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ABSTRACT: Long half-life natural and artificial radionuclides have been paid great attention in the environment,
geochronology, nuclear accidents, as well as the operation of nuclear facilities for over a decade. However, the rapid and accurate

quantification of these ultra-trace level (fg or mBq) radionuclides has become a
formidable challenge nowadays. A triple-quadrupole inductively coupled plasma
mass spectrometry (ICP-MS) equipped with a collision reaction cell (CRC),
namely ICP-MS/MS, is a valuable technique for rapid and sensitive analysis of
ultra-trace level radionuclides in various kinds of samples. This article provides a
comprehensive review and critical comparison of published analytical methods
for ultra-trace level radionuclides in environmental, biological and nuclear waste
samples. The methods of sample pre-treatment, valence state adjustment,
chemical separation of radionuclides, and ICP-MS/MS measurement are
systematically described and discussed. Importantly, the advantages and
limitations of the collision reaction cell (CRC) technology on the removal of
interferences and the radionuclide measurement are comprehensively
summarized. In addition, the article also explores advancements in automated

separation and measurement methodologies for radionuclides.

INTRODUCTION

Long-lived natural radionuclides (e.g., '*°I, 2°Ra, 2*?Th, 234U, 23°U)
in the environment predominantly originate from the radioactive
decay of uranium and thorium isotopes, are generally used as
environmental or paleoclimate tracers for the investigation of
geochronology and environmental application 7. Some of them
are need to be monitored for the radiation protection due to their
high radiotoxicity. For instance, *?Ra in drinking water
necessitates precise measurement to assess human exposure,
especially in uranium, coal and, phosphate mining % ?, and it is
also used for the investigation of the movement of water mass,
particulate residence time, and submarine groundwater discharge
in marine environments ', Besides the natural radionuclides, a
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large number of artificial radionuclides (e.g., *°Sr, *Tc, 121, 135
137Cs, 236U, 23Np, 28 29 240, 41py 41Am 24Cm) have been
released into the environment as a result of human nuclear
activities, including nuclear weapons testing, nuclear power plants,
nuclear accidents, and nuclear fuel reprocessing plants '>?7. The
concentrations of these radionuclides in environmental samples,
nuclear waste samples, and biological samples must be routinely
monitored to ensure the safety of the environment and nuclear
facilities, as well as human health. In addition, artificial
radionuclides serve as highly effective tracers in studying the
water mass movement (133 137Cs, PTc, 1291, 236U) 2834 atmospheric
circulation patterns ('?’I) 3538, depositional time and rates of
sediments (121, 137Cs, 236U, 238.239.240. 241 py 241 Apyy) 27.3948 Typle |

presents a comprehensive overview of long-lived radionuclides
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Table 1. Radionuclides’ interest in biological, environmental and waste samples, and their sources

Nuclides Atomic mass Half-life (years) Decay mode Specific activity (Bq/g) Sources
NSr 89.9 29.1 I’n 2.1x10" NWT, ONF, NA, NRP
PTe 98.9 2.1x10° p 6.3x10° ONEF, NA, NRP
127 128.9 1.7x107 I’n 6.5%10° NWT, ONF, NA, CRR, NRP
35Cs 134.9 2.3x10° I’n 4.3x107 NWT, ONF, NA, NRP
B37Cs 136.9 30.2 p 3.7x10" NWT, ONFE, NA, NRP
26Ra 226.0 1.6x10° o 3.7x10" NOR
B2Th 232.0 1.4x10"° o 4.1x10° NOR
By 234.0 2.5%10° a 2.2x10° NOR
By 235.0 7.0x10° a 8.0x10° NOR
By 236.0 2.3%107 o 2.6x10' NWT, ONF, NA, NRP, NOR
B8y 238.1 4.5%x10° a 1.2x107 NOR
ZNp 237.0 2.1x10¢ a 2.6x10" NWT, ONF, NA, NRP
B8Py 238.0 87.7 o 2.8x10"2 NWT, ONF, NA, NRP
29Pu 239.1 2.4x10* a 2.3x10" NWT, ONF, NA, NRP, NOR
#py 239.1 6.6x10° a 8.0x10" NWT, ONF, NA, NRP
Hipy 240.1 14.4 I'n 8.6x10" NWT, ONF, NA, NRP
MAm 241.1 432.2 a 1.6x10" NWT, ONF, NA, NRP
#Cm 243.1 18.1 o 3.3x10" NRP

Note: NWT: nuclear weapons testing, ONF: operation of nuclear facilities (e.g., nuclear power plant), NA: nuclear accident, CRR: cosmic ray reaction, NOR:

natural occurring radionuclide, NRP: nuclear reprocessing plants.
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Fig. 1 Flow chart of the analytical procedure for the determination of radionuclides in various kinds of samples.

with half-lives exceeding 10 years that are of concern in
environmental, biological and waste samples, and their respective
sources.

Due to the low concentrations of radionuclides in samples down
to 0.1-20 mBq/L ((0.03-5.47)x10"13 g/L) for ?*°Ra concentrations
in water samples 43!, 0.01-2 mBg/g ((4.36-872)x10""% g/g) for
9Py concentrations in uncontaminated environmental soil 3253,
0.5-7.4 mBg/m? ((7.97-118)x10"13 g/m?) for ®Tc concentrations in
Pacific %8, 0.01-0.06 uBq/g ((1.50-8.57)x10°5 g/L) for '*1
concentrations in China Sea 3" %, 0.03-0.09 uBq/L ((1.18-
3.92)x10* g/L) for U concentrations in seawater 3% 47> 60, 61,

0.18-0.31 mBg/m? ((4.22-7.27)x102  g/m?) for 13Cs
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concentrations in seawater 2> 2, and 0.13-1.97 Bg/g ((0.31-
4.62)x10% g/g) for 13°Cs concentrations in nuclear waste of
zirconium alloy 2,

measurement of these isotopes are the interferences of

the main challenges for the accurate

complicated sample matrix, isobaric, and molecular ions and the
poor sensitivity measurement. To address these challenges,
numerous analytical methods have been developed for the
determination of these isotopes in various kinds of samples (e.g.,
soil, sediment, aerosol, seawater, groundwater, fresh water, urine,
marine organisms and waste). The whole analytical procedure
presented in Fig. 1 can generally be divided into sample pre-
treatment, chemical separation

and purification, source

preparation and measurement.
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Radiometric and mass spectrometry (MS) techniques are
commonly used for the determination of radionuclides.
Radiometric methods, including o spectrometry, y spectrometry,
and a liquid scintillation counter (LSC), are typically employed for
short half-life radionuclides with less than 10 years. In contrast,
mass spectrometry techniques are favored for long-lived
radionuclides with more than 10 years due to the excellent
detection limit and a very short measured time compared with
radiometric techniques. Several studies have been published in
recent years on the mass spectrometric determination of long-lived
radionuclides, with particular emphasis on the removal of
interferences and the improvement of sensitivity. So far, MS
equipment, including inductively coupled plasma mass
spectrometry (ICP-MS) 3 6 22, 2426, 41, 49, 63-66 " gccelerator mass
spectrometry (AMS) %7, thermal ionization mass spectrometry
(TIMS) 7% resonance ionization mass spectrometry (RIMS) 8689
90-9_secondary ion mass spectrometry (SIMS) 10! has emerged
as an increasingly prevalent analytical technique for the long-lived
radionuclides measurement. However, among them, AMS, TIMS,
RIMS and SIMS are typically limited for routine analysis of
radionuclides because of the time-consuming of required chemical
separation procedures and their lower availability in the laboratory
with the higher costs.

