbled for one hour. The measurement of Cs remained in the 

supernatant showed slightly increased recoveries of Cs with increased amount of AMP powder, 

i.e. 75.8%, 79.3%, 85.1% and 86.5% for 3 g, 5 g, 10 g and 30 g AMP powder, respectively. A 

similar high recovery was achieved for 100 L seawater with larger amount of AMP up to 50 g [32]. 

This recovery is slightly lower than the reported data by addition of stable cesium carrier (e.g. 2 

mg, recovery >90%). For the determination of 135Cs using ICP-MS, less AMP power should be 

added to facilitate the further purification of the absorbed cesium in AMP. Therefore, 10 g AMP 

was selected for pre-concentration of cesium from 45 L seawater in this work. It should be 

mentioned, stable cesium often used as carrier in the separation and gamma measurement of 137Cs 

in seawater should  not be used, which will seriously interfere with the measurement of 135Cs and 
137Cs by ICP-MS, this issue will be discussed in later section.  
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3.2. Extraction of cesium from AMP powder 

Cesium pre-concentrated in AMP powder needs to be further purified to remove isobaric and 

polyatomic ions for precise measurement of 135Cs by ICP-MS. Cation-exchange chromatography 

is the often used method for purification of cesium and cesium in AMP powder is often released 

by direct dissolution of AMP in ammonia [30]. Our experiment showed that only 42% of cesium 

(Figure 2.) in the ammonia dissolved solution (10 g AMP) could be retained on the cation exchange 

(AG 50W×8, 10 mL). Re-loading of the effluent onto another cation exchange column showed the 

same percentage (42%) of Cs retention. A similar result was observed when using 4 M NaOH 

replacing ammonia to dissolve the AMP powder. Extending the length of the cation-exchange 

column does not significantly improve the recovery of cesium. The low retention of cesium on the 

cation exchange column might be induced by the competitive absorption of Na+ (relative 

selectivity of 1.5) and NH4
+ (1.95) with Cs+ (2.7) at high concentrations of Na+ and NH4

+.  In the 

dissolution using ammonia and NaOH, AMP was dissociated to NH4
+, MoO4

2- and PO4
3-, the high 

concentration of NH4
+ and Na+ in sample solution significantly reduced the retention of Cs+ to the 

resin. Extraction of cesium from AMP powder using 4 M NH4Cl has been successfully applied to 

remove cesium from AMP-PAN resin without dissolution of AMP. However, a huge amount of 

NH4Cl is needed for 10 g AMP powder, which induced another problem in the removal of huge 

amount of NH4Cl from trace amount of cesium [33]. Based on the formation of insoluble 

compounds of MoO4
2- and PO4

3- with strontium, Sr(OH)2 was investigated to extract cesium from 

AMP powder, the results showed that cesium adsorbed in the AMP can be effectively extracted 

into solution, while MoO4
2- and PO4

3-  were still remained in the residue as SrMoO4 and Sr3(PO4)2. 

After 0.5 hours leaching using 8.76 g Sr(OH)2 in 50 mL water for 10 g of AMP powder at 100 ℃, 

more than 98% of cesium  was extracted into the solution. Meanwhile, cesium in the extracted 

solution could be quantitatively retained on cation exchange column (AG 50W×8, 10 mL) and an 

overall recovery of cesium in the extraction and adsorption on cation-exchange column was more 

than 95% (Figure 2). Therefore, Sr(OH)2 was selected to extract cesium from AMP powder. The 

excessive amount of Sr(OH)2 in the solution can reduce the recovery of cesium, this might be 

attributed to the competitive adsorption of Sr2+ on the cation-exchange resin due to its relative 

higher selectivity (4.95) on the cation-exchange resin. A stoichiometric equivalent amount of 

