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Abstract

- Wei Wen' - Wei Quan? - Liang Du' - Ping Wang" - Jinxian Lin' - Yun Xie' -

Plutonium is one of the key radionuclides in nuclear decommission. In this study, a rapid method was developed to analyze
Pu for concrete samples using total digestion, CaF,/LaF; coprecipitation, extraction chromatography using TEVA and
DGA resins, and ICP-MS measurement. The whole analytical process can be achieved within 2 days, with sufficiently high
decontamination factors of interfering elements and high Pu chemical recovery (57-93%). The high throughput (22
samples/2 days) and low LODs (0.008 mBq g~ for **°Pu and 0.02 mBq g~ for **°Pu) allow this method to effectively

detect low level Pu contamination in concrete samples.
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Introduction

In the decommission of a nuclear facility or a nuclear
accident site, various types of building materials need to be
disposed, e.g. bio-shielding concrete and steel waste.
Before the establishment of an appropriate disposal strat-
egy, a field investigation should be conducted to assess the
inventory and the corresponding distribution of the target
radionuclides, including fission products and actinides. In
contrast to the short-lived fission products which can be
determined directly by radiometric measurement, the
determination of actinides is more challenging due to their
long half-lives and relatively low concentrations, especially
for transuranium nuclides. Plutonium is one of the key
nuclides in decommission not only due to its radioactivity
and toxicity, but also due to the long half-lives which
enable its presence after thousands of years since its burial.
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In the bio-shielding concrete material which typically
contains pg g~ level uranium, *’Pu can be formed via the
following nuclear reaction [1]:

2380y, y)239U2352;B’ 29Np 2-3%B’239Pu

It is thus essential to assess the concentration of Pu
before the disposal of concrete waste. In the literature,
dozens of methods have been reported to analyze Pu iso-
topes for soil and sediment [2—8]. However, these methods
are mainly intended for environmental Pu originated from
global fallout. In the case of determining Pu for decom-
mission concrete samples; the requirements on chemical
separation are somewhat different. Firstly, the Pu activity
in decommission concrete sample is much higher than
environmental level and smaller sample size can be used
for analysis. Secondly, Pu in the concrete might be in the
form of silicate or hot particles and a complete digestion of
the sample is required. Thirdly, hundreds of samples need
to be analyzed to obtain a full picture of its distribution; a
method with high throughput and short turnaround time is
preferred. These reported methods for environmental Pu
analysis might not be employed directly to analyze Pu for
decommission concrete. In the literature, however, only
several methods were specially developed to analyze Pu in
concrete [1, 9, 10]. For example, Weinreich et al. [1].
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reported a method for concrete by combining Pu dissolu-
tion using HNO;—HF-H3;BO5; method, Pu separation using
Biorad 1 x 2 resin and Eichrom UTEVA resin, Pu mea-
surement using alpha spectrometry. Qiao and Hou [10]
reported a method to determine Pu fractionations in con-
crete samples by sequential extraction procedure using
various reagents, which were subsequently separated by
ionic exchange chromatography and measured by alpha
spectrometry. Maxwell et al. [9] reported a simultaneous
method to determine actinides in concrete and brick sam-
ples by employing NaOH fusion, LaF; coprecipitation,
extraction chromatographic separation using Eichrom
TEVA, TRU and DGA resins and alpha spectrometric
measurement. It should be noted that all above mentioned
methods used alpha spectrometry for Pu measurement,
which usually takes days for measurement. Although their
chemical separation was rapid, the long counting time
decreased the data acquisition efficiency.

In this study, attempt was made to develop a rapid
method to analyze Pu in decommission concrete samples
by inductively coupled plasma mass spectrometry (ICP-
MS) which is known for its high sensitivity and short
measurement time. Due to the different characteristics of
alpha spectrometry and ICP-MS, the sample preparation
processes for both techniques are different. For example,
the chemical separation for ICP-MS measurement should
remove elements such as U, Pb, Tl, Pt, Hg and Bi, to
eliminate the spectral interferences on Pu determination
[11]. While the interfering elements for the determination
of Pu using alpha spectrometry are Am, Po, Th, Ra, Pa and
U [12]. In addition, elution reagents of Pu in ionic or
extraction chromatography for alpha spectrometry which
contain metallic reduction reagents (e.g. Fe*" and Ti’")
might not be compatible with ICP-MS measurement [11].
In present study, on a basis of our previous reported
method for the determination of Pu in soil and sediment by
ICP-MS [11], modifications were made to meet the
requirements in determining Pu isotopes for decommission
concrete samples. After the evaluation by analyzing two
quality control materials IAEA-384 and IAEA-385, the
developed method was applied to analyze actual decom-
mission concrete samples.