ICP-MS has been widely applied for long-lived radionuclides
analysis with the advantages of short counting time, high sample
throughput as well as lower instrument cost compared to
alternative techniques. However, the accurate quantification of
long-lived radionuclides is usually hampered due to the relatively
lower measurement sensitivity, tailing effects, and spectral
interferences arising from isobaric and polyatomic ions from
matrix elements or formed during the measurement process.
Consequently, the effective removal of these interferences is the
major challenge for the accurate determination of long-lived
radionuclides by ICP-MS. Recently, CRC technology has become
the first choice to eliminate interferences by employing collision
gases (e.g., He, Hz) 192 and reaction gases (e.g., O2, NH3, H2, NO,
N20, COz, CoHg) 2> 191100 Based on ion kinetics and
thermodynamics, the utilization of gas-phase reactions or
collisions with ions makes it possible to effectively eliminate
spectral interfering and accurately measure radionuclides of
interest on on-mass mode or mass-shift mode. This approach is
very attractive in the case of highly reactive gases with analytes
and/or interfering ions since it enhances the elimination efficiency
of interferences. Furthermore, CRC technology offers a new
perspective in some cases, which makes it possible to shorten the
chemical separation procedure, reduce the procedural time and the
consumption of materials and reagents %2> 11112 The commercial
availability of tandem quadrupole ICP-MS (ICP-MS/MS)
equipped with CRC technology offers an effective alternative for
resolving the issues of interferences, particularly in the context of
low-level long-lived radionuclide measurement.
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This review aims to summarize the methods of sample pre-

treatment, chemical and mass

measurement with CRC technology for the analysis of long-lived

separation spectrometric
radionuclides in environmental, biological and nuclear waste
samples. Various analytical approaches are discussed with relevant
examples from published articles in this work. In addition, the
investigation explores emerging applications of automated

separation and measurement methods for radionuclide
quantification.

SAMPLE PREPARATION
PROCEDURES

Prior to the measurement of radionuclides by mass spectrometry,
meticulous sample preparation procedures are always essential to
separate analytes from the sample matrix and potential
interferences. Appropriate chemical separation methods have to be
selected to achieve efficient extraction of target nuclides and
removal of interfering component in different types of samples.

Sample pre-treatment. Solid samples typically encompass
nuclear waste materials (stainless steel, carbon steel, etc.) and
environmental samples (soils, sediments, plants, aerosols, efc.).
Acid digestion is the commonly used method for the different
types of solid samples. Extraction of radionuclides from stainless
steel and carbon steel can be achieved by acid digestion (e.g., aqua
regia, sulfuric acid (H2SO4), hydrofluoric acid (HF)). The
radionuclides in steel samples are completely transferred into the
solution using 5 mol/L H2SO4 at 180 °C 3. For zirconium alloy
samples with surface contamination, aqua regia employed in a
heated reflux system can efficiently transfer surface radioactive
contaminants into the solution without destroying the zirconium
alloy 2. However, for neutron-irradiated zirconium alloy samples,
aqua regia alone cannot effectively extract the radionuclides,
necessitating the addition of HF to facilitate decomposition of the
zirconium alloy material 2. Acid dissolution methods, including
nitric acid (HNOs), hydrochloric acid (HCl), HF and their
combination, are also commonly used for the separation of
radionuclides from soil, sediments and aerosol samples 26 13 114,
Prior to acid dissolution, organic matter in the samples must be
decomposed through high-temperature ashing. Typical ashing
temperature are around 450°C, though excessively high
temperature may promote the formation of some insoluble
radionuclides (e.g., transuranic oxides), consequently reducing
chemical yields of analytes ', For vegetation and human tissue
samples, hydrogen peroxide (H202) is also added to further
decompose residual organics !'°. Ashed samples are subsequently
leached with HNO;, aqua regia, or reverse aqua regia at
approximately 200 °C for several hours to effectively transfer
radionuclides into the solution, followed by filtration to separate

104, 117

from the leachate However, acid leaching cannot
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completely extract the insoluble radionuclides from certain
nuclear activity-bearing samples.

Microwave digestion, which utilizes microwave energy to
excite molecules and ions’ motion in a closed system, combined
with acid dissolution and alkaline fusion, represents a widely
adopted and efficient method for complete dissolution of solid
samples, but the sample amount is limited to less than 1 g '8 119,
Moreover, this method is time-consuming, requiring a long
cooling period. For complete digestion of large-mass solid
samples, high-temperature fusion methods are employed by
introducing melting agents (e.g., lithium metaborate) at around
1000 °C, followed by acid digestion of the molten product to
extractradionuclides 2% 192, With the development of commercially
available high-throughput automated fluxer, it makes this sample
preparation method quite attractive for the digestion of refractory
salts, such as actinide oxides. Although it is one of the most
effective methods for complete decomposition of solid samples,
the large amounts of matrix and interfering substances lead to the
difficulty and complexity of analytical procedures on subsequent
chemical separation and even measurement. In addition, high-
temperature oxidative combustion can be used to directly release
volatile radionuclides (e.g., '*’I) as gaseous form from solid
samples, followed by capture using specific trapping solutions
(e.g., alkaline solution) '?°. Iodine can be efficiently released from
the solid sample by the pyrolysis system (Fig. 2) at 800-900 °C for
1-2 h, and then is trapped in a bubbler containing 0.40 mol/L

NaOH-0.05 mol/L NaHS Os solution with high recoveries (> 90%)
121

For liquid samples (e.g., seawater, river, precipitation, and urine)
and solid sample leachates, coprecipitation is commonly used to
preconcentrate the radionuclides and remove major matrix
components. The coprecipitation agents, including FeCls, MgCla,

=

CaClz, and MnCly, are frequently utilized in the precipitation steps
by hydroxide precipitation or fluoride precipitation '>. Among
these, Fe(OH)s is particularly prevalent for the preconcentration of
actinides in river water and groundwater samples 74, seawater 123,
solid leachates ', and target sources " ''*. However, high
amounts of Fe could interfere with the separation of radionuclides
using chromatographic resin, and cause the low chemical yield of
the analyte and some difficulties in the dissolution of the
precipitate. HTiO, which is gelatinous from the hydrolyzed
product of TiOCly, is used to replace Fe(OH)s; due to the high
chemical yield and the easier operation by centrifugation ',
Additionally, the (e.g, NaxCOs,
(NH4)2CO3) are mainly used for the separation of strontium-90
(*Sr). Comparing the efficiency of Na2COs and (NH4)CO3 for
separating Sr from large-volumes seawater samples, (NH4)2CO3

carbonate-based agents

coprecipitation can effectively avoid the formation of MgCO3 and

produces significantly less total precipitate than that of Na,CO3 12,

Valence state adjustment. Since multiple valence states of
radionuclides with different chemical behaviors can coexist in the
solution, valence state adjustment is one of the most important
steps for the radionuclide separation and purification. Common
redox reagents employed for this purpose include H>O2, NaNO,,
NH20H-HCI, AgO, ascorbic acid, TiCls, NaSOs3, K2S20s,
KHSO3, Fe(NH2S03)2, and FeSOQy4 25 65 103, 104, 125-130 Ror the
simultaneous separation of actinides (e.g., Am, Pu, Np, U), Pu, Np,
and U are initially oxidized to their hexavalent states using
bromate (NaBrOs) as an oxidant at 85°C, and then Am(III) is
coprecipitated with NdFs. Subsequently, Pu(VI) is reduced to
Pu(IV) by 40% NaNO: at 85°C and then coprecipitated with NdF3
to separate from Np and U. Further reduction of Np(V) to Np(IV)
is achieved using NHOH-HCI, enabling it is coprecipitated with
NdF3 and separated from U. Finally, the coprecipitation of U(VI)
with 30% TiCls ensures complete separation 126,
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Fig. 2 Diagram of the pyrolysis system (Pyrolyser-4 Trio™ system) for separation of iodine from solid samples.
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Similarly, for the removal of sample matrix and interferences in
technetium (Tc)-containing samples, Te(VII) is reduced to low
oxidation state Tc(IV) using K2S20s and then coprecipitated with
a substantial amount of Fe(OH): as a carrier in alkaline solution,
which may cause some difficulties in the precipitate dissolution 3!,
TiCls demonstrates an excellent reducing capability for Tc(VII)
under HCl medium conditions, and its hydroxide (Ti(OH)s)
exhibits a strong co-precipitation affinity with Tc(IV) at low HCI
molarity .