Sr(OH)2 should be used (8.76 g Sr(OH)2 for 10 g AMP powder). The excessive amount of Sr(OH)2 

can be easily monitored by measurement of the pH (less than 11) in the final extracted solution, 

because the released ammonium present as NH3 in this solution and the pH is mainly controlled 

by the excessive amount of soluble Sr(OH)2.  However, insufficient Sr(OH)2 will cause an 

incomplete extraction of cesium, and finally cause a low recovery of cesium. It should be 

mentioned that the solubility of Sr(OH)2 is relatively low (2.16 g in 100 mL water at 25 ℃), 

extraction of cesium from AMP powder was implemented by addition of incompletely dissolved 

Sr(OH)2 solution into AMP powder. The decomposition and conversion of AMP to SrMoO4 and 

Sr3(PO4)2 and dissolution of Sr(OH)2 are dynamic process, heating and stirring the solution can 

significantly improve the extraction efficiency due to the significantly increased solubility of 

Sr(OH)2 (47.7 g in 100 mL H2O at 100 ℃). 
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In addition, extraction of cesium from AMP using Sr(OH)2 solution can also keep the massive 

amount of Mo in the solid phase, which facilitates the further elimination of Mo (< 1 ng) in the 

following procedure to reduce its polyatomic interference on the ICP-MS measurement of 135Cs.  

 

Figure 2. The overall recovery of cesium in the extraction of cesium from AMP and separation of 

cesium using cation exchange column (AG 50W×8, 10 mL). 10 g AMP power loaded with 

10 microgram cesium and 10 Bq of 134Cs was used for the experiment.  30 mL of 25% NH3, 

50 mL of 4 M NaOH and 8.8 g of Sr(OH)2 in 50 mL water were used for extraction of cesium 

from AMP (or dissolution of AMP with NH3 and NaOH). 3 replicates experiments were 

performed and the average and 1 SD of overall recovery of cesium was presented. 

 

3.3. Removal of Rb, Sr and Ba using cation exchange chromatography 

 Barium (135Ba and 137Ba) is the most critical isobaric interference in the ICP-MS measurement of 
135Cs and 137Cs, it has to be highly eliminated. Relatively high concentrations of rubidium (120 µg 

L-1) and strontium (8.0 mg L-1) present in seawater, the application of Sr(OH)2 in the cesium 

extraction might result in a significantly increased Sr concentration in the sample solution, they 

might highly suppress the signal intensity of cesium isotopes if Sr and Rb were not well removed 

before ICP-MS measurement due to their matrix effects. Our preliminary experiment showed that 

cation exchange column (AG 50W×8, 10 mL) could only remove 90% of rubidium. A high amount 

of Rb still remained in the separated cesium solution, which significantly suppressed the sensitivity 

of cesium isotopes (135Cs, 137Cs) in Apex-ICP-MS/MS analysis due to the matrix effect. Employing 

a 20 mL cation-exchange column, the decontamination factor of Rb was improved to 100, but it is 

still not sufficiently high and cause a significantly low measurement sensitivity of Cs isotopes. 

This is mainly due to the similar selectivity of Rb+ (2.6) and Cs+ (2.7) on the cation-exchange resin 
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and the large volume of seawater used in this work. Based on the different adsorption of Rb, Sr, 

Ba and Cs on AMP and better separation feature of column chromatography, an AMP-PAN 

column (2 mL) was used to remove Rb, following a cation-exchange chromatography purification. 

The experimental results showed that a total decontamination factor of more than 800 was achieved 

for Rb. Meanwhile, strontium and barium were also effectively removed by the AMP-PAN 

column. Combined with the separation on the cation-exchange chromatography, overall 

decontamination factors of 6.0 ×108 for Sr and 4 ×107 for Ba were achieved. It should be noted 

that using AMP-PAN column for purification of cesium from Rb, the amounts of Sr(OH)2 added 

to extract cesium from AMP powder do not need to be precisely controlled to be stoichiometric 

equivalent, as excessive Sr(OH)2 can be well removed by AMP-PAN column.  The overall 

chemical procedure for separation of cesium from matrix elements, especially from Ba, Sr and Rb 

was illustrated in Figure 3. 

 

 

Figure 3. Chemical procedure for separation of cesium form large volume seawater sample.  

