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Abstract
A novel method for rapid radioanalytical measurement of uranium and plutonium in 100ml emergency urine samples was 
developed, through optimized selection of the separation and purification process and a combined measurement with ICP-
TOF-MS and alpha spectrometry. The typical analytical time is within 6 h, the recovery rates are more than 80%, and the 
minimum detection activity concentrations are 3.4 ×  10−4 Bq/L for 238U and 2.5 ×  10−3 Bq/L for 239Pu respectively. The 
spiked test shows that this method can be used for quantitative evaluation of the activity concentration of 238U and 239Pu in 
urine samples accurately.
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Introduction

A large nuclear accident following nuclear facilities or 
nuclear weapons might release a large amount of uranium, 
plutonium and other radioactive isotopes to air, and lead 
to a large number of people’s inner exposure [1]. 238U 
 (T1/2 = 4.47 ×  109 y) and 239Pu  (T1/2 = 2.41 ×  104 y) isotopes 
are mostly important isotopes due to their alpha emitter, 
high chemical toxicity and relatively long half-life, while 
the rapid evaluation and accurate measurement of internal 
exposure caused by uranium and plutonium isotopes have 
attracted widespread attention in recent years [2]. Typically, 
for the public intake of natural uranium from food and drink, 
the urinary uranium level is nearly 6 ×  10−5Bq/L [3]. During 
a nuclear emergency, rapid radiochemical analysis of urine 
from contaminated people has become an essential part of 
radiobiological verification [4]. Different national standards 
have different requirements for the isotope analysis of urine 
samples. In the American National Standard, the Minimum 
Testing Level (MTL) for 239Pu and 238U is 10 mBq/L for 
indirect radiobioassay performance testing [5], while the 
Minimum Detection Activity (MDA) is 1m Bq/L for 239Pu 
and 10 mBq/L for 238U in China national standard [6]. The 

indirect bioassay means in vitro bioassay monitoring includ-
ing analysis of nasal swabs, urine samples, fecal samples, 
blood, and tissue specimens, which is different from direct 
(in vivo) monitoring including whole-body counting, chest 
(lung) counting, and special organ or tissue counting [4]. Li 
provided a reference level (RL) for an emergency bioassay of 
adult urinary excretion samples which is taken on the third 
day after acute exposure, while the RLs are 3.4 ×  10−3 Bq/L 
for 239Pu and 3.6 ×  10−2 Bq/L for 238U with the reference 
dose 0.1Sv [7].

In order to realize the radioanalytical measurements of 
uranium and plutonium isotopes in urine samples, different 
methods have been developed based on different prepara-
tion, separation progress as well as different measurement 
systems. In 2001, Thakkar et al. first reported a method for 
the analysis of U, Pu, and Am in 1.2 L urine samples with 
UTEVA stacked with TRU resins, the recoveries of different 
isotopes were ranged from 70 to 105%, and the separation 
and purification time was nearly 2.5 h [8]. Maxwell et al. 
developed a rapid and reliable method for the analysis of 
actinides and Sr in urine, where a stack of TEVA, TRU, 
and Sr resins was used for separation. Alpha spectrometry 
system and low background gas proportional counter were 
used for measurement, with the recoveries of both nuclides 
nearly 100% and the sequential separation and analysis of 
the samples within 8 h [9–11]. In 2009, a more efficient pre-
treatment method was proposed to fit the combined measure-
ment of ICP-MS and alpha spectrometer, which realized the 
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simultaneous extraction of 24 samples in nearly 3 h [12]. In 
2011, Dai et al. developed a rapid urinary analysis method 
for emergency bioassay of actinides including Pu, U and 
Am/Cm isotopes at the same time, where HTiO co-precipi-
tation and AGMP-1, UTEVA and DGA-N resins as well as 
alpha spectrometer are used, and MDA of 20 mBq/L with 
an 8-h sample turnaround time are realized [13]. In 2018, 
Vasile et al. improved Maxwell's method by using a combi-
nation of TEVA and TRU resins and lower acidity to avoid 
contamination, and finally reduce the sample turnaround 
time to 2 h [14].