For the purification of actinides using solvent extraction and
chromatographic separation, redox systems (e.g., K2S>0s-HNOs,
KHSO;-concentrated HNOs) can convert various oxidation states of
plutonium to Pu(IV) %17 and AgO may likewise be employed to
oxidize Np and Pu to Np(VI) and Pu(VI) '?. In addition, NaNO> can
be used as an oxidant and reductant to adjust plutonium states to
Pu(IV) in a single step '”. For radionuclides adsorbed onto
chromatographic reducing agents  (Fe(NH2SOs)2,
NH2OH-HCI, ascorbic acid, etc.) can effectively reduce the adsorbed
radionuclides, facilitating their elution from the resin 2510312130,

resins,

Chemical separation and purification

Solvent extraction. Solvent extraction is a commonly used
separation method of radionuclides especially in the traditional
nuclear industry. The radionuclides are separated and purified
from complex systems by extraction reagents based on the
discrepancy of solubility between the aqueous and organic phases.
A neutral extractant of tri-n-butyl phosphate (TBP) is mainly
employed for the extraction of U and Pu in the spent fuel
reprocessing process of plutonium uranium recovery by extraction
(PUREX) 132, Additionally, TcO4™ can also be extracted as the
complex HTcO4:3TBP with the low acidity 0.6-1.0 mol/L HNO3
or high-concentration HCI conditions !33. Acidic extractants are
typically used in high-acidity media to facilitate the back-
extraction of radionuclides from the organic phase into the
aqueous phase. For instance, thenoyltrifluoroacetone (TTA) has
been demonstrated to effectively extract Pu and Np 134136,
Meanwhile, di(2-ethylhexyl)phosphoric acid (HDEHP) is
employed for the separation of actinides (An*") and lanthanides
(Ln*") in the TALSPEAK process during the 1960s '37. Tonic
extractants (e.g., tertiary and quaternary ammonium salts) are
capable of extracting single anions and coordination anions. For
example, trioctylamine (TOA) can efficiently extract Tc(VII)
(present as HTcO4) by forming a 1:1 ion-association complex with
a high distribution coefficient (D~300) under acidic conditions.
When employing a 0.5 mol/L trioctylamine-cyclohexane as the
organic phase and 10 mol/L HCI as the aqueous phase for the
separation of ®Mo-""Tc, nearly 100% of *™Tc transfers to the
organic phase, while Mo remains entirely in the aqueous phase 8.
Similar to TOA, triiso-octylamine (TiOA) can extract Tc under
low-acid conditions. Combined with NaOH back-extraction, a
high recovery yield (99.86%) for Tc and a high decontamination

https://www.at-spectrosc.com/as/article/pdf/2025286

factor for 'Ru of 1.35%105 can be achieved '¥.

Despite the availability of diverse extractants enabling multiple
separation approaches, solvent extraction remains labor-
consuming for routine analysis applications due to challenges in
achieving automatic operation. Meanwhile, a large volume of
hazardous organic solvents is consumed. Nowadays, although
solvent extraction is less frequently used for the radionuclides
analysis, it still has some attractive merits for the separation of
radionuclides due to its high selectivity, operational reliability and
cost-effectiveness.

lon exchange chromatography. lon exchange chromatography
resins are cross-linked polymeric network containing ionizable
functional groups, which are classified into two main categories
including cation exchange resins (characterized by acidic
functional groups) and anion exchange resins (bearing basic
functional groups). Cation exchange resins (e.g., AG 50W) are
primarily used for the separation of cations (e.g., Cs) %141, The
sorbed Cs can be quantitatively eluted by a low-concentration HCI
or HNO; medium, and then the decontamination factors (DF)
reach 6.0x10° for Ba and 1.8x103 for Rb, respectively .

Anion exchange resins (e.g., AG 1 and Dowex 1 series) are
capable of the separation of anions (e.g., TcOs, I') and anionic
complexes (e.g., U, Np, Pu) formed in the solution. AG1-X4 resin,
for instance, is used to selectively separate I~ and 105~ from
samples depending on their discrepancy in adsorption capacity.
The I adsorbed on the resin can be eluted using a 1% NaClO
solution through the oxidation of I" to 1057, thereby achieving
speciation of iodine species '“>. Meanwhile, AG1-X4 resin can
also be used to efficiently separate Pu(IV) and Np(IV) from the
interferences (e.g, U, Th) in high-concentration HNO3; medium. U
and Th are removed by 8 mol/L HNO;3; and 12 mol/L HCI,
respectively, followed by elution of Pu and Np using 0.1 mol/L
HCl and 0.05 mol/L HF. The chemical recovery exceeds 90%, and
the decontamination factor of U reaches to 107 by two AG1-X4
resin columns ¥, Similarly, AG1-X8 resin exhibits high
adsorption capacity for UO2Cls> in 10 mol/L HCIl, making it
suitable for the separation of 23U from seawater samples. The
sorbed 23°U can be eluted using warm 0.01 mol/L HC1 %4, In the
case of pertechnetate separation, TcO4™ can be adsorbed on Dowex
1-X8 resin at pH 2, and eluted by 10 mol/L HNO; !4, In addition,
the combination of anion exchange resin and cation exchange
resin can be used for the separation of radionuclides. For example,
224226Ra can be separated from seawater using AG 1-X8 anion
resin and AG SO0WXS cation resin combined with AGMP-1M anion
resin for the removal of interfering elements (e.g., Ca, U, Th) 146,
Extraction  chromatography.  Extraction  chromatography
integrates the selectivity of solvent extraction with the operability
advantages of column separation. Over recent decades, extraction
chromatography has emerged as a highly attractive approach for
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the separation and purification of radionuclides in various kinds of
sample matrices. At present, the commercial solid-phase
chromatographic resins are available from Eichrom Technologies
and Triskem International, including TEVA resin, UTEVA resin,
TK200 resin, TRU resin and DGA resin.

TEVA resin contains tricaprylylmethylammonium chloride
(Aliquat® 336) is mainly used to separate tetravalent actinides and
Te(VID). In 2-4 mol/L HNO; media, Pu(IV), Np(IV) and Th(IV)
exhibit a high adsorption capacity (Ks = 10%) on TEVA resin,
whereas Am(III) (Ks < 1) and U(VI) (K« < 10) exhibit negligible
adsorption. TEVA resin has been effectively utilized to separate Pu
from matrix elements (e.g., U, Th, Pb, Hg, Bi, Am) in algae and
sediment samples, achieving decontamination factors exceeding
10° for U, Th, and Am. TEVA resin has also been successfully
applied in the separation of *Tc due to the high adsorption
capacity (Ks = 10%) for TcO4~ and favorable decontamination
factors of Mo and Ru '¥7. For the analysis of ultra-trace level Tc
in seawater, the higher decontamination factors for Ru (10°) and
Mo (5x10%) have been further enhanced by optimizing
chromatographic separation conditions, with an achieved
detection limit of 7.5 mBq/m? for #Tc!3!: 148,

UTEVA resin, whose extractant (dipentyl pentylphosphonate
(DP[PP])) is coated on the inert support, is routinely employed for
the separation of uranium and tetravalent actinides. In high-
concentration acid (e.g., 8 mol/L HNO3), U, Np, and Pu can
respectively form UO2(NOs)2, Np(NOs)4, and Pu(NO3)4, which
can be adsorbed by UTEVA resin. In contrast, Sr, Y, and Cs fail to
form neutral complexes under these conditions '¥. Although
UTEVA resin can theoretically facilitate the separation of Np and
Pu, it is rarely used for the separation of Np and Pu due to
comparatively lower adsorption capacity (K4~ 102-103) relative to
TEVA resin (Ks = 10%). UTEVA resin exhibits relatively high
adsorption performance for U (Ky = 2.5%10%), making it suitable
for uranium separation and purification. According to the
discrepancy of TEVA resin and UTEVA resin, Pu and U can be
simultaneously separated in combination with TEVA resin and
UTEVA resin. Specifically, Pu adsorbed on the TEVA resin is
eluted using 0.1 mol/L HC1-0.06 mol/L HF, while U retained on
the UTEVA resin is eluted by 0.02 mol/L HNO3-0.005 mol/L HF.
This method achieves chemical yields exceeding 95% for both Pu
and U 1%,