 

3.4. Influence of 133Cs and rubidium on the ICP-MS measurement of 135Cs and 137Cs 

 In the measurement of 135Cs and 137Cs in separated cesium samples from seawater using Apex-

ICP-MS/MS, a significantly reduced counting sensitivity of 135Cs and 137Cs was observed 

compared to a diluted solution, this introduced a large uncertainty in the determination of 135Cs 

and 137Cs concentrations in the seawater. The influence of stable cesium on the measurement 

sensitivity of 135Cs and 137Cs using ICP-MS/MS with or without Apex Q introduction was 

investigated by measuring a series solution containing the same concentrations of 135Cs and 137Cs, 
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but different concentration of stable cesium (133Cs). The results (Figure 4) show that the signal 

intensities of 135Cs and 137Cs were decreased by a factor of 1.2 without Apex Q system, and a factor 

of 4.4 with Apex Q system when cesium concentrations were increased from 1 μg mL-1 to 80 μg 

mL-1, indicating a significant matrix effects of stable cesium, especially for using Apex Q system. 

This might be attributed to the reduced ionization efficiency when large amount of cesium was 

introduced to the plasma. Cesium is an easy ionized element with a very low first ionization energy 

of only 3.76 eV, therefore the overall ionization efficiency was encountered when large amount of 

Cs was introduced to the plasma. The nebulization and introduction efficiency of the sample 

solution was improved significantly by Apex Q desolvating system by a factor of 5-10, i.e. 

introducing 5-10 times more cesium to the plasma for the same solution, consequentially a severe 

reduction of sensitivity of 135Cs. In this work, cesium was separated from 45 L seawater and finally 

prepared in 2 mL solution for ICP-MS measurement, applying the average concentration of cesium 

(0.30 µg/mL) in seawater (with a salinity of 35 ‰) and 65% of chemical recovery of cesium, a Cs 

concentration of 4.4 μg mL-1  in the final cesium solution was estimated, which will cause a 

sensitivity reduction of about 10%, and therefore a correction has to be implemented for reliable 

calculation of the 135Cs concentration in seawater.  

 

Figure 4. Variation of signal intensity of 135Cs and 137Cs with the concentration of 133Cs in ICP-

MS/MS measurement, without Apex sample introduction system (left) and with Apex sample 

desolvating introduction system (right). 

Our results (Figure 5.) show that the measured 135Cs/137Cs ratios by ICP-MS/MS without Apex 

Q were constant when the concentration of stable cesium (133Cs) increased from 1 μg mL-1 to 80 

μg mL-1, indicating the similar signal suppression for 135Cs and 137Cs. With Apex Q system, a 

slightly reduced 135Cs/137Cs ratios were observed at high concentration of 133Cs (>20 μg mL-1) by 

a factor of 10%, indicating a more suppression to the lighter mass 135Cs compared to 137Cs. This 

small deviation might be acceptable considering the measurement uncertainty. Under severe 

matrix effects, the mass discrimination effect could be more serious, but it is still much less than 

the signal suppression factor. Considering a final cesium concentration of 4.4 μg mL-1, no 

correction is required for the 135Cs/137Cs ratio. Since the 134Cs/137Cs ratios are not significantly 
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influenced by stable cesium when measured using gamma spectrometry, combined measurement 

using gamma spectrometry for 134Cs/137Cs ratio and ICP-MS for 135Cs/137Cs can be used for precise 

determination of 135Cs concentration in the seawater.   

 

Figure 5. Influence of stable cesium concentration on the measurement of 135Cs/137Cs atomic ratio 

using ICP-MS/MS with and without APEX Q system. 