Experimental
Instrumentation
A milling machine (Pulverisette 5, Fritsch, Germany) was
employed to crush the concrete samples. A centrifuge
(Avanti J-E, Beckman Coulter, IN, USA) was utilized to

achieve coprecipitation. The extraction chromatographic
separation was conducted on a 24-hole polycarbonate
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vacuum box (Eichrom, IL, USA) which was coupled with a
vacuum pump (N820.3 FT.18, KNF, Freiburg, Germany).
Pu isotopes were determined by a sector field ICP-MS
(Element XR, Thermo Scientific, Bremen, Germany)
which used a scott type spray chamber as the sample
introduction system. For the Pu analysis of low level
concrete samples (e.g. samples analyzed in this study), the
ICP-MS instrument can be placed in an open space.
However, for the analysis of concrete samples with high
level Pu contamination, it is suggested that the sample
introduction apparatus and waste solution container of the
ICP-MS instrument should be contained in fume hood,
from the aspect of radiation protection.

Reagents and materials

Analytical grade reagents including HNO;, HCI, HF,
HC]O4, H3BO3, Ca(NO3)2-4H20, La(NO3)3-6H20, T1C13,
NaNO,, NH,OH-HCI and ascorbic acid were purchased
from Aladdin Biochemical Technology (Shanghai, China).
Iron (II) sulfamate (Fe(NH,SOs),) was obtained from
Strem Chemicals (MA, USA). Deionized water (18 MQ
cm) was used in the preparation of solutions. UTEVA,
TEVA and DGA extraction resins were purchased from
Triskem International (Bruz, France), and all resins were in
the form of 2 mL cartridge with 50—100 pwm particle size.
B3y (Institute for Reference Materials and Measurements,
Belgium) and ***Pu (Eckert and Ziegler Isotope Products,
USA) were used in this study as internal standard and
chemical tracer respectively. Standard reference materials
(SRMs) including IAEA-384 and IAEA-385 were
employed as quality control materials to evaluate the
developed method.

Digestion and co-precipitation

The collected concrete sample was firstly milled to 100
mesh size, and then 0.1-0.5 g aliquot was used for Pu
analysis. To obtain the accurate Pu concentration, a total
digestion approach was applied to dissolve all composi-
tions (including potential hot particle), as shown in Fig. 1.
A volume of 5 mL conc. HNO;, 3 mL HCIO,, 2 mL HF
and 2 pg ***Pu tracer were added to the PTFE vessel where
the concrete sample was placed. After covering the vessel
with a cap, the sample was heated at 150 °C for 1 h to
allow thorough reaction between the concrete and acids.
Then, the cap was removed, leaving the vessel to be heated
to dryness at 220 °C. The above evaporation operations
were repeated for 1-2 times until no insoluble residue
existed after adding 5 mL conc. HNOj;. Afterwards, the
sample solution together with the subsequent vessel rinse
using 5 mL conc. HNO; were transferred to a 50-mL
centrifugation tube. Deionized water was then added to the
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Fig. 1 Total digestion and
CaF,/LaF; coprecipitation for

0.1 - 0.5 g concrete sample (100 mesh) !

concrete samples

irDrigre'sfrion :

1. Add 5 mL conc. HNO3, 3 mL HCIO,, and 2 mL HF
2. Cover the PTFE vessel with a cap, heat at 150°C for 1 h
3. Remove the cap, and heat to dryness at 220 'C

4. Repeat steps 1-3 for 1-2 times until no insoluble residue exists

Dissolve in 10 mL conc. HNO, \
5. Add to 35 mL with Milli-Q water

‘Copreci— ‘
ipitation

6. Add 100 mg Ca and 100 mg La
7.Add 2 mL 20% TiCl; and 7 mL HF

8. Mix thoroughly, settle for 20 min, centrifuge

Dissolve in 20 mL 3M HNO, - 0.5 g H;BO,

tube to adjust the sample volume to 35 mL, followed by
the addition of 100 mg Ca and 100 mg La. 2 mL 20%
TiCl; was added to convert the valence state of Pu to
Pu(IIl). After adding 7 mL HF, the sample was mixed
thoroughly to coprecipitate Pu with CaF,/LaF;. The pre-
cipitate was separated from the supernatant by centrifuga-
tion at 3000 rpm for 15 min. Finally, the fluoride
precipitate was dissolved in 20 mL 3 M HNO; with the
help of 0.5 g H3;BO;.