TRU resin, composed of carbamoyl-methylphosphine oxide
(CMPO) and tri-nbutyl phosphate (TBP), is primarily utilized for
the separation of lanthanides (Ln), tetravalent and hexavalent
actinides and Tc. In the analysis of U-Pu-Cs-Ln in irradiated steel
samples, TRU resin selectively adsorbs U, Pu, and Ln in 2 mol/L
HNO3; medium, while Cs and matrix elements (Fe, Cr, Ni, Mo, Mn,
etc.) remain in the effluent. The sorbed Ln, Pu, and U can be
consecutively eluted using 4 mol/L HCI, 1 mol/L HCI-0.075 mol/L
H>C204 and 0.02 mol/L HNO3-0.1 mol/L ammonium oxalate,
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respectively. The chemical yield of 90+10% for U-Pu-Cs-Ln and
the separation factor of 10* for U/Pu are achieved ''. In addition,
TRU resin demonstrates selectively extraction capability for
Tc(VII). Te can be adsorbed onto TRU resin in the 2 mol/L H2SO4
medium and subsequently elute with near-boiling water, yielding
a high chemical recovery (>95%), and the eluate is directly
compatible with ICP-MS measurement '3% 53,

TK200 Resin, with trioctylphosphine oxide (TOPO) as an
extractant, is widely used for the separation of actinides (e.g., U,
Th, Np, Pu) and *Tc. Compared to TEVA resin, TK200 resin
shows a very attractive advantage in the separation of Np and Pu,
as well as in the decontamination of U and Th. The chemical yield
of Np and Pu remains stable at 1.00 + 0.03, and high
decontamination factors for U and Th (>107) are achieved using
TK200 resin 2% 2% 103, 154 Peng et al reported an outstanding
DF(**8U) (1.81 x 10°) using a single TK200 resin column with the

103 In

concentration of 238U in the eluent being below 20 pg/g
addition, TK200 is also applicable for the *Tc separation. Similar
to TEVA resin, the loading condition for *Tc involves low-
concentration nitric acid (e.g., | mol/L HNOs3), but the elution
condition is 0.5-1 mol/L NH4SCN instead of the high-
concentration HNO3 of TEVA resin, enabling direct compatibility
with liquid scintillation or mass spectrometric measurement

without requiring any complicated system conversion procedure °.

DGA resin, with the extractant of N,N,N’ N’-tetra-n-
octyldiglycolamide =~ (TODGA) or  N,N,N’,N’-tetrakis-2-
ethylhexyldiglycolamide (T2ZEHDGA), is widely used for the
separation of °°Sr, actinides and rare earth elements. The retention
capacity of Y(III) on the resin (K4 =<10°) is three orders of
magnitude higher than that of Sr(I) (K« = 10?) regardless of the
concentrations of HNOj3 and HCI, enabling the direct extraction of
DY (the daughter nuclide of *°Sr) from large volumes seawater
samples '3, U(VI), Pu(IV), Np(VI), Am(III) and Cm(III) can be
simultaneously adsorbed by DGA resin in (8-10) mol/L HNO:s-
(0.005-0.02) mol/L NaNOz and subsequently eluted using 0.5
mol/L HCI-0.1 mol/L NHOH-HCI %, It is critical to note that the
2381, the isobaric ions (**'Pu, >*' Am), and polyatomic ions derived
from matrix elements (e.g., 2*UH", Z8UH.") should be efficiently
eliminated for the accurate determination of 2*’Np, 2*°Pu, 24Py,
24py and 2! Am.

Based on the above discussion, various kinds of ion exchange
chromatography and extraction chromatography have been
devoted to the different chemical separation methods for
radionuclides. However, it is often confusing how to select the
most appropriate resin for radionuclides separation. Comparing
with  extraction chromatography resins, ion exchange
chromatography resins have a significant tolerance for high salt
samples, but they have a poor decontamination performance ',
For instance, when using anion-exchange resin (e.g., AG 1-x4

resin) and extraction resin (e.g., TEVA resin) for Pu separation, the
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Fig. 3 Diagram of the simultaneous separation methods of radionuclides (actinides, *’Y, **Sr and ¥Fe) based on the tandem five-column chromatography resin.

decontamination factors for U are 103-10* for AG 1-x4 resin and
103-10° for TEVA resin, respectively. TK200 resin with a higher
decontamination factor for U (>107) is usually used for the purpose
of the analysis of high-uranium samples. Therefore, for the
analysis of high salt samples (e.g., seawater, soil/sediment, steel),
ion exchange chromatography resins could be used to remove the
complicated sample matrix, and then extraction chromatography
resins (e.g., TEVA resin, TK200 resin) with high decontamination
factors for U could be used for the accurate analysis of Pu isotopes.

In cases that multiple radionuclides in the same sample are
required for analysis, simultaneous radiochemical separation
methods for multi-radionuclides based on a tandem multi-column
chromatography resin greatly improve sample separation
efficiency by offering simplicity, speed, and operational ease 1%
157, By combining with the vacuum box system equipped with 12-
24 holes, the entire separation procedure for a batch of 12-24
samples can be completed within several hours. For instance, the
simultaneous separation method of actinides and **Sr in vegetation
samples is developed using a combination of Sr resin, TEVA resin,
TRU resin and DGA resin, achieving a total analysis time of less
than 8 hours %8, Similarly, simultaneous separation of Pu, Np, Th,
U, Am, Cm, Pm, Y, Srand *Fe is accomplished through sequential
application of TEVA resin, UTEVA resin, DGA resin, Sr resin and
TRU resin (Fig. 3) '%7. Compared with the conventional methods,
the consumption of samples and reagents is significantly reduced
and analysis time is greatly shortened. As a result, it is highly
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suitable for the rapid determination of radionuclides for the
purpose of environmental monitoring, radiological protection, and
nuclear emergencies.

ICP-MS/MS TECHNIQUE FOR THE
DETERMINATION OF
RADIONUCLIDES

Mass Interferences. The ion source of ICP-MS exhibits high
ionization efficiency, capable of ionizing various components (e.g.,
sample matrix, solvent, plasma gas), thereby generating
interfering species that may compromise the accuracy of
radionuclide determination '7> 76, As summarized in Table 2,
potential interferences in radionuclide analysis may either
originate from the samples or be generated during the
measurement process. In general, the interferences of mass
spectrometry can be divided into spectral interference and non-
spectral interference. Non-spectral interference, namely matrix
effect, could suppress or enhance the sensitivity of the analyte due
to the ion collision scattering, space-charge effects, and
instrumental signal drift '”7> '8, So far, no universally effective
method has been established for systematically eliminating non-
spectral interferences aside from employing chemical separation
techniques '77. Spectral interference mainly includes isobaric ion
interference, polyatomic ion interference, and peak tailing
interference 73130, are widely recognized as the most primary
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Table 2 Possible interferences of radionuclides from isobar, polyatomic ions and tailing

