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In this study, we developed an advanced mass spectrometry method for

simultaneous analysis of important Pu isotopes (238,239,240,241Pu) using triple quadrupole ICP-MS/MS
by employing the ion-molecule reaction separate U-238 and Pu-238, which was previously difficult to
be measured. By introducing a desolvation sample introduction system, we succeeded in increasing 10
times the sensitivity of Pu isotopes and suppressing the production of uranium hydride, we achieved
the detection limit of fg level in on-mass mode. We have established a rapid analytical method for
small volume seawater and developed a new low-temperature fusion method for environmental and
nuclear decommissioning samples. By combining these new sample preparation techniques with the
developed ICP-MS/MS detection, a rapid Pu isotope mass spectrometry method for environmental samples
and decommissioning related waste samples was established.
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Scientific background for the research

Essentialy all the Pu found in the environment is of anthropogenic origin, such as atmospheric
nuclear weapons testing, reprocessing of nuclear fuel, and releases from nuclear accidents, of the past
decades. Due to the high radiological toxicities and very long radioactive half-lives, Pu isotopes are
regarded as highly hazardous contaminants in the environment, and the most frequently monitored Pu
isotopes are 238Pu, 23%Pu, 2°Pu and 2*Pu with half-lives of 87.7 y, 24110 y, 6561 y and 14.4 v,
respectively. From the viewpoint of radiation protection, 23*Pu and *'Pu have been assigned as the
most principle Pu isotopes contributing to the dose from external exposure from deposition for a
reactor accident (IAEA, 1997).

Activities of 23*290py and 2%®pu varied significantly (more than one order of magnitude) in
environmental mediums, for example, the typical global fallout 23%+24°Py activity ranged from 0.15 to
4.31 mBg/g in Japanese soils before the Fukushima Daiichi nuclear power plant (FDNPP) accident
(Muramatsu et al. 2003), thus, if only Pu activities were measured, it is hard to identify and assess any
accident-derived new Pu input into the environment. It was well-known that Pu isotopic compositions
(ratios of 238Pu/23%+240py, 240py/239Py and 241Pu/23°Pu) vary significantly in the environment depending
on the emission source (Zheng et al., 2013), the Pu isotopic ratio, therefore, has been used as a
fingerprint for contamination source identification. After the FDNPP accident, the released Pu isotopes
have been detected in various environmental mediums in our previous study (Zheng et al.2012) and
by other groups (Yamamoto et al.2014; Sakaguchi et al.2014; Shinonaga et al.2014). Although the
amounts of Pu isotopes released were small (almost 4 orders of magnitude lower than those released
from the Chernobyl accident), knowledge on the distribution and long-term environmental behavior
areimportant for strengthening radiological preparedness of future nuclear disasters. In addition, large
amounts of contaminated materials have been accumulated during the environmental decontamination
operations since 2011, information on the actinides, especially Pu contamination levelsis essential for
the strategy of their final disposal. Furthermore, for the disposal of radioactive wastes generated from
nuclear reactor decommissioning, obtaining information on the activity and isotope compositions of
Puisinevitablefor radiation dose assessment. All these studies have led to arapidly increasing demand
for reliable and rapid analysis of Pu isotopes (238Pu, 23°Pu, 24°Pu and 2*'Pu) in different environmental
mediums.

Conventionally, alpha spectrometry has usually been used for Pu (238py, 23%+240py) measurement in
various environmental samples. This method, however, normally requires a tedious chemical
separation procedure and long counting times (days to weeks). Moreover, apha spectrometry cannot
distinguish 2%°Pu and 2*°Pu due to the closeness of the alpha radiation energies (5.16 MeV and 5.17
MeV for °Pu and ?*°Pu, respectively), so it cannot provide isotopic composition information. In
contrast, mass spectrometry, especialy ICP-M S, as an atom-counting approach, is gradually replacing
alpha spectrometry as a main-stream technique for Pu isotopic analysis. However, as Pu is often
concomitant with a large (5-10 orders of magnitude) excess of U in environmental matrix, which
clearly obscures the determination of 2%Pu using any mass spectrometer due to the isobaric
interference from 238U. The required resolution power to overcome U/Pu isobaric interference is
around 190000, which is beyond the actual possibilities of any mass spectrometer. So far, thereis no
established mass spectrometric method for simultaneous determination of these hard-to-measure 2Py,
239py, 24Py and 2#*Pu in environmental mediums.

