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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
135
Cs/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.

R

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

adioisotopes 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 environment 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
134
Cs/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
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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-ICPMS),21,22 electric thermal vaporization ICP-MS (ETV-ICPMS),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 chromatographic (AG MP-1 M and AG 50W-X8) separation procedure
has been reported,13,14 in which MoO42− in the sample
solution was removed by anion exchange column, and the Cs
remained in the eﬄuent was puriﬁed using a cation exchange
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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
135
Cs. In this case, a large amount of AMP powder or AMPPAN 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 environmental 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
135
Cs and 137Cs in this work, which was equipped with an
octopole dynamic reaction cell (DRC) between two quadrupole 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,
Tornbygård) 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
B
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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, selfabsorption (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, Amsterdam, 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
135
Cs, both Q1 and Q2 were set to m/z = 135, and for 137Cs,
they were set to 137.

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/

■

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 decomposition 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
137
Cs was leached, and even for a sample of up to 60 g, the
137
Cs 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
C
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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 preconcentration 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 AMPPAN 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
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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

Figure 1. Elution proﬁles of Cs with diﬀerent concentrations of
NH4Cl solution from 1 mL of AMP-PAN column.

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
D
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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 (MoO42−, Sn(OH)62− 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

also lost when NH4Cl was sublimated, even heated at only 350
°C (Table 1).
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

1

350

no

2

400

no

3

450

no

4

350

H3PO4

1.5 mmol

5

350

LiCl

8 mg

6

350

LiCl

24 mg

7

350

LiCl

40 mg

8

350

LiCl

60 mg

9

350

LiCl

80 mg

10

350

NaCl

80 mg

11

350

CaCl2

80 mg
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recovery of
Cs/%
31 ± 8
(n = 3)
32 ± 8
(n = 3)
34 ± 9
(n = 3)
67 ± 7
(n = 3)
47 ± 6
(n = 3)
76 ± 5
(n = 3)
91 ± 3
(n = 3)
99 ± 3
(n = 3)
100 ± 3
(n = 3)
91 ± 5
(n = 3)
89 ± 5
(n = 3)

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

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.

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
E
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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 ICPMS measurement, the entire analysis of a batch of 8 samples
can be completed within 3 days. The overall chemical yields of
135
Cs 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 ICPMS/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 95 Mo 40 Ar + ,
97
Mo40Ar+, 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.
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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
135
Cs 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
135
Cs 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
133
Cs/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.
F
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Table 2. Comparison of the Measured
with the Reported Values
sample

matrix

135

Cs Concentrations and

135

Cs/137Cs Atomic Ratios in Standard Reference Materials

135

Cs/137Cs atomic ratio (this work)

135

Cs activity (mBq/kg)

IAEA-375

soil

0.30 ± 0.02 (n = 3)

24.3 ± 1.6

IAEA-330a
IAEA-385b

spinach
sediment

0.29 ± 0.02 (n = 1)
1.10 ± 0.17 (n = 3)

8.12 ± 0.56
0.30 ± 0.05

a

Article

135

Cs/137Cs atomic ratios (in literature)
0.30
0.30
0.31
0.27
0.32
0.29
0.80
1.21

±
±
±
±
±
±
±
±

0.0129
0.0111
0.0112
0.0230
0.0131
0.029
0.1612
0.1414

a

Decay 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
135
Cs/137Cs Ratios in Surface Soil Samples from Denmark,
Sweden, and Ukrainea

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 ICPMS/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 (IAEA375, 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 IAEA385 sediment, only two data were reported,12,14 and our result
agreed with the value reported by Zheng.14
135
Cs/137Cs Ratios in Soil from Denmark, Sweden, and
Ukraine. Soil samples collected from Denmark, Sweden, and
Ukraine were analyzed for 135 Cs concentrations and
135
Cs/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 concentrations (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,

137

sample
Danish soil-1
(n = 2)
Danish soil-2
(n = 2)
Sweden soil
(n = 1)
Ukraine soil-1
(n = 1)
Ukraine soil-2
(n = 1)
Ukraine soil-3
(n = 1)

Cs activity
(Bq/kg)

135
Cs/137Cs
atomic ratios

135

Cs activity
(mBq/kg)

3.32 ± 0.16

2.68 ± 0.53

0.12 ± 0.02

8.03 ± 0.31

2.08 ± 0.31

0.23 ± 0.03

1650 ± 18

0.66 ± 0.06

14.7 ± 1.03

283 ± 3

0.65 ± 0.07

2.49 ± 0.27

142 ± 3

0.71 ± 0.08

1.36 ± 0.15

150 ± 3

0.71 ± 0.08

1.44 ± 0.16

a

All 137Cs data are decay corrected to 1st Feb 2020. The uncertainties
presented here are the overall uncertainty with k = 1

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
G
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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.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.0c01153
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■

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 separation, 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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