To meet the requirement of rapid evaluation of uranium 
and plutonium nuclides inner exposure during a nuclear 
emergency, a new rapid radiochemical analysis of urine sam-
ples has been developed with simultaneous isotopes separa-
tion and combined measurement with ICP-TOF-MS as well 
as alpha spectrometry in our laboratory. The procedures of 
sample pretreatment and nuclide separation were optimally 
selected through comparison experiments, the recovery and 
the accuracy were carefully evaluated in detail, and a series 
of verification experiments were carried out with spiked 
samples.

Materials and methods

Basic procedures

The basic procedure of the rapid radiochemical analysis 
method is divided into three steps: sample preparation, 
nuclide separation and analytical measurement. Sample 
preparation involves acidification, co-precipitation, and 
digestion. Nuclide separation includes valence adjustment, 
adsorption and desorption processes. During analytical 
measurement, different instruments are usually used for dif-
ferent nuclide isotopes.

The synthetic urine sample with a standard matrix formu-
lation from ANSI is used in this paper [5], the main com-
ponents are water, urea, sodium sulfate, potassium chloride, 
creatinine, other inorganic and organic substances. The rea-
gents used in the experiments including HCl, HF,  H2O2, 
sulfamic acid, ascorbic acid, hydroxylamine hydrochloride, 
 NaNO2,  TiCl3, ammonium hydrogen oxalate and Ce(NO3)3 
are all analytical pure grade (Aladdin, China). Nitric acid 
was Trace Metal grade (Fisher Scientific, Inc., USA). The 
water used in the experimental process was all ultrapure 
grade produced by LDL-III-30 (Ludao Corp., China). The 
TEVA, TRU and UTEVA resins all have a particle size of 
100–150 μm (Triskem International Corp., France), and 2 ml 
cartridges are used in this paper. Uranium standard solu-
tion purchased from China National Institute of Metrology, 
while the proportion of 238U to total uranium is 0.997. The 
239Pu standard solution was a certified reference material 

(CRM) purchased from National Institute of Standard and 
Technology (NIST, Gaithersburg, USA), and the 242Pu as 
well as 233U standard solution was purchased from National 
Physical Laboratory (NPL, Teddington, UK), which are 
CRM with certificate of calibration. The standard solutions 
were first diluted and prepared to different intermediate 
concentrations during experiments. The solid-phase extrac-
tion systems used for the separation process were purchased 
from Triskem with 12 as well as 24 channels separately. The 
measurement instrument for Uranium was an Optimass 9500 
ICP-TOF-MS (GBC, Australia) which is combined with an 
inductively coupled plasma ion source and a time-of-flight 
mass analyzer, and can realize full-spectrum detection at 
full mass (1–260 amu) with a high isotopic resolution of 
nearly 0.001 amu. An SDS270 automatic sampler is used to 
inject samples through a peristaltic pump and an atomization 
device, which is a cyclone spray chamber with a concentric 
nebulizer and argon is used as the carrier gas. The detection 
limit is nearly 10 ng/L for 238U. The measurement instru-
ment for Plutonium was an 8 channels alpha spectrometry 
system, model ORTEC ALPHA-ENSEMBLE-8 (Ametek, 
Ortec Division, Oak Ridge, TN), the low background 
counting rate in the region of interesting of 239Pu is nearly 
0.15 counts per day(cpd).

Optimized selection of each progress

Co‑precipitation

Co-precipitation is a very rapid and effective method for 
enrichment of nuclides in urine samples. In order to find 
more optimal methods, two most frequently used calcium 
phosphate [15] and HTiO [16] co-precipitation methods 
were compared in this paper. The calcium phosphate method 
is performed by adding 1.25 M Ca(NO3)2 and 3.2 M  H3PO4 
to the samples, while the HTiO method is performed by 
adding 20%wt  TiCl3 and  NH3·H2O to the samples, which 
are also shown in Table 1.