To overcome the U/Pu isobaric interference for 2%8Pu analysis, a promising approach is the in-situ
interference resolution using ion-gas molecule reaction in collision/reaction cell devices. The choice
of an appropriate reactant gasis based on the different behavior between the analyte and the interfering
species with respect to the considered gas. Recent studies have shown the different behaviors of U and
Pu towards CO,, NH3 and C;H4 reaction gases in collision/reaction cell (Tanner et al. 2004; Epov et
al. 2005; Gourgiotis et al. 2010). In this study, these novel in-situ isobar separation processes
combined with advanced sample preparation techniques for removing sample matrix and interference
elements will be applied to the development of a mass spectrometric method for simultaneous
determination of the hard-to-measure Pu isotopes in various environmental mediums.

Aims of the study
This study aims to development of mass spectrometric method for simultaneous determination of
the hard-to-measure Pu isotopes (?%8-24'Pu) in various environmental mediums, such as contaminated
soil, sediment, seawater, vegetation, and radioactive wastes generated from the nuclear reactor
decommissioning, for instance steel and concrete samples. For this purpose, effective chemical
separation procedures prior to mass spectrometric measurement and the in-situ isobar interference
resol ution techniques need to be devel oped.

Research methods
Mass spectrometric determination of 28Pu has long been a great challenge. In this project, an ICP-
MS/M S method will be explored to realize simultaneous determination of 228Pu, 22°Pu, 2“°Pu and 2**Pu



in environmental mediums. To accomplish this purpose, in-situ ion-gas molecule reaction technique
will be tested to resolve U/Puin ICP-MS/MSS, and several new approaches will be adopted to improve
ICP-MS/M S sensitivity to realize ultra-trace Pu analysis comparabl e to that of SF-ICP-MS. Therefore,
the following aspects will be elucidated.

(1) Study on the ion-molecule reactions between U/Pu ions and reaction gas to identify the best
collision/reaction cell parametersfor
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anaysis (Bandura et al. 2006). In
this research project, we will
investigate the ion-gas reactions between U*, UH* and reaction gas, CO, in an octopole reaction cell
installed in a triple-quadrupole ICP-MS/MS. A schematic diagram of U*, UH* separation using CO»
reaction gasin ICP-MS/MSisshown in Figure 1. Theresidue U in the Pu sample solution is separated
from Pu with the reaction to form UO* species, thus being rejected by the second quadrupole mass
filter to realize the mass spectrometric determination of 2%Pu, which has long been a great challenge
inthefield of radioanalytical chemistry. The flow rate of reaction gasis crucially important to remove
U* by the formation of UO*, and to control the signal loss of Pu* by decreasing the PuO* formation.
Thus, gas flowrate and reaction cell parameters will be optimized in this research.
(2) Study on the sensitivity enhancement of ICP-M S/IMSfor ultra-trace level analysisby combine high
efficiency desolvation sample introduction system. In our previous study on fission products **Cs and
187Cs analysisusing ICP-MS/MS, we found that the hyphenation of a desolvation sample introduction
system (APEX-Q) resulted in a 10-fold sensitivity improvement (Zheng et al. 2016). In this research,
we will test the APEX-Q desolvation sample introduction system for the potential sensitivity
improvement for actinides, Pu isotope analysis. The goal isto achieve asimilar sensitivity of the SF-
ICP-MS, thusto realize Pu analysis at ppq (fg/ml) level.
(3) Development of new sample digestion method for environmental samples (soil/sediment) and for
nuclear decommissioning wastes, such as steel and concrete, and establish effective chemical
separation/pre-concentration method to separate sample matrix and interfering elements, especially U.
Nuclear decommissioning waste samples consist of different matrix from the conventional
environmental samples, such as soil, sediment etc. The standard digestion method for Pu release from
those sample matrix was not available in Japanese radioactivity measurement guideline (

), therefore, besides the conventional acidic digestion, new methods such as novel
fusion techniques will be investigated.
(4) Validation of the developed methods by analysis of reference materials (soil, sediment, seawater
etc.), and application analysis for environmental samples (seawater and marine sediment in Japanese
coast) and simulated nuclear decommissioning samples.

Fig. 1 Diagram of U" and UH" separation using CO, reaction gas in ICP-MS/MS.

Reaults
During the three years project study, we achieved
the following important results. 100000
(1) in-situ ion-gas molecule reaction technique to
resolve U/Pu in ICP-MS/MS

We combined the APEX-Q membrane desolvation
sample introduction to the ICP-MS/M S instrument
(Agilent 8800) to optimize the in-situ ion-gas
molecule reaction technique to resolve U/Pu. The
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collision/reaction cell via the fourth cell gas line.
Figure 2 shows effects of CO. flow rate on 238U
intensity, 2°Pu intensity, and the formation of
28Y0* and Z°PuO* evaluated using a 2°Pu
standard solution (4.5 ppt) and an ICP-MS tune
solution containing 238U at different concentrations (0.02, 0.05 and 0.1 ppb). With the increase of CO;
flow rate, the formation of 28UO* and °PuO* was immediately observed. Under the optimized cell
condition, the different reactivity observed for U and Pu towards CO; gas led it possible to measure
238py because the signal intensity of 238U decreased quickly with theincrease of CO, gasflow rate. As