Radionuclide Isobar (Abundance, %) Tailing (Abundance, %) Major polyatomic ions Refs
N7r (51.45) SOVOAr, SOCHOAr, SBCr7CI, 150™Ge,
*Sr 20y %Sr (82.58) 89yl 88Gr1H, 1607Se HMFeBAr [159, 160]
%Mo (24.39) '"Mo (9.82) '“Ru %Mo'H, #Kr'%0, #Zn>Cl, ¥Co*Ar,
99 99 > 5 5 s
Te Ru (12.76) (12.60) SIVI60, [16]
LRI, M al60). 13160y 115714
1291 129Xe (26.40) 1277 (100.00) T'Hz, "Mo g;w Acrd 0, PIn"N, (161, 162]
135Cs 13Ba (6.59) 133Cs (100.00) 134Ba'H, *Mo*Ar, ""Sn'®0, **Xe'H [12,163]
137Cs 37Ba (11.20) 13%Ba (71.70) 13Ba'H, “"Mo*Ar, 2!Sb'°0, **Xe'H [12, 163, 164]
SSSrISSBa’ 87Sr13°La, SGSrMOCe’ SSSrBSLa’
226Ra — — 4Ca,1¥Ba [8, 165]
3y . . BTRIH, R0, D TH0AT (166, 167]
36 _ _ B5YIY [167]
205T7116(). 197 A 1140 A 206p31P 20017437,
Np — B8 (99.27) 0., A“m%r:gls éb P, *HgCl, [168-170]
ZOIHg37C1, 201T137Cl, 2°3Tl35Cl, lgng“OAr,
28py 2817 (99.27) — 2pgp [103, 166, 171]
WYY, B3pylH, 2FUH, 27PbS,
239py . 38U (99.27) Wpbi6Qy,, P, 2PHCl [25,172]
240Pu o o 238U1H27200Hg40AI‘, 202Hg38Ar, 204Hg36AI., [105]
203T137C1, ZOSTIBSCL 204Pb36Ar
206Pb35C1, 204Pb37cl’ 205T136Ar’ 205T136C1,
HiPu *Am - W3PS Ay, 01 HgY AT [103]
240PUIH, ZOQBi32S, ZOXBilﬁo IH, 206Pb35CL
241Am 241Pl1 - 204Pb37C1, 207Pb34S, ZOSPbéS’ ZOIHg4°Ar [1663 1733 174]
#Cm 24py — 204pp*0AT [174]

influencing factor affecting the measurement accuracy of
radionuclides.

Isobaric interferences basically originate from ions possessing
the same mass-to-charge ratio as the target analytes in the sample,
and are impossible to discriminate them by quadrupole mass filters
or magnetic analyzers due to the low resolution. Typical examples
include *°Zr/°Sr (R=3.4x10°) 2, 9Tc¢/*Ru (R=3.1x10°) 181
1291/129X e (R:6.3><105) 1827 135Ba/135Cg (R:4.6><105) 22’ 238y/238py
(R=5.2x100) 183,184 241py; 241 Ay (R=1.1x107) %5, and so on. The
interferences of double-charged ions are generally generated when
the second ionization potential (IP2) of an element is lower than
the first ionization potential (IP1) of plasma gas (e.g., Ar, IP1(Ar)
=15.76 eV) 136 Rare earth elements (IP2 = 10.55-13.9 ¢V) and
some alkaline earth elements (Ca, Sr, Ba and Ra, IP2 = 10.00-
11.87 V) can easily form double charged ions, such as 3Gd?**-
ISSDy24/19Ge* 187 ISOI{ IS0Tp2¢ ISOW2+/90Qp+ 188 198}yg2+
198pg2*/9Tc* 139 and so on. The interferences of double-charged
ions predominantly affect the accurate measurement of light
radionuclides. Polyatomic ion interferences including hydrides
(XH"), nitrides (XN¥), oxides (XO¥), mainly generate from
atmospheric components and sample matrices in the plasma '*.
ZSUHY, 28UHY, 2%UH," and **Mo*Ar”, for instance, can severely
interfere with the accurate measurements of 2°U™, 23Pu*, 240py*
and '3Cs* 2112 191,192 The tailing interferences primarily depend
on the abundance sensitivity of the mass analyzer. Generally, the
abundance sensitivity of a single quadrupole mass analyzer is
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typically maintained at approximately 10*, whereas the high
abundance sensitivity (10%-10'") can be achieved by tandem
quadrupole mass analyzers. Therefore, the tailing interferences are
very minor and even ignorable with the technological
advancements in ICP-MS/MS.

Strategies to overcome interferences. Based on the above
discussion, a portion of the matrix and potential interfering
components can be efficiently removed by the radiochemical
separation methods. However, these methods are often insufficient
to eliminate all interferences, especially in scenarios where the
concentration of interferences exceeds that of target analytes by
several orders of magnitude. Therefore, for the accurate
measurement of ultra-low-level radionuclides, the measurement
techniques (e.g., sample introduction system, cold plasma,
collision/reaction cell) must be used to further remove the residual
interferences.

Cold plasma and desolvation technology. Cold plasma
technology is commonly employed to mitigate interferences from
species with low ionization efficiency by reducing the plasma
ionization power. For example, the isobaric interferences of *°Zr",
7Ge'®0" and #°°Y* in the *°Sr measurement can be effectively
suppressed using cold plasma technology & '8, However, the
application of cold plasma technology may exacerbate matrix
effects and promote the formation of new interferences (e.g., NO*
and O>") due to the incomplete ionization of sample components.
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In addition, a high-efficiency sample introduction system (e.g.,
membrane desolvation system) instead of the traditional peristaltic
pump is commonly used to remove H, O, N and Cl from the
solvent and avoid the formation of polyatomic molecular ions %%
194 In the determination of trace-level 23U, when APEX-Q, a
high-sensitivity desolvating nebulizer combined with a helical
EPTFE fluoropolymer membrane desolvator with a multi-stage
Peltier-cooled desolvation system, is chosen for sample
introduction, the interference of 23UH" can be suppressed by one
order of magnitude, and the measured sensitivity of 23U can be
enhanced by 4 times compared to a conventional peristaltic pump
system ',

Collision/reaction cell (CRC) technology. In recent decades,
CRC technology has shown a great potential for removing spectral
interferences by gas-phase reactions or collisions within the cell.
The CRC system consists of an enclosed cell and an RF multipole
ion guide ' 1% and can be classified as a quadrupole CRC,
hexapole CRC, or octopole CRC according to the number of ion
guide rods. The quadrupole CRC system shows an excellent
interference elimination performance by the utilization of the
highly reactive gases (e.g., pure NH3), and can also be regarded as
a mass analyzer to separate analytes from reaction by-products. In
contrast, hexapole and octopole CRC often employ low-reactivity
gases or low concentrations of highly reactive gases to minimize
unwanted byproduct formation and instrument corrosion. When
using high reactive NHs, NH3-He mixture (10% NH3-90% He,
99.999% purity) and He (99.999% purity) are synchronically
introduced into the CRC via different inlets to avoid the formation
of excessive byproducts and the corrosion of the instrument tube.
However, the measured sensitivity of analyte is higher than that of
the quadrupole CRC due to low ion sputtering and high ion
transmission efficiency.

According to the discrepancy of the physicochemical
interactions between ions and gas molecules, the interference
elimination mechanisms of CRC technology can be classified as
collision-induced  dissociation ~ (CID), kinetic  energy
discrimination (KED), and chemical reaction. KED and CID are
usually employed to remove interferences based on non-reactive
gases (e.g., Ar, He, Xe) in the cell, where they collide with
polyatomic interfering ions, resulting in the fragmentation of the
polyatomic interfering ions or the energy loss of interfering ions.
It should be noted, however, that because CID could lead to the
significant loss of measured sensitivity, this approach has not been
widely applied for the determination of radionuclides. KED
mainly relies on the significant energy discrepancy between
polyatomic ions with the larger radii and analyte ions through
frequent collisions with collision gas (e.g., He) in the cell, thereby
eliminating polyatomic ions by establishing an energy barrier
before the second mass analyzer '?7. Notably, KED is not suitable
for removing the interferences with similar ion radii to the target
analytes. Interestingly, during collision with gas molecules in the
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cell, the axial kinetic energy of ions is initially converted to the
radial kinetic energy of ions, and then the radial kinetic energy is
pushed back toward the axial direction of ions through collisional
focusing under the RF voltage. This dynamic process undergoes
iterative repetition until an equilibrium is achieved between the
radial and axial kinetic energy of the ions. The whole process can
greatly reduce ion scattering through collision focusing, and then
the measurement sensitivity and abundance sensitivity of target
analytes are enhanced 7> 17,

Chemical reaction between ions and gas molecules within the
cell is considered the most important approach for the interference
elimination, and can be classified into on-mass mode and mass-
shift mode. When the interfering ions react with the gas molecules
while the target analytes cannot react, the target analyte is typically
chosen as the main species for the measurement, namely the on-
mass mode. Conversely, on mass-shift mode, the derivative
products formed from analytes are chosen as the main species for
the measurement. It is worth noting that the formation of new
interferences should be carefully investigated after the chemical
reaction and evaluated during method validation. Reaction gases
(e.g., 02, NO, CO2, N20, NH3s, C2H4) are commonly used for the
removal of interferences.