Eight 100 mL urine samples were prepared, four sam-
ples were added with 1.24 ×  10−2 Bq 238U and the other four 
were added with 0.165 Bq 239Pu. For calcium phosphate 
co-precipitation, four samples with separate U/Pu were 
mixed with 1 mL 1.25 M calcium nitrate and 3 mL 3.2M 
phosphoric acid, and then adjusted to pH 9.5 with concen-
trated ammonia. For HTiO co-precipitation, four samples 
were mixed with 2 mL 20%wt  TiCl3, and then adjusted to 
pH 7 with concentrated ammonia. Then all samples were 
centrifuged at 8500 rpm for 5 min. Considering the measure-
ment sensitivity of ICP-TOF-MS and the inference of large 
amounts of calcium to alpha spectrometry, the supernatants 
were used to evaluate the recovery of different coprecipita-
tion methods. 238U in the supernatant was acidified to 1% 
nitric acid for ICP-TOF-MS measurements, and 239Pu in the 
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supernatant was evaporated to dryness and dissolved in 2 M 
 HNO3, then micro-precipitated and measured by alpha spec-
trometry. The recovery of the two nuclides by coprecipita-
tion was calculated by volume correction and compared with 
added activity.

Valence adjustment

Before nuclides separation, it is needed to change the Pu to 
Pu (IV) and U to U(VI). The most commonly used is  NaNO2 
valence adjustment method [17], but also some other meth-
ods are used, such as using reductant first and then following 
oxidation. Different reductants used give different methods, 
including sulfamic acid mixed with ascorbic acid method 
or hydroxylamine hydrochloride method [9]. The  NaNO2 
method adjusts the valence by 4M  NaNO2, while sulfamic 
acid mixed with ascorbic acid method adjusts the valence 
by 1.5M sulfamic acid + 1.5M ascorbic acid + 4M  NaNO2, 
and the hydroxylamine hydrochloride method adjusts the 
valence by 3M Hydroxylamine hydrochloride + 4M  NaNO2. 
All those methods are also shown in Table 2.

For comparing different valence adjustment methods, 12 
urine samples were prepared after pretreatment including 
co-precipitation and digest. Each 15 mL sample was added 
with 0.165 Bq 239Pu and 1.24 ×  10−2 Bq 238U, and then sepa-
rated into three groups, 1 mL 4M  NaNO2, 0.5 mL 1.5M 
sulfamic acid + 1.25 mL 1.5M ascorbic acid + 1 mL 4M 
 NaNO2, 0.5 mL 3M Hydroxylamine hydrochloride + 1 mL 
4M  NaNO2 was added separately and then stirred at 40 ℃ 
for 10 min. All 12 solutions were separated with TEVA and 
TRU resin column, and separately eluted with 20 mL 0.1M 
HCl-0.05M HF-0.03M  TiCl3 for 239Pu and 15 mL 0.1M 
Ammonium hydrogen oxalate for 238U. The eluted solutions 
were then separately measured by ICP-TOF-MS and alpha 
spectrometry, and the recovery of different adjustment meth-
ods was compared.

Resin selection and elution condition

Considering most commonly used resin, TEVA resin was 
usually selected for Pu separation and TRU or UTEVA was 
selected for U separation recently [8, 10]. Different elution 

Table 1  Recovery of 238U and 239Pu under different co-precipitation methods

*  RSD: the Relative Standard Deviation = Standard deviation/Average value*100%

Group Co-precipitation methods Details 238U 
recovery 
(%)

238U average 
recovery (%)

RSD* (%) 239Pu 
recovery 
(%)

239Pu average 
recovery (%)

RSD (%)

1 Calcium phosphate method 1ml 1.25M 
Ca(NO3)2 + 3 ml 
 H3PO4

99.8 97.9 ± 0.1 0.1 97.7 97.7 ± 0.1 0.1
99.7 97.8

2 HTiO method 2ml 20%wt 
 TiCl3 + concen-
trated  NH3·H2O

96.7 96.8 ± 0.1 0.1 97.1 97.6 ± 0.5 0.5
96.8 98.0

Table 2  Recovery of 238U and 239Pu under different valence adjustment methods

Group Valence adjustment methods Details 238U 
recovery 
(%)