Chromatographic separation

The valence state of Pu was oxidized to Pu(IV) by adding
0.3 g NaNO, to the prepared sample solution from previ-
ous step. Then the sample was loaded onto a TEVA car-
tridge which had been preconditioned with 10 mL 3 M
HNO;. To remove the interfering elements in mass spec-
trometric determination of Pu isotopes, solutions of 10 mL
3 M HNO; (tube rinse), 40 mL 1 M HNO; (remove U, Pb,
TI and Pt), and 10 mL 9 M HCI (remove Th and Bi) were
used to rinse the cartridge sequentially. Afterwards, a DGA
cartridge (preconditioned by 10 mL 3 M HNOj3) was
connected to the TEVA cartridge (Fig. 2). The Pu isotopes
were subsequently stripped from TEVA cartridge to DGA
cartridge by 20 mL 3 M HNO; — 0.1 M ascorbic acid
— 0.02 M Fe(I). Then the TEVA resin was discarded,
leaving the DGA resin to be washed by 40 mL 0.1 M
HNO; for further removal of U. Finally, Pu was recovered
from DGA cartridge by a rinse of 20 mL 0.5 M HCI
— 0.1 M NH,OH-HCL

ICP-MS measurement

To prepare the sample to a form compatible with ICP-MS
measurement, evaporation was firstly conducted for the
eluted Pu fraction. Then 4 mL aqua regia was added to
decompose NH,OH-HCl and co-eluted organic matter.

After heating aqua regia to dryness at 160 °C to dryness,
the sample was dissolved in 1 mL 0.88 M HNO;
— 2 pg mL™! ?¥U. 23U was used here to adjust the sen-
sitivity shift during measurement. In ICP-MS measure-
ment, radioisotopes including B3y (internal standard),
28U (for #PU'H correction [8]), **°Pu (analyte), **°Pu
(analyte), 24py (analyte) and 242py (chemical tracer) were
determined in 2 min for each sample.

Results and discussions
Selection of internal standard

Internal standard is usually employed in ICP-MS mea-
surement to adjust the signal intensity change of the analyte
resulted from the instrumental sensitivity shift. In litera-
ture, isotopes such as S1p, 19Rh, SLu and 89y are
commonly used internal standards [11, 13-15]. For
example, in our previous studies, we used the internal
standard '"In in the determination of Pu and Am isotopes
[13, 14]. A recent study reported by Narukawa et al. [16]
indicated that an ideal internal standard should have close
ICP-index value with the analyte, which was defined as a
function of atomic mass, Ist ionization potential, particle
radii, and number of ionization states. According the cal-
culated ICP-index by Narukawa et al. [16], the ICP-index
values for In, Rh, Lu and Y vary a lot from that of Pu. In
contrast, the ICP-index values of actinides are similar to
each other. Taking into account of this phenomenon, we
made the first attempt to use *>°U as the internal standard
for Pu determination. We compared the signal intensities
between ***Pu and **U which were determined under
different parameters, and the results showed that a good
correlation was observed (Fig. 3), demonstrating the
robustness of using **U as the internal standard for Pu
analysis. Another advantage of this selection was that no
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Fig. 2 Chromatographic

|Sample loading: 20 mL 3M HNO; , add 0.3 g NaNO,

separation procedure for
concrete samples l

1

F--->(1) 10 mL 3M HNO; (tube rinse)
---->(2) 40 mL 1M HNO; (remove U, Pb, T, Pt)

---->(3) 10 mL 9M HCI (remove Th, Bi)

T
E
\"
A
| .
’_L— (4) Pu elution I: 20 mL 3M HNO; — 0.1M ascorbic acid — 0.02 M Fe?*
D
G [--->(5) 40 mL 0.1M HNO; (remove U, Tl, Pb, Pt)
A

— (6) Pu elution II: 20 mL 0.5M HCI - 0.1M NH,OH+HCI

<---- Heat to dryness, dissolve in 4 mL aqua regia
<---- Heat to dryness, dissolve in 1 mL 0.88M HNO;— 2 pg mL-" 233U

|ICPMS measurement
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Fig. 3 Correlation between ***Pu and ***U signal intensities in ICP-
MS measurement

33U was presented in the reagents, preventing the potential
interference of impurities in reagents on the signal of
internal standard in ICP-MS measurement.