 

Besides stable cesium, rubidium might also cause serious matrix effects because of much higher 

concentration of rubidium in seawater (120 µg L-1) and also relatively low first ionization energy 

of Rb (4.03 eV). The experimental results (Figure 6.) show that signal intensity of 135Cs in the 

ICP-MS/MS measurement with Apex system was significantly suppressed by a factor of 3.7 when 

the concentration of Rb in the solution was increased to 400 μg mL-1. For sample with 25 μg mL-

1  of Rb, the signal intensity of 135Cs was reduced by 16%. Due to high concentration of Rb in 

seawater, as high as 2700 μg mL-1 might be obtained in the final solution if no Rb was removed 

from cesium [34]. Therefore a high decontamination factor for Rb needed for the precise 

measurement of 135Cs in seawater. With a decontamination factor of 800 for Rb obtained in the 

developed method, the Rb concentration in the final separated solution can be reduced to <5 μg 

mL-1, which will not cause a significant influence on the measurement sensitivity of 135Cs and 
137Cs.   
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Figure 6. Influence of rubidium concentration on the signal intensity of 135Cs in Apex-ICP-

MS/MS measurement. 

 

3.5. Measurement of 135Cs and 137Cs by Apex-ICP-MS/MS  

ICP-MS/MS method for the measurement of 135Cs has been well investigated in our previous work 

[19,33]. The key issue in this method is the elimination of isobaric interference (135Ba and 137Ba) 

using collision-reaction technique. Due to the high o-atom affinities of Ba+ (92.8 kcal mol-1) and 

rate coefficients of  BaO+ formation reaction (2.4×10-10 cm3 mol-1 s-1) compared to that of Cs+ (14 

kcal mol-1 and <10-13 cm3 mol-1 s-1), Ba+ is thermodynamically and kinetically favored to form 

BaO+ in gas-phase ions-molecule reaction, while Cs+ remains as single ions, thus eliminating the 

isobaric interference of 135Ba and 137Ba in the measurement of 135Cs and 137Cs [35]. The 

experimental results showed that the signal intensity of Ba+ was efficiently suppressed by a factor 

of more than 105, while the signal intensity of Cs+ was only slightly reduced (around 5 times) when 

N2O gas was injected with a flow rate of 0.7 mL min-1. Combined with a decontamination factor 

of 4×107 for Ba in the chemical separation, the interferences of 135Ba and 137Ba were suppressed 

by a factor of 1012, which ensure the reliable measurement of 135Cs in seawater with a Ba 

concentration of 34 µg L-1 and 135Cs higher than 10 µBq m-3.    

The developed separation procedure of cesium from seawater could be completed in two days 

for one batch of 6 samples. The overall recovery of cesium was more than 60%, typically more 

than 85% for AMP pre-concentration and 75% for AMP-PAN and cation-exchange 

chromatographic separation. The interfering elements including Ba, Mo, Sn and Sb were 

efficiently removed with final concentrations lower than 0.1, 1, 0.4, and 0.4 ng mL-1, respectively, 

and their interferences on the measurement of 135Cs and 137Cs were confined to a negligible level. 

The signal intensity at m/z =135 and 137 in the procedure blanks were measured to be 0.3 ± 0.2 

cps, and a detection limit of 1.5×10-16 g L-1 for 135Cs (6.3 µBq m-3) and 137Cs (0.5 Bq m-3) were 
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estimated considering the sensitivity of 3.0×105 cps for 1 ng mL-1 of stable Cs using the Apex-

ICP-MS/MS and 45 L seawater used for analysis. The reported 137Cs concentrations in surface 

seawater in background region without directly influenced by human nuclear activity are more 

than 1 Bq m-3 in the north hemisphere. For an atomic ratio of 135Cs/137Cs higher than 1, the 135Cs 

concentrations should be more than 14 µBq m-3. The detection limit of this method is 2 times lower 

than this level, and therefore applicable for its determination.    

3.6. Validation of the developed method  

Certified reference material IAEA-443 (seawater collected from Irish Sea) was analyzed using the 

developed method. The measured 137Cs concentration (0.35±0.02 Bq L-1) is well agreed with the 

reference value of 0.36±0.01 Bq L-1. The measured 135Cs/137Cs atomic ratio in this sample 

(1.28±0.19 (n=2)) agrees well with the reported value (1.22±0.19 and 1.15±0.07) which were 

determined by TIMS [13,31], indicating the developed method is reliable for the determination of 
135Cs and 137Cs in seawater samples. 