238U Avg. 
recovery 
(%)

RSD (%) 239Pu 
recovery 
(%)

239Pu Avg. 
recovery 
(%)

RSD (%)

1 NaNO2 method 1 mL 4M  NaNO2 74.0 83.1 ± 8.0 9.6 91.7 94.6 ± 7.8 8.2
76.5 93.6
92.1 94.7
90.0 101.1

2 Sulfamic acid mixed with 
ascorbic acid method

0.5 mL 1.5M sulfamic 
acid + 1.25 mL 1.5 M ascor-
bic acid + 1 mL 4M  NaNO2

73.3 86.6 ± 7.7 8.9 91.7 95.3 ± 2.2 3.7
89.6 93.6
91.5 94.7
92.1 101.1

3 Hydroxylamine hydrochloride 
method

0.5 mL 3M hydroxylamine 
hydrochloride + 1 mL 4M 
 NaNO2

89.9 86.6 ± 2.7 3.1 89.4 89.4 ± 4.5 7.9
86.2 86.2
87.7 88.1
82.5 93.9
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condition usually gives different recovery rate. For optimized 
nuclides separation of our method, TEVA resin was selected 
for Pu but two different elution conditions were compared 
including 20 mL 0.1M HCl-0.05M HF-0.03M  TiCl3 [12] 
and 20 mL 0.1M HCl-0.05M HF-0.05M  NH2OH·HCl [14]. 
For U, two different resins combined with different eluent 
methods were compared through experiments, which are 
15 mL 0.1M Ammonium hydrogen oxalate eluent [11] and 
15 mL 0.03M  H2C2O4-0.1M HCl eluent [18] for TRU resin, 
and also 15 mL 0.1M HCl eluent [19] and 15 mL 0.01M 
 HNO3 eluent [20] for UTEVA resin.

During comparison experiments, 24 urine samples 
with 15 mL volume after pretreated by co-precipitation, 
digest and valence adjustment. 8 samples were added with 
0.165 Bq 239Pu and loaded on TEVA resins, and then divided 
into two groups to elute with two different methods. The 
other 16 samples were added with 1.24 ×  10−2 Bq 238U. 
Among them, 8 samples were loaded on TRU resins and 
8 samples on UTEVA resins. The 238U on different resins 
were separated into 4 groups and eluted with above methods. 
U/Pu was separately measured and the recovery rates were 
compared simultaneously.

The recovery and MDAs

After optimized selection of sample pretreatment progresses 
and control conditions, the final design of our measurement 
method for uranium and plutonium in urine samples is 
shown in Fig. 1, where the typical analytical time of each 
progress is also given.

The optimized procedure used calcium phosphate co-pre-
cipitation, the valence states of uranium and plutonium were 
adjusted by sulfamic acid, ascorbic acid, and sodium nitrite 
together, and the combined TEVA + TRU resin columns 
are used. After rinsing and sample loading, the TEVA and 
TRU resins were separated and eluted simultaneously. After 
source preparation, 238U was measured by ICP-TOF-MS, 
and 239Pu was measured by alpha spectrometry. It’s worth 
noting that the spiked 242Pu and 233U are not always needed 
if the operational progress is reliable and the recovery rate 
remains stable. But sometimes it also could be added one 
or two isotopes to help confirm results or the recovery rate 
during actual sample measurement as a spiked sample.

The total time of sample preparation as well as nuclide 
separation is within 4 h, and the typical measurement is 
nearly 2 h, so the whole analytical time is usually within 6 h.

