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Determination of U, Pu, and Am in human keratinous samples using extraction chromatography and ICP-MS

Figure 1. Hair and nail samples
are digested with nitric acid
using a pressurized microwave
digestion system. Samples
were weighed into vessels and
10 mL of concentrated HNO3

was added. Samples were held
at 180°C for 15 minutes in
MARS 6 system. The acids and
microwave radiation easily
digests the keratin matrix of
hair and nail, making them
suitable for extraction
chromatography.

Figure 2. Vacuum box with
TEVA column.

Samples undergo a valence
adjustment after digestion
but immediately prior to
extraction. Plutonium and
uranium are separated
from the digested keratin
matrix using extraction
chromatography.
Trialkyl, methylammonium
nitrate (TEVA), diamyl,
amylphosphonate
(UTEVA), and N,N,N’,N’-
tetra-n-octyldiglycolamide
(DGA) resins selectively
retain or elute actinides
depending upon the
conditions. It is crucial that
plutonium and uranium be
separated as completely as
possible before analysis in
order to reduce isobaric
interferences and peak
tailing. The methods for
these procedures are
shown to the right [1-5].
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RESULTS & DICUSSION

Two Methods for Actinide Resin Extraction Chromatography

Isotope Ratio Indicates Natural
235U/238 U Enrichment 0.00726
234U/238 U Enrichment 5.44E-05

236U/238 U
Reactor Irradiation

<1E-8%

Reprocessing

240Pu/239 Pu

Reprocessing Fallout  0.18

Weapons Weapon 0.064

Isotope Ratio Indicators

The hair and nail samples from the USTUR have 
previously been acid-digested and stored in 6-8 M 
HCl. This work compares three methods developed 
to measure Am, Pu, and U isotope ratios in 
keratinous samples stored in 6-8 M HCl. In the first 
two methods, samples are evaporated to dryness 
and brought back up in 3 M HNO3. The separation 
is accomplished using TEVA, UTEVA, and DGA resin 
cartridges. In the second method, the samples are 
evaporated and brought up in 6 M HCl. The 
separation is accomplished using a single DGA 
resin. Each method is evaluated by sample U 
decontamination factor and chemical tracer 
recovery.

Analyze by
ICP-MS

Reduce Pu4+ → Pu3+ and Elute
(0.02 M HCl + 0.005 M HF + 0.00001 M TiCl3 )

Elute U
(0.02 M  HNO3 + 0.005 M HF )

Uranium FractionPlutonium Fraction

TEVA UTEVADGA
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Rinse to Remove U
(3 M HNO3 )

Elute Am
(0.02 M HCl + 0.005 M HF )

Method A
Separate Columns.

Extraction Chromatography

Reduce all Pu → Pu3+

(1.5 M Ascorbic Acid)

Oxidize Pu3+ → Pu4+

(3.5 M Sodium Nitrite)

Sample Digestion and Evaporation

Microwave Digestion
(Concentrated HNO3 )

First Evaporation
Brought to dryness in PFA evaporation dish, 

brought up in concentrated HCl

Valence Adjustment

Split Samples

A/B

C

Second Evaporation & Dilute Sample
Brought to dryness in PFA evaporation dish,

brought up in 3 M HNO3 & 1 M AlNO3

Oxidize NO2
- → NO3

–

(1.5 M Sulfamic Acid)

Enhance Valence Reduction of Pu 
in Next Step

(5 mg Iron (III) Nitrate)

Load Sample
onto stacked columns 

UTEVA

TEVA

DGA

Rinse Column
(3 M HNO3 )

DGA

Rinse Column
(6 M HCl )

Second Evaporation & Dilute Sample
Brought to dryness in PFA evaporation dish,

brought up in 6 M HCl & 1 M AlNO3

Method C

Elute U
(0.02 M  HNO3 + 0.02 M HNO2 )

Elute Pu & Am
(0.02 M HCl + 0.005 M HF )

Analyze by
ICP-MS

DGA

Human biomonitoring at nuclear facilities is a 
potential tool for treaty compliance monitoring. A 
non-invasive bioassay sensitive to special nuclear 
materials could be useful for identifying personnel 
involved in clandestine activities. A recent, small 
pilot study has demonstrated that hair and nail 
samples collected from workers who self-report 
exposure to actinides contain U and Pu. A limitation 
of the pilot study is that exposure was self-reported 
and information is not available on how or when 
workers were exposed to special nuclear materials. 
To further develop the use of keratinous material as 
a biomonitor for exposure to internally deposited 
actinides, hair and nail samples from the United 
States Transuranium and Uranium Registries 
(USTUR) will be analyzed for Pu, Am, and U. The 
advantage of this cohort is that worker exposure 
histories are well documented and actinide 
concentrations in hair and nail can be related to 
concentrations in other organs [7].