On-massmode: Q1 238; Q2 238
Mass-shift mode: Q1 239..242; Q2 (PuO¥)

Fig. 2 Effects of CO, flow rate on intensities of U and Pu, and
the formation of UO* and PuO*.



shown in Fig. 2, the signal intensity of 20 ppt 23U in Pu solution dropped more than 4 orders of
magnitude to ca. 2 cps, when CO; gas flow rate was increased to 60 % (0.6 mL/min), while the signal
intensity of Pu just decreased ca. 60 %. This ion-gas molecule reaction amost eliminated the
interference of 238U for the detection of 28Pu using on-mass mode, that is setting both Qland Q2 to
mvz = 238, when 238U concentration is less than 20 ppt. Since the signal intensity of PuO* is higher
than Pu*, mass-shift mode could be employed for the detection of 239240.241242py jsptopes. For
environmental samples, we have developed effective chemical separation methods to separate U from
Pu, and the residue 23U concentration is normally less than 10 ppt in the final Pu solution prior to
ICP-MS/MS measurement (see details in section (3)), therefore, by combining effective chemical
separation techniques, the developed APEX-ICP-MS/IMS system demonstrated great capacity to
realize simultaneous determination of important Pu isotopes, including 23Pu.

(2) Senditivity enhancement and detection limits of Pu isotopes

Dueto the improvement of sample transport efficiency and minimizing PuO* formation in the plasma,
asignificant sensitivity enhancement could be expected by using desolvation sampleintroduce device.
Using a2y standard solution, we compared the sensitivity of Pu and U isotopes achievable with |CP-
MS/MS and APEX-ICP-MS/M'S under no-reaction gas condition. We found that a 10-fold sensitivity
enhancement was achieved with APEX-ICP-MS/MS. For 1 ppb 238U (or Pu) standard solution, the
highest sensitivity up to 3M cps was obtained, which is comparable to that of SF-ICP-MS. When CO»
gas was introduced, at a low rate of 0.6 mL/min, similar to the no-gas mode, a 10-fold sensitivity
improvement still remained with APEX-ICP-MS/MS. On the basis of the definition of 3o of the blank
solution, for 2%8Pu, adetection limit of 3.7 fg/ml was obtained under on-mass mode detection; for 2°Pu,
20py and 2*1Pu, detection limits of 1.4 fg/ml, 2.9 fg/ml and 1.1 fg/ml, respectively, were achieved
under mass-shift mode detection. And for the purpose of just analysis of 23°Pu, 2*%Pu and 2*'Pu in
samples, APEX-ICP-M S/M S without using reaction gas achieved much lower detection limits of 0.29
fg/ml, 0.09 fg/ml, and 0.05 fg/ml, respectively. These detection limits are ca. one order of magnitude
lower than those obtained with using CO- reaction gas, and comparable to the SF-ICP-M S detection
limit.

(3) Development of novel chemical separation methods
Rapid chemical separation method for small-volume seawater Pu isotope analysis

In order to assess the impact of the Fukushima accident derived Pu isotopes on seawater, a new
analytical method to rapidly determine
Pu isotopes in seawater including i ¥ i g
Fe(OH), primary co-precipitation, g‘ - ¥ R i
CaF,/LaF; secondary co-precipitation 4. 1{J ?ai e
and TEVA+UTEVA+DGA extraction o P = —
chromatographic separation and |CP- = :
MS detection was established (Fig. 3). , . S S
High concentration efficiency (~100%) S p [ T Skaceats |
and high U decontamination factor - TS ST e~ L Bt |
(~107) were achieved. The plutonium
chemical recoveries were 74-88% with
the mean of 83+5%. The precisions for
both 2*Pu/23°Pu atom ratios and 23%+240Py activity concentrations were less than 5% when 15 L of
seawater samples with the typical 23%+240Py activity of the Northwest Pacific were measured. It just
needs 12 hours to determine plutonium using this new method. This method has been successfully
applied to the study of Pu contamination impact in coastal seawaters collected within two months after
the FDNPP accident.