The whole method’s recovery and accuracy were checked 
carefully through experiment and the minimum detection 
activities of 238U/239Pu were evaluated through calculation. 
For the recovery rate estimation, 12 standard urine sam-
ples with 100ml were prepared with 0.165 Bq 239Pu and 
1.24 ×  10−2 Bq 238U added. Each sample was dealt with 
under the standard procedure, all the elution solutions were 

carefully treated and measured. For 238U, the mass concen-
tration Cx (ng/ml) is given by ICP-TOF-MS after calibrating 
with a series of prepared standard solutions and corrected by 
internal standard addition, then the recovery rate  (Yi) could 
be as follow:

where the V  is the volume of urine sample (= 100 mL); f  
is the factor for converting mass concentration to activity 
(= 1.24 ×  10–5 Bq/ng); and A

0
 is the initial added 238U activ-

ity (= 1.24 ×  10–2 Bq).
For 239Pu, the net counting rate in region of interesting 

nx is given by the alpha spectrometry and the recovery rate 
 (YA) could be as follow:

where the � is the detection efficiency(dimensionless), which 
is calibrated with a standard electroplated Am-Pu source; A

0
 

is the initial added activity of 239Pu (= 0.165 Bq).
Assuming that the measurement sensitivity of ICP-TOF-

MS ( S ), the recovery rate ( R ) of 238U and 239Pu as well as the 
detection efficiency ( � ) are constant. The minimum detec-
tion activity concentration(MDA) of this method could be 
calculated using the following equation [21]:

where �B is the average background rate of ICP-TOF-MS 
with ten blank samples, which is gotten from the blank 
urine samples undergoing the whole procedure and is nearly 
10ng/L. S is the measurement sensitivity, which is nearly 
6.8 ×  104 cps/ng/ml during measurement. R is the recovery 
rate of 238U and 239Pu. bg is the background counts rate of 
alpha spectrometry system (= 0.15 cpd), and T is the sample 
measurement time (h).

Comparison experiments

For verification, combined comparison experiments were 
carried out with 10 blind urine samples. Each two samples 
was added with different 238U and 239Pu isotopes, which are 
the MDA level of China national standard (MDAL) [6], the 
Minimum Testing Level (MTL) of ANSI [5], the Reference 
Level (RL) from Li’s paper [7], and 10 times of MTL as 
well as 10 times of RL. Due to the missing of 233U, only 
242Pu was spiked for confirming results and the recovery 

(1)Yi =
Cx × V × f

A
0

(2)YA =

nx

� × A
0

(3)For
238

U ∶ MDA =
2.71 + 4.65σ

B

S × R
× f

(4)For
239

Pu ∶ MDA =

2.71 + 4.65
√

bg × T

T × � × R × V
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Fig. 1  Flow chart and timescale of the rapid radiochemical analysis for urine sample
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rate, each sample is added with nearly 0.2 Bq. The measure-
ment results were compared with preset concentrations, and 
the related bias was obtained through calculation.

Results and discussion

Comparison results of different progress

Co‑precipitation

The comparison results of the recovery of 238U and 239Pu 
under different co-precipitation methods are shown in 
Table  1. Results show that Calcium phosphate co-pre-
cipitation gave a recovery of 97.9 ± 0.1% for 238U and 
97.7 ± 0.1% for 239Pu. HTiO co-precipitation gave a recov-
ery of 96.8 ± 0.1% for 238U and 97.6 ± 0.5% for 239Pu. Both 
methods show good enrichment of uranium and plutonium 
in urine samples, and without significant difference in recov-
ery rates. Calcium phosphate is the most commonly used co-
precipitation method as the urine matrix contains a certain 
amount of calcium ions and phosphate ions itself, so it has 
been proposed to use the ions in the matrix together with the 
appropriate amount of reagents to generate co-precipitation 

[22]. Considering without new ions, calcium phosphate co-
precipitation was chosen as our pre-concentration method.

Valence adjustment

The comparison results of the recovery rates of 238U and 
239Pu under three different valence adjustment methods are 
shown in Table 2. The average recovery rates of 238U by the 
three methods are 83.1 ± 8.0%, 86.6 ± 7.7%, and 86.6 ± 2.7%, 
respectively, while the recoveries of 239Pu are 94.6 ± 7.8%, 
95.3 ± 2.2%, and 89.4 ± 4.5%, which are a little higher than 
238U. Ideally, all of three methods are capable for adjusting 
U to U(VI) and Pu to Pu (IV). Taking into account of the 
recovery rates and stability of different nuclides, the second 
method 0.5 mL 1.5M sulfamic acid + 1.25 mL 1.5 M ascor-
bic acid + 1 mL 4M  NaNO2 was chosen for our method.