Selection of sample introduction system
In environmental level Pu analysis, high efficiency sample
introduction systems (e.g. Apex-Q and Aridus II) were

usually employed to increase the instrumental sensitivity of
ICP-MS [11, 13]. However, for decommission concrete
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samples, much higher Pu activity is expected. The increase
of instrumental sensitivity is not a key concern. In contrast,
the cross contamination in ICP-MS measurement between
different samples which is called memory effect should be
taken into account. Under this consideration, a scott type
spray chamber sample introduction system was used in this
study. This system is made of glass and is easy for clear-
ance. The ICP-MS sensitivity of Element XR equipped
with a scott type spray chamber is around 5 x 10° cps per
ng mL~' Pu.

Decontamination of interfering elements

In the determination of Pu isotopes by ICP-MS, elements
including U, Pb, Bi, T1, Hg and Pt can cause polyatomic
interferences. To assess the decontamination ability of
these interfering elements by different extraction resins, we
conducted the decontamination experiments for three
groups of extraction resins (Table 1). For group 1, only
TEVA resin was assessed. While for group 2 and 3, the
combinations of TEVA + DGA and TEVA 4 UTE-
VA + DGA resins were used. After spiking the 20 mL
3 M HNOj; samples with 10 ng of interfering elements (U,
Pb, Bi, Tl, Hg and Pt), the decontamination experiment
followed the procedure as described in Fig. 2, except that
the DGA procedure was omitted for group 1 samples and
that an UTEVA cartridge was added between TEVA and
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Table 1 Decontamination factor of interfering elements by different combinations of resins (n = 3)

Resin(s) DF (U) DF (Hg) DF (TI) DF (Bi) DF (Pt) DF (Pb)

TEVA (group 1) 24409 x 10 74 +£02x 10* 65+0.1 x10° 21 +£05x 10° 7.9+ 0.6 x 10> 1.1 £ 0.2 x 10°
TEVA + DGA (group 2) 23+08x10° 1.0+£03 x10° 27+03 x 10° 20+04 x 10’ 3.5+09 x 10* 1.1 +£0.1 x 10°
TEVA + UTEVA + DGA 6.7 £2.6 x 10° 13402 x 10° 28402 x 10° 34407 x 10’ 4.0+ 0.3 x 10* 1.0+ 0.1 x 10°

(group 3)

DGA resins during step (4) for group 3 samples. The
determined decontamination factors (DFs) for each inter-
fering element were shown in Table 1.

In our previous work [11], we proposed the separation
procedure using TEVA 4 UTEVA 4 DGA resins to
sequentially remove these interfering elements. Consider-
ing that the sample size in this study was relatively small
(0.1-0.5 g), the requirements on the decontamination
ability on interfering elements can be decreased to some
extent, especially for the key interfering element U. The
elemental concentrations of U in concrete samples ranged
from 0.1 to 67.4 ug g~ ', as revealed by our investigation
for 260 decommission samples. For 0.5 g concrete sample
with a U concentration of 67.4 pg g~ ', a signal intensity of
1.7 x 10" cps for ***U was expected in ICP-MS mea-
surement when no decontamination operation was con-
ducted, on a basis of present instrumental sensitivity. To
decrease the >*®*U counting rate to operational blank level
(ca. 10° cps), the decontamination factor of U should be
higher than 1.7 x 10°. As shown in Table 1, the DF (U) of
TEVA + DGA resins was 2.3 x 10°, higher than the
required DF (U). For the decontamination of other inter-
fering elements, it can be learned from Table 1 that the DF
values were generally the same for the TEVA + DGA
procedure and the TEVA + UTEVA + DGA procedure.
Since the latter had been validated to be sufficient for the
decontamination of all interfering elements in 2 g solid
sample, the TEVA + DGA procedure used in this study
was also supposed to be enough for 0.5 g concrete analysis.
Thus, we omitted the usage of UTEVA resin and reduced
the cost, under the premise of guaranteeing sufficient
decontamination ability.

Evaluation of the developed method

Since no standard reference concrete sample is commer-
cially available, we employed the standard reference sed-
iments IAEA-384 and TAEA-385 to assess the accuracy of
present method in the determination of Pu. As shown in
Table 2, the chemical recoveries of Pu ranged from 72.2 to
89.8% for two investigated materials. The averaged
239+290py activity of IAEA-384 was determined to be
105.9 4+ 4.9 mBq g~ ', consistent with the certified range

of 103-110 mBq g~ ' [17]. In addition, the averaged
240p/23%py atom ratio was 0.050 =+ 0.003, also in good
agreement with the certified range: 0.048-0.050. For
IAEA-385, similar agreement was observed for 2°*24°py
activity and 2*°Pu/*°Pu atom ratio. On a basis of above
evaluation, it can be concluded that this method can
determine Pu isotopes accurately.