3.7. Distribution of 135Cs, 137Cs concentrations and 135Cs /137Cs ratios in Roskilde Fjord, 

Danish straits and the Baltic Sea 

Surface seawater samples collected from inner Roskilde Fjord, southern Danish straits and the 

Baltic Sea were analyzed for 135Cs, 137Cs concentrations and 135Cs /137Cs atomic ratio using the 

developed method.  The results were listed in Table 1. 

Relative higher 137Cs level was observed in the seawater collected from the southern Baltic Sea 

(21.2±0.8 Bq m-3), compared to those in southern Danish straits, such as Rødvig, Fakse Ladeplads, 

Rødby havn (17.8-20.4 Bq m-3). While, 137Cs levels in seawater collected from Klintholm havn 

and Roskilde Fjord were much lower (13.9 and 7.09 Bq m-3, respectively). Similar 135Cs 

concentrations ranging from 235 to 268 µBq m-3 were observed in these seawater waters except 

one sample from Klintholm havn with a low value (182 µBq m-3) and one from the southern Baltic 

Sea with a high value (312 µBq m-3). The 135Cs/137Cs atomic ratios in seawater collected from 

Danish straits and the Baltic Sea showed a similar value (0.98-1.12), while a 2 times higher 
135Cs/137Cs atomic ratio of 2.54±0.40 was measured  in seawater collected from the Roskilde Fjord. 

The distinct 135Cs/137Cs ratios in these water indicate their different sources (e.g. Chernobyl 

accident, global fallout from nuclear weapon tests and reprocessing plants discharge) in seawater 

from different location and the different contributions from each source. 

Table 1. Concentrations of 137Cs, 135Cs and 135Cs/137Cs atomic ratios in surface seawater from 

Roskilde Fjord, Danish straits, and the Baltic Sea a) 

Sample site Latitude, longitude 135Cs/137Cs 

atomic ratio 

137Cs 

concentration b) 

( Bq m-3) 

135Cs  

concentration c) 

(10-6 Bq m-3) 

Roskilde Fjord(S1) 55º69´N, 12º09´E 2.54±0.40 7.09±0.27 236±38 
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Baltic Sea (S2) 54º50´N, 14º67´E 1.12±0.15 21.2±0.8 312±43 

Rødvig (S3) 

Fakse Ladeplads (S4) 

Klintholm havn (S5) 

Rødby havn (S6) 

55º25´N, 12º38´E 

55º21´N, 12º17´E 

54º95´N, 12º47´E 

54º65´N, 11º34´E 

1.00±0.18 

0.98±0.19 

1.00±0.14 

1.02±0.20 

20.4±0.6 

18.3±0.7 

13.9±0.5 

17.8±0.7 

268±49 

235±46 

182±26 

238±48 

a) All data were decay corrected to 15th Aug. 2020; b) results of gamma measurement using 134Cs 

as a tracer; c) results calculated using the measured 135Cs/137Cs ratio by ICP-MS/MS and 137Cs 

concentration measured by gamma spectrometry in this work. 

The Baltic Sea has received large amounts of radiocesium from the Chernobyl accident in 1986, 

which resulted in a significantly increased 137Cs level from about 12 Bq m-3 before accident to 500 

Bq m-3 in north Baltic Sea and to 84 Bq m-3 in south Baltic Sea [36]. The 137Cs level in seawater 

of south Baltic Sea has been gradually decreased  since 1986 due to radioactive decay, dilution of 

fresh water and water exchange with North Sea and North Atlantic, and down to ~30 Bq m-3 in 

Lithuanian coastal water in 2012 [37], and about 20 Bq m-3 in the Danish straits in 2017 [38]. The 

measured 137Cs concentration in seawater collected from the north coast of Bornholm island in 

south Baltic Sea was comparable to that in south Danish straits. An exceptional low 137Cs 

concentration of 13.9 Bq m-3 was observed in the seawater from Klintholm havn (S5), which might 

be caused by the dilution of fresh water. The lowest 137Cs concentration was observed in seawater 

from the Roskilde Fjord which has a long (42 km) narrow (0.2 km) outlet to the north Danish 

straits (Kattegat). The long, narrow and shallow (1-5 m in most of area) morphology of the 

Roskilde Fjord hinder the quick water exchange with Kattegat where the surface and deep seawater 

was dominant by the Baltic Sea outflow and the North Sea and North Atlantic water inflow, 

respectively [39]. The large dilution by fresh water in Roskilde Fjord cause a relatively low 137Cs 

level. 