Low-temperature fusion for rapid determination of Pu isotopes in environmental samples

Two fusion methods were established for rapid determination of Pu in soil and sediment samples.
The methods consisted of NH4HSO, or NH4HF; fusion procedures incorporated with procedures for
CaF,/LaF; co-precipitation, extraction chromatography and ICP-M S measurement (Fig. 4). Thefusion
procedures were done on a portable hot plate instead of in a cumbersome muffle furnace and took only
15 min heating-up time from room temperature to 250°C and 15 min fusion time at 250°C. Chemical
recoveries of Pu after completing the NHsHSO4 and NH4HF, fusion methods for 0.5-1 g sample were
approximately 70% and more than 90%, respectively. Sediment samples were pre-ignited at different
temperatures ranging from 450 °C to 1000 °C to form refractory fractions of Pu, with which the
dissolution rates of Pu by the NH4HSO4 and NH4HF; fusion were investigated. With the increase of
pre-ignition temperature of the sediment samples, the dissolution rates of Pu from the samples
prepared by NH4HSO, fusion declined dramatically from near 100% for 450 °C to 8% for 1000 °C. In

Fig. 3 Rapid chemical separation for small volume seawater
Pu analysis.
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HNOs-HF dig&stion is realized for rapid Pu Fig. 4 Low-temperature fusion methods for rapid Pu analysis.
determination in environmental samples for nuclear emergency response and application in
environmental studies.

(4) Validation of the development mass spectrometric method

To assess the accuracy and applicability of the developed low-temperature fusion using NHsHF
combined to APEX-ICP-M S analytical method for ultra-trace level Pu in environmental samples, two
sediment reference materials, namely |AEA-384 (Fangataufa Lagoon) and IAEA-385 (Irish Sea) were
analyzed. The measured 23**240Py activities were 103.1+ 8.8 mBg/g and 3.07+ 0.16 mBg/g for IAEA-
384 and |AEA-385, respectively, and agreed well with the certified values of 103-110 mBg/g and 2.89-
3.00 mBg/g. Isotope ratios of 2*°Pu/3°Pu measured were 0.050+ 0.002 and 0.180+ 0.019 for IAEA-
384 and |AEA-385, respectively, also agreed well with values reported in the literature. These results
demonstrated that the APEX-ICP-MS/MS analytical method combined with rapid low-temperature
fusion sample preparation provided sufficient sensitivity and accuracy for ultra-trace Pu isotopes in
environmental samples.

(5) Application analysis of environmental samples and simulated nuclear decommissioning samples

Determination of Pu isotopesin marine sediments oo .
The developed NH4HF, low-temperature fusion method | REEREH
combined with the APEX-ICP-MS/MS detection was
applied to the determination of Pu isotopes in Japanese
coast sediment samples collected off Hokkaido, Aomori,
Kagoshima, Niigata, Shimane, Ishikawa, Fukushima and
Shizuoka after the FDNPP accident. Fig. 5 shows the
comparison of %240y activity concentrations measured r i3 -
by APEX-ICP-MS/MS and APEX-SF-ICP-MS. These F TS
measurement results agreed very We”, demonstrati ng the Fig. 5 Comparison of 239*24°Py activities measured
reliability of the developed APEX-ICP-MS/MS analytical o IEENENE R SEED A
method. A range of 24°Pu/?*Pu atom ratio (0.205-0.269) found in surface sediments off Japanese coast
after the accident was comparable to those ranges of 0.201-0.249 observed in Japanese estuaries and
0.150-0.281 in the western North Pacific and its marginal seas before the FDNPP accident, indicating
that Pu contamination from the accident are negligible in the coast sediments.

Determination of Pu isotopesin simulated nuclear decommissioning samples. concrete and steel

The applicability of the developed APEX-ICP-MS/MS analytical system for the determination of Pu

isotopes in nuclear decommissioning samples was demonstrated by the analysis of concrete and steel
samples. For concrete, samples were pulverized to about 80 mesh, then a sample of about 1 g was
weighed and put into a Teflon vessel (120 mL). After adding 28 fg 2*°Pu, the concrete sample was
ashed at 1000°C for 4 hoursin amuffle furnace for 4 h. After cooling, 0.57 pg 2*?Pu tracer was added.
Then, the developed low-temperature fusion was employed to digest the sample and followed by
extraction chromatographic separation to prepare sample for APEX-ICP-MS/M S measurement. High
recovery of 83-87% of 2*?Pu and high dissolution rate of added 2°Pu (97-98%) were obtained. For
steel samples, we developed arapid acidic digestion method using HCI-HNO3s-NH4HF,. Steel sample
(1g) spiked with 0.57 pg ?*?Pu tracer was digested for 40 min in a hot plate, then followed by
LaFs/CaF, co-precipitation-extraction chromatographic separation prior to APEX-ICP-MS/MS
measurement. A satisfactory Pu recovery of 78+ 3% was obtained. These results demonstrated the
reliability of the developed APEX-ICP-MS/MS based analytical method for rapid analysis of trace
level Pu isotopes in nuclear decommissioning samples.
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