Resin and elution

The comparison results of different eluents for three resin 
columns are shown in Table 3. The recovery of 239Pu from 
TEVA resin column is 95.2 ± 2.6% by using 20 mL of 0.1M 
HCl-0.05M HF-0.03M  TiCl3 eluent, and 93.7 ± 2.9% by 
using 20 mL of 0.1M HCl-0.05M HF-0.05M  NH2OH-HCl 

Table 3  Recovery of 238U and 239Pu for three resin columns at different eluents

Group Resin column Eluent Recovery (%) Avg. Recovery (%) RSD (%)

1 TEVA(Pu) 20 mL 0.1M HCl-0.05M HF-0.03M  TiCl3 90.8 95.2 ± 2.6 2.7
95.9
96.8
97.3

2 20 mL 0.1M HCl-0.05M HF-0.05M  NH2OH·HCl 90.2 93.7 ± 2.9 3.1
91.6
96.3
96.8

3 TRU(U) 15 mL 0.1M ammonium hydrogen oxalate 86.4 85.7 ± 0.6 0.7
85.6
84.8
86.0

4 15 mL 0.03M  H2C2O4-0.1M HCl 60.6 34.3 ± 16.2 47.2
22.8
34.6
19.3

5 UTEVA(U) 15 mL 0.1M HCl 31.5 31.4 ± 1.5 4.7
32.9
32.3
29.1

6 15 mL 0.01M  HNO3 63.5 72.1 ± 5.8 8.1
75.0
80.0
67.9
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eluent, which seems no big difference. The more sta-
ble 20 mL 0.1 M HCl-0.05M HF-0.03M  TiCl3 eluent has 
been chosen finally for our method.

The recovery of 238U is 85.7 ± 0.6% when the TRU resin 
column is eluted with 15 mL of 0.1 M Ammonium hydrogen 
oxalate, and 34.3 ± 16.2% when the column is eluted with 
15 mL of 0.03 M  H2C2O4-0.1 M HCl. The recoveries of 
238U are 31.4 ± 1.5% by using 15 mL of 0.1 M HCl eluent 
and 72.1 ± 5.8% by using 15 mL of 0.01 M  HNO3 eluent for 
the UTEVA resin column. The 0.01 M  HNO3 eluent method 
seems to be better than the 0.1 M HCl eluent method for 
UTEVA resin, but neither eluent method of UTEVA resin is 
better than the 0.1 M ammonium hydrogen oxalate eluent of 
the TRU resin. So, the 0.1M Ammonium hydrogen oxalate 
eluent method and the TRU resin column were chosen for 
better recovery and stability.

The recovery and repeatability

After careful evaluation, the recovery rates of 239Pu and 238U 
for the whole procedure are shown in Table 4. Results show 
that the recovery of 239Pu varies from 81.8 to 99.7% with an 
average value of 86.1 ± 5.7%, and the precision is 6.6%. The 
recovery of 238U varied from 80.0 to 88.4% with an average 
value of 84.7 ± 2.3%, and the precision is 2.7%. Those recov-
ery rates are higher than Dai’s 50–55% [13] but a little lower 
than Maxwell's nearly 100% [11]. Taking into account the 
uncertainty of measurement system, this recovery stability 
seems could be accepted for rapid radiochemical analysis of 
a large number of samples during an emergency. For rou-
tine laboratory analysis or single sample analysis, the 233U 
and 242Pu tracer are recommended to be added, in order to 
improve the measurement accuracy further.

Using the recovery rates and Eqs. (3–4), the minimum 
detection activity concentration could be obtained, which 
is nearly 3.4 ×  10–4 Bq/L for 238U, while 2.5 ×  10–3 Bq/L 
for 239Pu with a typical counting interval of 2 h. The MDA 
of 239Pu could be improved by a longer counting time if 
needed. The MDA of 238U is quite lower than that of the 
reference level in Li’s paper, which is 3.6 ×  10–2 Bq/L [7], 
and lower than the MDA level of China national standard 
1.0 ×  10–2 Bq/L [6]. The MDA of 239Pu is a little bit lower 
than the reference level in Li’s paper 3.4 ×  10–3 Bq/L [7], but 
higher than the MDA level of China national standard, which 
is 1.0 ×  10–3 Bq/L [6]. Different from routine measurement 
just as the China national standard requires, the emergency 
measurement needs more rapid analysis, and then the MDAs 
of this method could be accepted for measurement during 
an emergency.