Unlike 137Cs, the 135Cs concentrations in these water vary in a smaller range, from 235 to 268 

µBq m-3, except the seawater from Klintholm havn (182 µBq m-3) and the Baltic Sea (312 µBq m-

3). The relatively large variation (three times) of 137Cs concentration but similar level of 135Cs in 

these water samples indicate different sources of 135Cs and 137Cs. The northern hemisphere has 

received large amounts of global fallout of radiocesium from nuclear weapon tests in 1960s [40], 

which has a higher 135Cs/137Cs ratio (3.7, decay corrected to August 2020). While, a much lower 
135Cs/137Cs ratio (0.65, decay corrected to August 2020) was reported in Chernobyl accident 

derived radiocesium.13,18 Therefore, global fallout of nuclear weapon tests contributed more 135Cs 

relative to 137Cs. While, Chernobyl accident contributed less 135Cs relative to 137Cs.  

The 135Cs/137Cs atomic ratios in seawater collected from the Baltic Sea were measured to be 

1.12±0.15 (n=3), which agreed well with our previously measured value of 1.16±0.13 by TIMS 

[31]. Chernobyl accident, marine discharge from La Hague and Sellafield reprocessing plants and 
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global fallout of nuclear weapon tests are the major sources of radiocesium in the Baltic Sea. Since 

the discharges of radiocesium from the reprocessing plants were significantly reduced since 

1980’s, the 137Cs level in the North Sea has been reduced to less than 3 Bq m-3 in 2009 [41,42]. 

The contribution of reprocessing plants in the Baltic Sea and Danish straits should be relatively 

small. Using two-end sources (global fallout and Chernobyl accident) model, the contribution from 

Chernobyl accident in the Baltic Sea was estimated to be 84.6%, which is in a good agreement 

with the reported value of 82% estimated by long-term observation of 137Cs before and after 

Chernobyl accident [43]. The 135Cs/137Cs ratios in four seawaters collected from south Danish 

straits showed a relative constant value (0.98-1.02), which also agree with our previously measured 

values (0.98-1.18) by TIMS in seawaters collected from the Danish straits in 2019 [31]. In these 

waters, a contribution of (88.5±15.7)% from Chernobyl accident was estimated. Danish straits is 

situated in the mixing region, with outflows of Baltic Sea water and inflows of North Sea and 

North Atlantic water. Due to the relative low level of radiocesium in the North Sea and North 

Atlantic seawater (< 3 Bq m-3) compared to the Baltic Sea, the radiocesium (135Cs and 137Cs) in 

the south Danish straits received a dominant contribution from the Baltic Sea.  

The seawater collected from the Roskilde Fjord shows the highest 135Cs/137Cs ratio of 2.54±0.4, 

which is more than two times higher than the value in the seawater from the Baltic Sea and south 

Danish straits, the contribution of global fallout for radiocesium was estimated to be 62%. 

Radiocesium in the seawater from Roskilde Fjord originated from four sources: (1) global fallout 

from nuclear weapon tests; (2) Chernobyl accident fallout; (3) inflow seawater from the North Sea 

and the Baltic Sea; (4) inputs of fresh water. As the 135Cs/137Cs ratios of 0.97-1.18 were measured 

in the seawaters from Kattegat and Hesselø, where bottom seawater and surface seawater were 

originated from the North Sea and the Baltic Sea, respectively [38]. The measurements of 

reprocessing derived 99Tc in seawater have shown a 99Tc concentration of 1.2 Bq m-3 in Esk 

Estuary (Irish Sea close to Sellafield reprocessing plant), 0.001 Bq m-3 in Mariager Fjord (west of 