To determine the limit of detection (LOD) of present
method, blank concrete samples were analyzed and the
results were shown in Table 3. The counting rates of ***Pu
and 2*°Pu in ICP-MS measurement were in the ranges of
3.1-7.9 and 1.0-5.0 cps respectively. Based on the calcu-
lated standard deviation of counting rates for blank con-
crete (Table 3), the concrete sample weight of 0.5 g, Pu
chemical recovery of 70% and a ICP-MS sensitivity of
5 x 10° cps per ng mL~" Pu, the LOD of **Pu and **°Pu
were calculated to be 0.008 mBq g~' and 0.02 mBq g~
[14], higher than our previous work due to the lower
instrumental sensitivity [11]. However, these LODs were
sufficiently enough for the determination of Pu for
decommission concrete samples.

Application of the developed method

The whole analytical time of present method takes about
2 days, including 1 day for total digestion and co-precipi-
tation, and 1 day for extraction chromatographic separation
and ICP-MS measurement. With the help of 24-hole vac-
uum box, 22 concrete samples together with a SRM sample
and an operational blank sample were analyzed at the same
time. This method has been successfully employed to
analyze ca. 200 decommission concrete samples by our
team, which provided valuable data in the assessment of
the decommission facility. The high throughput, short
turnaround time, and high chemical recovery of present
method allow its potential application in other decommis-
sion work where the Pu analysis in concrete sample is also
desired.

@ Springer
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ZlalgIztgml)rztie;nflgisvc}))?e?gggz Sample ID Weight (g)  Pu recovery (%) 239+240p activity (mBq g_l) 249py2¥py atom ratio

f:laeft‘k‘lig;d materials by present IAEA-384_1  0.108 87.6 108.5 + 16.4 0.049 + 0.007
IAEA-384_2 0.102 72.2 109.0 + 10.6 0.048 £ 0.005
TAEA-384_3 0.101 75.8 1003 £ 11.6 0.053 £ 0.006
Average 78.5 + 8.1 1059 + 4.9 0.050 £+ 0.003
Certified range® 103-110 0.048-0.050
IAEA-385_1 0.503 89.7 297 + 0.46 0.180 + 0.020
IAEA-385_2  0.465 89.8 2.88 £ 0.37 0.176 = 0.022
IAEA-385_3 0.458 74.8 2.90 £ 0.31 0.176 = 0.019
Average 84.7 £ 8.6 2.92 £ 0.04 0.177 = 0.002
Certified range® 2.89-3.00 0.174-0.193

Table 3 Results of determined

“Data from [17]
"Data from [18]

Pu recovery (%)

2%y counting rate (cps)

240py counting rate (cps)

Pu isotopes for operational Sample ID Weight (2)

blank concrete samples by Con blank 1 0.102 92.9

present method - B
Con_blank_2  0.100 85.5
Con_blank_3  0.101 88.4
Con_blank_4  0.505 56.5
Con_blank 5  0.498 69.6
Con_blank_ 6  0.511 83.2

55 2.6
5.1 5.0
7.9 3.7
7.5 2.0
3.8 1.0
3.1 3.0

Calculated LOD?*

0.008 mBq g~! for***Pu  0.02 mBq g~ for**°Pu

“Calculation was based on the following parameters: 0.5 g concrete, 70% of Pu chemical recovery and a
ICP-MS sensitivity of 5 x 10° cps per ng mL~' Pu

Conclusions

In this study, a new method was developed to analyze Pu
isotopes in decommission concrete. This method firstly
used total digestion to dissolve all Pu compositions from
0.1 to 0.5 g concrete sample. CaF,/LaF; coprecipitation
was then followed to remove major matrix. Afterwards,
extraction chromatographic separation using
TEVA + DGA resins were employed to remove interfer-
ing elements. Finally, Pu isotopes were determined by ICP-
MS measurement. This method can accomplish the anal-
ysis of 22 concrete samples within 2 days, with a relatively
high Pu chemical recovery (57-93%). The accuracy of
present method in the Pu determination was validated by
analyzing two SRMs and the results revealed that both
239+290py activity and **°Pu/*°Pu atom ratio were accu-
rately determined. In addition, the low LODs
(0.008 mBq g~ for **’Pu and 0.02 mBq g~ for **°Pu)
allow this method to detect low level contamination.
Owing to its high throughput, short turnaround time and
low LODs, this method had been successfully applied in
analyzing ca. 200 decommission concrete samples and
more analysis was scheduled in the future.
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