Sample Method
U-238 

Recovery
Pu-239

Recovery
Pu-242 

Recovery
Am-243 

Recovery
U Decontamination

Factor

Hair
(n=3)

A 92% ± 3% 113% ± 12% 112% ± 10% 104% ± 8% 856

Hair 
(n=2)

B 100% ± 2% 86% ± 6% 89% ± 11% N/A 50,0002

Hair
(n=1)

C 85% 90% 87% 79% 1.66

LOD*
(n=25)

all
0.14 ng/g 0.005 ng/g 0.002 ng/g 0.0003 ng/g N/A

Three methods of separating Am, Pu, and U from hair samples 
were investigated. Although the percent recoveries were 
comparable to Method A and C, a higher decontamination factor 
makes Method B more suitable for these separations. In order to 
analyze Pu-239 with minimal interferences on the MC-ICP-MS, 
the decontamination factor will have to have to be as high as 
possible.

Pu can be measured in hair samples.  Pu exposure occurs from fallout from nuclear weapons testing, occupational exposure, and 
accidental release. Multi collector ICP-MS (MC-ICP-MS) can be used to measure the 240Pu/239Pu isotope ratio.  The isotopic ratio can be 
used to determine the source of the Pu exposure.  Pu can be measured by alpha spectrometry, however the 240Pu/239Pu isotope ratio 
cannot be measured due to the similarity in the energy of the alpha particles of 239Pu and 240Pu.   In future work, MC-ICP-MS will be used 
to measure the Pu isotope ratios.  MC-ICP-MS instruments have superior precision and sensitivity compared to quadrupole ICP-MS. The 
240Pu/239Pu isotope ratio measurement requires a high U decontamination factor (DF) to minimize the interferences of  U-238 hydrides at 
mass 239.  The hydride ratio for MC-ICP-MS is minimized by using a desolvating nebulizer.  The measured 238U1H/238U hydride ratio of the 
UMC Nu-Plasma II MC-ICP-MS instrument with a desolvating nebulizer is 1.43x10-5.  The level of U in hair from populations around has 
been reported to range from 1 - 800 µg U kg-1 hair, with upwards of 54,900 and 250,000 µg U kg-1 hair in some individuals [6]. Based on 
the Pu levels measured in occupationally exposed workers by Brown et al. [3], an additional DF of  1 x 102 - 1 x 105 is needed for samples 
containing 1 - 800 µg U kg-1 hair, respectively, to keep the hydride interference to 5% of the total signal Pu-239.  The improved DF is 
achieved using extraction chromatography methods to separate U from the Pu. The methods presented in this work will be used to 
separate U, Pu, and Am from hair and nail samples collected from the United States Transuranium and Uranium Registries (USTUR).

METHOD DEVELOPEMENT FOR FUTURE MC-ICP-MS ANALYSIS 

*LOD calculated as 3 times the standard deviation.

A/B

C
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Analyze by
ICP-MS

Reduce Pu4+ → Pu3+ and Elute
(0.02 M HCl + 0.005 M HF + 0.00001 M TiCl3 )

Elute U
(0.02 M  HNO3 + 0.005 M HF )

Uranium FractionPlutonium Fraction

TEVA UTEVA

Rinse to Remove U
(3 M HNO3 )

Method B
Separate Columns.

Reduce Pu4+ → Pu3+ and Elute to DGA
(3 M HNO3 + 0.1 M Ascorbic Acid + 0.02 M Iron (III) Nitrate )

DGA

Oxidize Pu3+ → Pu4+

(8 M HNO3 )

Rinse to Remove U
(0.1 M HNO3 )
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