Kattegat) and 0.0004 Bq m-3 in Roskilde Fjord [44], indicating much less inputs of reprocessing 

signal in the Roskilde Fjord. Although the measured 135Cs/137Cs ratio in the Roskilde Fjord is 

comparable to that in the west coast of Greenland (2.30-2.97), which received higher proportion 

of radiocesium from global fallout of nuclear weapon tests (54%-76%), but the contributions from 

Chernobyl accident and reprocessing plants are different from these two sites. The contribution of 

reprocessing plants to radiocesium in the Greenland should be another dominant source through 

the sea currents along the European coast and the Arctic. A 135Cs/137Cs ratios of 2.68±0.53 was 

observed in surface soil samples collected at Risø (near the seawater sampling site in the Roskilde 

Fjord) [33], where 31% of radiocesium from the Chernobyl accident and 69% from global fallout 

were estimated. The similar 135Cs/137Cs ratios in the seawater in the Roskilde Fjord and surface 

soil at Risø might indicate the similar radiocesium source for the Risø soil and Roskilde Fjord 

seawater. Due to the 42 km long and narrow (0.2 km) inlet of Roskilde Fjord, the water exchange 

rate of the fjord water with the Kattegat seawater is very slow. The volume of annual input 

freshwater from the catchment through rivers to the Roskilde Fjord was estimated to be 0.350 km3, 

similar to the total volume (0.362 km3) of Roskilde Fjord [45], which results in a significant 

contribution of radiocesium deposited on the land from global fallout and Chernobyl accident, as 

well as a relative rapid outflow of fjord water to the Kattegat. Therefore, radiocesium in the 
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Roskilde Fjord received a dominant contribution of river runoff which carried the integrated signal 

of radiocesium in the soil (global fallout and Chernobyl accident fallout) surround the fjord. 

4. Conclusions  

An analytical method using chemical separation combined with APEX-ICP-MS/MS measurement 

was developed for the determination of radiocesium concentration and 135Cs/137Cs atomic ratio in 

large volume seawater samples, the method has been successfully applied for the determination of 
135Cs and 137Cs in seawater samples in Baltic Sea and Danish straits. The main achievements 

include: (1) cesium in seawater was first effectively enriched using 10 g AMP powder from up to 

45 L seawater; the adsorbed cesium was selectively extracted from AMP powder into solution 

using  Sr(OH)2, which avoid the problem of creation of large amount of  MoO4
2-, NH4

+ from AMP 

dissolution, and competitive adsorption of NH4
+ with Cs+ on AG 50W×8 column for further 

purification of Cs+;  (2) rubidium and barium which seriously affect the measurement of 135Cs and 
137Cs in the APEX-ICP-MS/MS, was well eliminated by AMP-PAN column following a cation 

exchange chromatographic separation;  decontamination factor of more than 800  for rubidium and 

4107 for barium were achieved, which ensure the precise analysis of 135Cs/137Cs in ultra-trace 

level seawater; (3)  detection limits of 1.510-16 g L-1 for 135Cs (6.3 µBq m-3) and 0.5 Bq m-3 for 
137Cs were achieved  for 45 L seawater with a sensitivity of 3.0105 cps for 1 ng mL-1 of stable 

Cs; (4) The 135Cs/137Cs ratios in seawaters collected from south Danish straits, Roskilde Fjord and 

the Baltic Sea with 137Cs activity down to 7 Bq m-3 were determined using the developed method. 

To our best knowledge, this is the first report on the determination 135Cs/137Cs ratio in seawater 

using ICP-MS measurement;  (5) 135Cs concentration of  312±43 µBq m-3 and 135Cs/137Cs ratio of 

1.12±0.15 were determined in seawater from the Baltic Sea, a contribution of 84.6% from the 

Chernobyl accident was estimated; a similar result was observed in the Danish straits. However, a 

similar high 135Cs concentration of 236±38 µBq m-3 but two times higher 135Cs/137Cs ratio of 

2.54±0.40 was observed in seawater from the Roskilde Fjord, a higher contribution from global 

fallout mainly through river runoff of freshwater from the catchment was estimated.   
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