Oz serves as one of the most frequently used reactive gases in
CRC technology, and the primary reaction mechanism of ions and
molecules involves oxygen atom transfer, which can be
represented as M™+0,—MO*+0O—MO:", mainly attributed to the
relatively low bond dissociation energy of Oz (498 + 0.1 kJ/mol).
For the accurate measurement of °°Sr, the key interfering
species—°Zr" and "*Ge'®0O"—can react with O2 to form *Zr'°Q*
and ™Ge!%0s", respectively, whereas *°Sr* remains non-reactive
and is measured on on-mass mode 7. The respective
decontamination factors for %°Zr, *Ge and *°Y reach 1.9x10',
6.9x107 and 6.9x107 in combination with radiochemical
separation, and the detection limit is 4.6 pg/L (24.0 Bg/L) °.
Furthermore, O as the reaction gas can also be used to measure
PTc and actinides on mass-shift mode. For the determination of
PTc, the new product of ®Tc!O;" is chosen as the main species,
and the interfering ions of *®*Mo'H" can be effectively removed
with the formation of ®*Mo'°O,". But ®Ru* cannot be eliminated
since it reacts with Oz to form *’Ru'®O*. The detection limit of
PTct is 0.3 mBg/g (0.5 pg/g) '%8. For the analysis of 2’Np, which
is primarily affected by the peak tailing from 23U and the
interferences of polyatomic ions (*UH.*, 2°6Pb3'P*, 205T132S*,
202Hg35CI", etc.). When O is selected as the reaction gas, 2"Np*
can rapidly react with O2 to form 2’NpO:", enabling the accurate
measurement of 2’Np at the 1.0 fg/g level in spiked samples with
2Np/*8U atomic ratios as low as 107 %, In the analysis of Pu
isotopes, the main interferences (UH" and UH>") are converted to
UOy*, and the UH*/U" and UH>"/U" ratios can be effectively
suppressed and maintained within the range of 107°-10°!".
Meanwhile, the tailing interference from 23U is typically suppressed
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Fig. 4 Schematic diagram of ICP-MS/MS for the measurement of radionuclides (U, Th, Np, Pu, Am, Cs) using different kinds of reaction gases.

below 1x10?, and the excellent detection limits for 2°Pu (0.32
uBg/L) and 2*°Pu (2.00 uBg/L) are achieved 7> 19, Since Am can
react with Oz to form AmO™ whereas all Pu is converted to PuO>*
(Fig. 4a), the simultaneous measurement of >*'Pu and 2*' Am at the
fg-level are achieved in the sample solution, and then the cross-
interference between 2*'Pu and ?*'Am is less than 1% 2> 1,
Moreover, based on the similar chemical behaviors of Np/Pu and
Am/Cm with Oz, ??Pu and **Am can be used as non-isotopic
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tracers for the monitoring of 2’Np and 2**Cm chemical recovery,
respectively 2574200 The other reaction mechanism of ions and Oz
is charge transfer. For the accurate measurement of '2°I,
interference from '2°Xe originating from the plasma carrier gas (Ar)
has to be removed. Oz is introduced as the reaction gas to eliminate
this interference. Based on the reaction of charge transfer between
Xe and Oz, namely Xe™+02—Xe+O2" (AHr =-0.07 eV), the on-
mass mode is selected for '*I measurement !62 168 201, 202
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Meanwhile, the polyatomic interference ('’’IH2*) can also
effectively be removed by O,. The detection limit for ' was
1.05x107* Bg/g (0.017 ng/g) under optimized conditions. As a
result, this method is suitable for the determination of '2°1/'%"I ratios
ranging from (10-200)x107® across various sample matrices ' 162,

NO has a relatively high bond dissociation energy (631.6 + 0.4
kJ/mol) compared to Oz, which contributes to its highly selective
chemical reaction during the actinide determination. When NO is
introduced into the CRC, the signal intensity of background from
Z8UH" was effectively suppressed to 0.04 cps/(ng/g), while other
polyatomic interferences from other matrix elements (e.g.,
07pb160,*, 22Hg?Cl") are eliminated. The detection limit for
29Pyu(*Pu'®0") in samples containing 1 ng/g of 2*U is calculated
to be 0.18 fg/g on mass-shift mode '°7. As shown in Fig. 4b, Th*,
Np*, U, Pu*, Am*, and Cm" can react with purified NO to form
ThO*, NpO*, UO>*, PuO*, Am", and Cm"*, respectively. These
findings confirm that NO as an effective reaction gas can be used
for the simultaneous determination of multiple radionuclides 2.

CO> with the bond dissociation energy of 532.2+0.2 kJ/mol,
shows a relatively high chemical reactivity. When using CO> as a
reaction gas, uranium hydrides (UH" and UH2") are converted into
uranium oxides (e.g., UO*, UO2"), and the overall uranium
interference is reduced to <1x10%, improving by three orders of
magnitude compared to traditional ICP-MS !9, Furthermore,
when the mixture of CO; and Hzis introduced into the CRC, 38U
can be removed with a 28U/23¥Pu ratio of up to 4000. The detection
limit for 2**Pu measurement (0.75 Bq) significantly exceeds the
concentration of 2%Pu in environmental samples, making it
unsuitable for the determination of low-level 23$Pu 2,

The oxygen affinity of N2O is significantly lower than that of
other reaction gases (e.g., NO, COz, O2), making it suitable for the
determination of hard-to-react with oxygen ions. For the accurate
measurement of 22°Ra, Sr and Ba in the same group as Ra are
difficult to separate through radiochemical methods due to their
similar chemical properties. By introducing N2O into the CRC,
226Ra* reacts with N2O to form ??°Ra'®O* (m/z=242), thereby
avoiding the interferences of polyatomic ion (¥Sr'**Ba®). The
detection limit of ??Ra is 0.42 pg/L (15 mBg/L) under these
conditions ®2%, The key to the accurate measurement of '3*Cs and
137Cs is the elimination of 'Ba and '*’Ba, as their mass
concentrations are more than 8 orders of magnitude higher than
those of '33Cs and '*’Cs in environmental samples. Based on the
high oxygen affinity of Ba* with oxygen atom compared to Cs* in
N20 gas, Ba" readily forms BaO" while Cs* remains unreactive
(Fig. 4c). Consequently, isobaric interferences from '3*Ba* and
137Ba* can be eliminated using N2O as the reaction gas ¢4 2%_ In
combination with the APEX Q membrane desolvation
introduction system, the excellent detection limits of 0.002 pg/mL
for 133Cs and 0.006 Bg/mL for '*’Cs are achieved ?"7. In contrast
to Ra" and Cs", U* reacts with N2O to form both UN* and UO™.
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The reaction enthalpy (4rH) for UN* formation (-6.64 eV) is
similar to that of UO* (4rH=-6.72 eV), resulting in competition
between the formation of UO* and UN" species %> 2%, Notably,
the competition between UN" and UO" reduces the formation of
hydride. Combination with the APEX-Q system, accurate
measurement of the 23°U/?38U ratio down to 107 is achieved ',