Verification measurement

Verification measurement was carried out with ten urine 
samples mixed with a certain 238U and 239Pu, and 242Pu 
tracer was also added. The comparison results of 238U 
and 239Pu are separately shown in Tables 5 and 6, where 
the different reference levels and added activities are also 
shown. The measurement results were calculated with an 
average recovery rate of 84.7% for 238U and 86.1% for 
239Pu. Results show that those measurement results are 
nearly in accordance with added activities at different con-
centrations. For 238U, the biases ranged from −11.5% to 
9.8%, with an average of −3.94 ± 6.64%. For 239Pu, the 
biases ranged from −30.1% to 8.4%, with an average of 
−4.4 ± 13.35%. The Root Mean Squared Error (RMSE) 
for 238U and 239Pu were 7.72% and 14.05%, and within 

Table 4  Recovery results of the full procedure for 239Pu and 238U in spiked urine samples

Sample ID Spiked 239Pu con-
centration (Bq/L)

Measured 239Pu con-
centration (Bq/L)

239Pu recovery (%) Spiked 238U con-
centration (Bq/L)

Measured 238U con-
centration (Bq/L)

238U recovery (%)

1 1.65 1.50 91.1 1.24 ×  10−1 1.08 ×  10−1 87.0
2 1.94 1.84 94.8 1.24 ×  10−1 1.01 ×  10−1 81.0
3 1.72 1.70 98.9 1.24 ×  10−1 1.07 ×  10−1 85.8
4 1.71 1.71 99.7 1.24 ×  10−1 1.05 ×  10−1 84.7
5 1.70 1.39 81.8 1.24 ×  10−1 1.10 ×  10−1 88.4
6 1.68 1.53 91.0 1.24 ×  10−1 1.04 ×  10−1 84.0
7 1.72 1.67 96.9 1.24 ×  10−1 1.08 ×  10−1 87.1
8 1.65 1.62 97.8 1.24 ×  10−1 1.06 ×  10−1 85.6
9 1.64 1.38 83.6 1.24 ×  10−1 0.99 ×  10−1 80.0
10 1.70 1.68 98.7 1.24 ×  10−1 1.04 ×  10−1 83.8
11 1.69 1.60 94.6 1.24 ×  10−1 1.06 ×  10−1 85.0
12 1.69 1.52 89.8 1.24 ×  10−1 1.05 ×  10−1 84.2
%Avg 86.1 ± 5.7 84.7 ± 2.3
%RSD 6.6 2.7
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the 25% specified in ANSI/HPS N13.30–2011 standard 
[5], which indicated that there is a good agreement among 
those measurement results. Among these results, we also 
find some negative bias for some samples. The main rea-
sons come from statistical errors and the slightly inhomo-
geneous distribution of source during the co-precipitation 
process. One result should be pointed out that the 239Pu 
activity concentration in MDAL is quite low, a much 
longer counting time is needed and the variety is relatively 
larger than others.

Compared the recovery rate of 242Pu tracer, the average 
value is 83.9 ± 2.7%, nearly in accordance with the for-
mer 86.1 ± 5.7%. Those recalculated results of 239Pu using 
each sample’s recovery have not so much difference with 
measured 239Pu results, which also indicated that this rapid 

analytical method could be used to measure uranium and 
plutonium activity concentration in urine samples accurately.