High reactive NH3 has been widely used as an attractive reaction
gas for the determination of radionuclides. NH3 reacts with target
analytes or interfering ions through charge transfer reactions
(Ar*+NH;—Ar+NH3") or clustering reactions
(M™~nNH3;—M(NHm)n") to eliminate spectral interferences that are
difficult to resolve with other reaction gases. For the determination of
ultra-trace level plutonium isotopes, uranium and its hydrides can be
converted into U(NHm)n" and UH(NHm)»" by using NH; as a reaction
gas, thereby reducing the overall uranium interference to <2.4x1077.
Due to the focusing effect of He, the measured sensitivity for Pu
isotopes can reach 2x10* Mcps/(mg/L), and the detection limits for
2Py, 0Py, and *'Pu reach the sub-femtogram level % 112 174 In
addition, the interference of polyatomic ions (e.g., 2Pb>Cl1",
24pb37CTY, 29T13Ar", 2THg Ar", 2*Hg¥’Cl") from the sample
matrix (e.g., Pb, Hg, TI) can also be effectively removed by the
reactions with NH3 (Fig. 4d) 2%,

Recently, hydrocarbon (CnHm) as a novel reactive gas has been
used for the determination of radionuclides. The reactions of CnHm
with actinides are systematically investigated using FTICR/MS,
revealing that unsaturated hydrocarbons exhibit higher reactivity
compared to alkanes 2'°. The collision reactions of U, Np, Pu, and
Am with C2Hs are investigated using ICP-MS, and the results
indicate that the signal intensity of U and Np significantly
decreases with increasing C2Ha flow rate. This phenomenon can
be attributed to possibly chemical reactions (An*+CyHs
—An(C;Hz)*+H; (An=U, Np)) ?!!. Based on its high chemical
reaction performance with U (Fig. 4e), CoHs can be used to
eliminate the serious isobaric interference of 28U for the 2*¥Pu
measurement. The decontamination factor for 28U" (6.63 x 10°)
by using C2H4 surpasses that of NH3 by one order of magnitude.
When methods, the
decontamination factor for 2%U* reaches 1.21x10', enabling

combined with  radiochemical
complete removal of 28U during the >**Pu measurement by ICP-
MS/MS. The detection limit of 23¥Pu is 0.12 fg/L (0.08 mBg/L)
under these optimized conditions, indicating the feasibility of ICP-
MS/MS using C2Ha for the accurate determination of ultralow-
level plutonium isotopes '%.

The detection limits for radionuclides are strongly influenced by
multiple factors, including the type of ICP-MS, the selection of
collision/reaction gas, sample matrix composition, measurement
method (e.g., LSC, a spectrometry) and their counting time.
Various detection methods used for radionuclide measurement are
summarized and presented in Table 3.
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Table 3. Comparison of different measurement methods of radionuclides and their detection limits

Radionuclide Measurement Collision/Reaction Sample Detection limits Measu‘remfent Refs
method gas /Counting time
LSC — Milk 2.83 Bq/L (0.54 pg/L) 30 min [212]
LIS ICP-MS/MS He+O, Seawater 24.0 Bq/L (4.6 pg/L) — [76]
ICP-DRC-MS 0, Soil 1.0 Bq/g (0.2 pg/g) — [160]
ICP-MS/MS CO, Urine 0.14 Bq/L (274 fg/mL) — [213]
ICP-DRC-MS 0, seawater 5.9 mBg/L (9.3 pg/L) — [214]
PTe ICP-MS — Seawater 7.5 mBg/m® (11.5 pg/m®) — [148]
LSC — Water samples 0.08 Bq/L (127.39 pg/L) 2h [19]
radioactive waste
1oy LSC — reams 20 mBq (3.1 ng) 5h [215]
ICP-MS/MS 0, Environmental sample 11 mBqg/L (1.7 ng/L) — [201]
NAA — radioactive and 0.20 mBq (4.69 pg) >24h [216]
135Cs radwaste samples ’ 1867 pe
ICP-MS/MS N,O Waste samples 1.32 uBq/g (31 fg/g) — [23]
Water and Geological o
226 _
Ra ICP-MS/MS N,O Samples 15 mBg/L (0.42 pg/L) [8]
By ICP-MS/MS He+0O, Water, Urine 0.40 mBg/L (1.75 pg/L) — [166]
NAA — Environmental sample 0.01 mBq (3.84 pg) >21h [217]
INp o spectrometry — K”TcO, raw material 3.60 Bq/g (0.01 ng/g) 22h [218]
ICP-MS — Urine 0.04 mBg/L (1.5 pg/L) 0.1h [219]
ICP-MS/MS He+0, Urine 0.03 uBg/L (1.03 fg/L) 10 min [25]
o spectrometry — Soil, Sediment 0.05 Bg/kg (78.99 fg/kg) 3 days [220]
“Pu o spectrometry — K”TcO, raw material 4.10 Bg/g (6.47 pg/g) 22h [218]
ICP-MS/MS He+C,H, Urine 0.08 mBg/L (0.12 fg/L) 10 min [103]
ICP-MS/MS He+NH; Sediment 0.40 uBq (0.16 fg) [112]
Pu ICP-MS — Soil, Sediment 2.50 mBg/L (0.54 pg/L) — [220]
ICP-MS/MS He+0, Urine 2.71 uBq/L (1.18 fg/L) — [25]
ICP-MS/MS He+CO, Env1rogmental and 2.10 uBq (0.93 fg) for — [105]
Forensic Samples 3.0 mL sample solution
ICP-MS — Soil, Sediment 7.85 mBq/L (0.47 pg/L) _ [220]
2op ICP-MS/MS HetO, Urine 5.85 uBq/L (0.69 fg/L) 10 min [25]
u 1 E—
[CP-MS/MS He+CO, Env1rogmental and 5.2 uBq (0.62 fg) f<'>r 3.0 [105]
Forensic Samples mL sample solution
ICP-MS/MS NH; Urine 8.14 uBq (0.97 fg) — [174]
LSC - K”TcO, raw material 710 Bg/g (186 pg/g) 30 min [218]
141py LSC — Soil, Sediment 41 Bq/kg (10 pg/kg) lh [220]
ICP-MS — Soil, Sediment 3.09 Bq/L (0.41 pg/L) — [220]
ICP-MS/MS He+C,Hy Urine 0.88 mBg/L (0.22 fg/L) 10 min [103]
ICP-MS/MS He+0, Water, Urine 77.65 mBg/L (0.65 pg/L) - [166]
UIAm ICP-MS/MS NH; Urine 0.19 mBq (1.46 fg) — [174]
o spectrometry — Reference material 20 uBg/g (0.15 fg/g) 2-5 days [221]
ICP-MS/MS He+O, Soil/sediment 2.2 uBq/g (0.02 fg/g) — [173]
o spectrometry — K”TcO, raw material 2 Bq/g (0.67 pg/g) 22h [218]
#Cm ICP-MS/MS NH; Urine 2.16 mBq (0.74 fg) — [174]
ICP-MS/MS He+O, Urine 0.09 mBq (0.03 fg) — [25]

Technical limitation of CRC. Based on the published reports, CRC

CRC technology has shown exceptional performance in
interference elimination and sensitivity enhancement for the
applications of mass spectrometry. However, the limitation of
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technology affects

the accurate

measurement  of
radionuclides, is still unresolved, mainly including the inherent
shortage of collision cell design and the selection of reaction gases.
KED is primarily used to remove the interferences through the
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physical ion-molecule collision in the CRC. The inherent shortage
is the contradiction between the removal efficiency of
interferences and the measured sensitivity of the target analyte.
The collision probability between ions and gas molecules typically
follows a Poisson distribution, whereby increasing the gas flow
rate can improve the removal efficiency of interferences by
elevating collision frequency. However, this can cause the
excessive kinetic energy loss of analyte ions, resulting in the
decreasing of measured sensitivity. On the contrary, the lower
collision frequency can obtain better measured sensitivity of
analyte ions, but lead to the low removal efficiency of
interferences and the poor detection limits. The influence of
inherent limitation of collision cell on light-mass ions is greater
than that of heavy-mass ions. For instance, the energy loss of *°Sr
(57 %) and %I (45 %) is higher than that of 23U and ?°Pu (28 %)
after ten collisions with 6 mL/min He, according to the energy
calculation formula '%7. Furthermore, the isobaric interferences
with a similar collision interface with the target analyte cannot
effectively be resolved by KED.

In addition to physical collision-based interference elimination,
the other critical elimination interference mechanism is chemical
reaction between ions and gas molecules in CRC. However, some
issues (e.g., low reaction rates, complicated reaction products) can
lead to the low measured sensitivity of target ions or the low
decontamination factor for interferences. Generally, specific
reaction gases are used for specific interfering ions and target ions.
Therefore, the selection of suitable reaction gas is the key to
remove interferences and improve of measured sensitivity. For
instance, when C;Hj is used as a reaction gas for the *Tc
measurement, the interference of Ru can react with C2Ha to form
some products with higher mass-to-charge ratio (unpublished
data). While *Tc" can also react with C2Hs to produce various
kinds of species, resulting in a significant reduction in measured
sensitivity of *Tc (unpublished data). Moreover, the reaction gas
could also react with carrier gas or matrix elements to form new
interferences. Under NH3 mode, NH3 reacts with H to form NH4*,
NHs*, and (NH4)," cluster ions (e.g., NH4(NH3)2*), which could
interfere with the measurement of >Mn*.

Another significant limitation of CRC technology is the
insufficient capacity for simultaneous determination of multiple
radionuclides. The determination of different elements often
requires different kinds of reaction gases, resulting in the
complicated chemical processing and instrument operational
procedures (e.g., measurement mode and parameter adjustment).
Currently, only few researchers have successfully utilized CRC
technique for the simultaneous analysis of multiple radionuclides.
Peng et al. » have measured transuranium nuclides (*’Np,
239.240241py - 241Am, and 2**Cm) in the same run based on their
different reaction rates with O, and the lower cross contamination
of 'Pu and *'Am (<1%) is achieved under O mode.

https://www.at-spectrosc.com/as/article/pdf/2025286

Furthermore, the purity of reaction gases used in the CRC could
also impact the accurate measurement of radionuclides. For
example, purification of NO prior to the CRC can provide a 3-
times increase in measurement sensitivity for Np and Pu compared
to unpurified NO 2%,

AUTOMATIC SEPARATION OF
RADIONUCLIDES FOR
ONLINE/OFFLINE DETECTIONS

Due to the advantages of online sample purification, low sample
consumption and the satisfactory reproducibility, automatic
separation approaches of radionuclides, including sequential
injection (SI) (Fig. 5a), flow injection (FI) (Fig. 5b), multi-
commuted flow injection (MCFI), multi-syringe flow injection
(MSFI), lab-on-valve (LOV) (Fig. 5c), have been widely
applicable in radiochemical analysis for environmental
monitoring, emergency preparedness and nuclear waste. Among
them, FI analysis is considered an efficient and universal chemical
separation method, and can automatically control the flow rate,
volume, timing and processing conditions.

With the rapid development of ICP-MS, the demand for its
online measurement of radionuclides is increasingly pronounced.
The online separation and measurement of radionuclides can be
achieved in combination with the automatic separation system and
ICP-MS 226228 In 1986, Thompson et al. firstly combine a FI
system with ICP-MS for the simultaneous determination of 15
elements %, Hollenbach et al. demonstrate the application of FI-
ICP-MS for the simultaneous determination of **Tc, 2°Th and
2%Th in soil samples 2¥. These target radionuclides are
automatically separated using an FI system equipped with TEVA
and TRU resin columns before being directly introduced into the
ICP-MS for measurement. An FI-ICP-MS system enables
complete Pu isotopes in urine assay within 15 min, achieving the
accurate determination of Pu isotopes with a detection limit of 0.2
mBg/L for 2*°Pu and 2*°Pu 2?7, Similarly, FI-ICP-MS achieves the
rapid determination of low-level *Tc in soil with a detection limit
of 50 mBg/L *Tc and an analytical turnover time of 3-5 h 2%,
Similarly, FI-ICP-MS technique demonstrates efficacy not only in
improving measured sensitivity and reducing detection limits, but
also in mitigating spectral and non-spectral interferences while
concurrently shortening total analytical duration.

In numerous applications, on-site or in-situ radionuclide
measurements—especially  trace level radionuclides—are
increasingly preferred. However, the FI-ICP-MS system is mainly
applied for the laboratory-based analysis and remains poorly
suited for on-site or in-situ monitoring. In addition, a few attempts

are to develop an automated precipitation processing system that
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AIR: port for air aspiration; C1-4: extraction chromatographic
columns; E1-4: port for eluate collection; INV1-2: injection
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peristaltic pump; R1-8: reagents for column separation; S1-4:
samples no. 1-4; WS: waste
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Fig. 5 Schematic demonstration of the sequential injection system (a) >, flow injection with multisample processing (b) >3, Lab-on-valve bead injection

system (c) ?** and the automated pre-treatment and separation system (d) .

integrates complete automated filtration and retention of
precipitates (as illustrated in Fig. 5d). Consequently, significant
challenges persist in applying flow techniques to on-site or in-situ
monitoring, including automated sample pretreatment processing
(e.g., acid digestion, precipitation), highly selective purification
methods, sufficiently low detection limits, as well as the compact
and flexible system.

CONCLUSIONS AND PERSPECTIVES

The analytical methods of long half-life natural and artificial

radionuclides for pre-treatment, chemical separation, and
measurement in environmental, biological, and nuclear waste
samples are comprehensively reviewed and critically compared.
Current researches mainly focus on high-selectivity separation

methods for radionuclides and precise mass spectrometry

https://www.at-spectrosc.com/as/article/pdf/2025286
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techniques. Ion exchange and extraction chromatography are
widely used in a manual and automatic instrument based on the
single column separation or multi-column separation. The key
issue how ion exchange or extraction chromatography resins are
selected for the highly efficient separation radionuclides is
discussed in the article. Although radiometric measurements using
a-spectrometers and LSC are easy and cost-effective, long
counting times are always needed for accurate quantification due
to the relatively poor detection limits. For the precision and
accuracy analysis of ultra-low level radionuclides, with detection
capabilities ranging from 10716 g to 1015 g, the application of CRC
technology on the ICP-MS is widely used with the advantages of
excellent detection limits. The selection and optimization of
reaction gases must be prioritized to improve the capability of
interference suppression, particularly in addressing challenges
such as isobaric interferences elimination and multi-radionuclide
simultaneous measurement, as well as the improvement of
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measured sensitivity.

In response to radiological or nuclear emergency events, such
as nuclear accidents and potential nuclear terrorism scenarios, the
need for in-situ measurement of low and ultra-low-level
radionuclides becomes even more pronounced. The in-situ
measurement techniques for solid samples, such as laser ablation-
ICP-MS/MS (LA-ICP-MS/MS), are mainly applied in earth
sciences, life sciences, materials science, and environmental
sciences, with the detection limits generally ranging from ppb to
ppm. However, the limitation of in-situ measurement of low and
ultra-low level radionuclides in solid samples mainly contain
matrix effect, elemental fractionation, measured sensitivity,
isobaric interferences, as well as polyatomic ion interferences. To
address these limitations, the combination techniques of CRC
technology with LA-HR-ICP-MS or LA-MC-ICP-MS offer a
promising solution for in-situ measurement of low level
radionuclides in solid samples. With the development of this
technique and commercialization of instruments, it is anticipated
that this approach will emerge as a popular and routinely adopted
in-situ analytical method for the determination of low and ultra-
low level radionuclides in the near future.
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