Conclusion

For rapid radioanalytical measurement of uranium and plu-
tonium in urine samples, a new optimized method was pro-
posed and carefully verified through a series of comparison 
experiments. 100 mL urine sample was pretreated by co-
precipitation, digest, valence adjust, then nuclide separated 
by TEVA + TRU resins, and then measured by ICP-TOF-MS 
as well as alpha spectrometry. A stable recovery was gotten 
that 84.7 ± 2.3% for 238U and 86.1 ± 5.7% for 239Pu, and the 
low detection limit of this method was 3.4 ×  10–4 Bq/L for 

Table 5  Comparison results of 
238U activity concentration in 
spiked urine samples

*  RMSE = sqrt (Avg^2 + SD^2)

Sample ID Sample name Reference (Bq/L) Added 238U/(Bq/L) Measured 238U (Bq/L) Bias (%)

1 MDAL 1.0 ×  10-2 1.04 ×  10−2 1.09 ×  10−2 4.3
2 1.04 ×  10−2 1.04 ×  10−2 −0.4
3 MTL 1.0 ×  10-2 1.04 ×  10−2 1.15 ×  10−2 9.8
4 1.04 ×  10−2 1.04 ×  10−2 −0.7
5 RL 3.6 ×  10-2 3.58 ×  10−2 3.25 ×  10−2 −9.5
6 3.58 ×  10−2 3.38 ×  10−2 −6.1
7 10MTL 1.0 ×  10-1 9.97 ×  10−1 8.85 ×  10−1 −11.5
8 9.97 ×  10−1 8.97 ×  10−1 −10.3
9 10RL 3.6 ×  10-1 3.58 ×  10−1 3.37 ×  10−1 −6.3
10 3.58 ×  10−1 3.28 ×  10−1 −8.7
%Avg −3.94
%SD 6.64
%RMSE* 7.72

Table 6  Comparison results of 239Pu activity concentration in spiked urine samples

Sample ID Test level Reference (Bq/L) Added 
242Pu/
(Bq/L)

Added 239Pu/
(Bq/L)

Measured 239Pu 
(Bq/L)

Bias (%) 242Pu 
Recovery 
(%)

Re-Calcu-
lated 239Pu 
(Bq/L)

Bias (%)

1 MDAL 1.0 ×  10-3 2.07 1.00 ×  10−3 7.10 ×  10−4 −30.1 78.5 7.79 ×  10−4 −22.6
2 2.04 1.00 ×  10−3 7.18 ×  10−4 −29.4 82.3 7.11 ×  10−4 −25.5
3 MTL 1.0 ×  10-2 2.03 1.09 ×  10−2 1.10 ×  10−2 −0.6 83.7 1.13 ×  10−2 3.3
4 2.00 1.16 ×  10−2 1.08 ×  10−2 −7.1 83.2 1.12 ×  10−2 −3.0
5 RL 3.4 ×  10-3 2.04 3.41 ×  10−3 3.47 ×  10−3 0.8 81.0 3.44 ×  10−3 8.2
6 2.04 3.41 ×  10−3 3.54 ×  10−3 2.9 86.4 3.51 ×  10−3 3.5
7 10MTL 1.0 ×  10-1 2.04 1.16 ×  10−1 1.27 ×  10−1 8.4 83.9 1.30 ×  10−1 12.3
8 2.06 1.11 ×  10−1 1.27 ×  10−1 8.3 86.5 1.26 ×  10−1 8.9
9 10RL 3.4 ×  10-2 2.04 3.71 ×  10−2 3.81 ×  10−2 1.6 85.9 3.77 ×  10−2 2.7
10 2.04 3.50 ×  10−2 3.58 ×  10−2 1.3 88.0 3.54 ×  10−2 0.1
%Avg −4.39 83.94 −1.21
%SD 13.35 2.73 12.18
%RMSE 14.05
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238U and 2.5 ×  10–3 Bq/L for 239Pu. Verification results show 
that this method could be used to measure uranium and plu-
tonium activity concentration in urine samples accurately.

Of course, a larger urine sample means higher accuracy 
and lower uncertainty. But large urine sample of more than 
1L is hardly realized during an emergency, and larger sample 
usually lead to longer analytical time, which is not suitable 
for huge amount of samples analysis from nuclear accident. 
In the future, a more optimized method for large samples 
might be developed and a multi-channel automated nuclide 
separations system will be introduced to improve stability 
and reduce operation time.
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