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ABSTRACT

A variety of analytical techniques is available for evaluating uranium in excreta and
tissues at levels appropriate for occupational exposure control and evaluation. A few
(fluorometry, kinetic phosphorescence analysis, a-particle spectrometry, neutron irradiation
techniques, and inductively-coupled plasma mass spectrometry) have also been demon-
strated as capable of determining uranium in these materials at levels comparable to those
which occur naturally. Sample preparation requirements and isotopic sensitivities vary
widely among these techniques and should be considered carefully when choosing a method.
This report discusses analytical techniques used for evaluating uranium in biological matrices
(primarily urine) and limits of detection reported in the literature. No cost comparison is
attempted, although references are cited which address cost. Techniques discussed include:

* a-particle spectrometry,

» liquid scintillation spectrometry,

* fluorometry,

* phosphorometry,

* neutron activation analysis,

» fission-track counting,

» UV-visible absorption spectrophotometry,

* resonance ionization mass spectrometry, and

» inductively-coupled plasma mass spectrometry.

A summary table of reported limits of detection and of the more important experimental
conditions associated with these reported limits is also provided.
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Review of Uranium Bioassay Techniques

ANALYTICAL CHEMISTRY OF URANIUM

Uranium in human excreta or tissues can be quantitatively determined at levels
important for either occupational or environmental exposure monitoring by several
radiometric, photometric, and mass spectrometric methods. Summary reports describing
many of the methods applied to uranium analysis are available.™* A comprehensive review
of performance and cost factors for a variety of nonradiometric techniques used to
determine low levels of long-lived radionuclides,” and a survey of reported limits of
detection and cost of environmental samples by commercial laboratories,® have also been
published. Widely used analytical methods for uranium include a-particle spectrometry and
liquid scintillation spectrometry, which utilize the natural radioactivity of uranium, and
photometric techniques such as fluorometry and phosphorometry. Less widely used, but
extremely sensitive, neutron activation analysis and fission-track counting take advantage
of the high thermal neutron absorption and fission cross sections of 2*U and **U. The
determination of uranium in urine by ultraviolet (UV)-visible radiation absorption
spectrophotometry of a colored complex is also used at levels appropriate for preventing
nephrotoxic effects. Both resonance ionization mass spectrometry and inductively-coupled
plasma mass spectrometry are emerging techniques for isotopic uranium bioassay of low
concentrations at reasonable cost.

Environmental levels of uranium in human excreta are highly variable, depending on
uranium concentrations in air, food and water, and on the health of the individual.
Publication 23 of the International Commission on Radiological Protection provides model
values of 0.05 - 0.5 pg/d (corresponding to 0.04 - 0.4 ng/L) for urinary uranium excretion,
and 1.4 to 1.8 pg/d for elimination in feces.” Analytical techniques used as part of a radiation
protection program should provide limits of detection comparable to or below these levels
in order to differentiate between environmental and occupational uranium exposures. Other
applications will have unique requirements for acceptable limits of detection.

This report focuses on providing basic information about techniques in use for
evaluating uranium in biological matrices (primarily urine), and nominal reported limits of
detection. No cost comparison is attempted, although references are cited which provide
information for evaluating performance factors and relative costs of achieving uranium
detection limits appropriate to specific applications.



UV - VISIBLE SPECTROPHOTOMETRY

Hexavalent uranium forms colored complexes with a number of organic chelating
agents such as dibenzoylmethane (DBM), 1-(2-pyridylazo)-2-naphthol (PAN),
S-dimethylamino-2-(2-thiazoylazo) (TAM), arsenazo III*, and 8-hydroxyquinoline, as well
as with organic and inorganic reagents containing oxygen and sulfur proton donors such as
hydrogen peroxide, alcoholic ammonium thiocyanate, and ascorbic acid.® Arsenazo ITI, a
bisazo dye based on chromotrophic acid and o-aminophenylarsonic acid, is a member of a
family of bisazo derivatives of chromotrophic acid which are among the most sensitive
reagents for the spectrophotometric determination of uranium.’ Uranyl ion (UO,)*" in the
presence of arsenazo III forms a colored complex with high molar absorptivity.!® An
analytical procedure has been developed in which urinary uranium concentration is
determined from the absorbance of uranyl-arsenazo III complex at 653 nm." Uranium in
50-cm® or 100-cm® aliquots is oxidized by this procedure to U(VT) with nitric acid, and then
separated directly from urine by anion exchange prior to complexing by the addition of
arsenazo III. Chemical recovery in excess of 80% and detection of 5-66 pg/L 2*U added
to urine are reported. Determination of U(VI) in the presence of thorium (the only
interferant which is not easily masked) has been demonstrated for uranium and thorium in
the concentration range 100-700 pg/L using second-derivative spectroscopy, with coeffi-
cients of variation (CV) of 2.6% (uranium) and 1.5% (thorium) in a mixture containing
345 pg/L uranium and 351 pg/L thorium." Nakashima reports achieving a detection limit
of 0.29 pg/L for U(VI) in 100 mL of seawater, using a very simple procedure in which
uranium-arsenazo III complex adsorbed on anion exchange resin was determined directly
in a flow cell by the difference in absorbance at 665 nm and 800 nm using a dual-beam
spectrophotometer. ™

FLUOROMETRY AND PHOSPHOROMETRY **

Fluorometric uranium analysis is based -on excitation of the uranyl ion by ultraviolet
radiation absorption, followed by spontaneous photon emission and decay to the ground
electronic state. The photon emission rate is proportional to the number of excited uranyl
- ions, whose mean lifetime is on the order of a few hundred microseconds in the absence of
secondary reactions (quenching). Emitted photons have a lower energy than absorbed
photons because of radiationless energy losses within the excited uranyl ion. The term

*Arsenazo III: (1,8-dihydroxynaphthalene-3,6-disulphonic acid-bis(azophenyl arsenic
acid)) -

**The terms fluorimetry and phosphorimetry are occasionally used for fluorometry and
phosphorometry, respectively.



“fluorometry” is used when the emitted light intensity is measured while excitation is still
occurring; “phosphorometry,” when the emission intensity is measured a few microseconds
after excitation of the uranyl ion by a pulsed light source.

Fluorometric methods for uranium are commonly variations on classical methods,
wherein small (usually aqueous) samples are added to solid NaF, or to a NaF/LiF flux,
which is then fused by heating.'*** Fusion incorporates the uranium uniformly in the melt
and eliminates water, organics, and volatile inorganics. A fluorometer is used to irradiate
the cooled sample with UV light in the 320 to 370 nm range, and fluorescence intensity at
530 to 570 nm is measured at 45° to 90° to the incident beam. An empirical equation
describing analytical precision of the fluorometric method as a function of uranium
concentration in water is provided by an American Society for Testing and Materials
procedure:

o = 0.0024 +0.2001[U]-2 (1)

where 0 is the standard deviation about the mean uranium concentration [U] in mg/L.! The
CV determined from this relationship is illustrated graphically in Fig. 1. A CV of 10% is
expected for a 0.1-mL sample at a concentration of about 30 pg/L (total sample mass, about
3 ng) by the ASTM expression. This precision would be expected for the same massin 1 L
of urine if all the uranium could be concentrated and recovered for fluorometry. Uranium
in a 0.1-mL urine sample in concentrations from 1 to 1,000 pg/L can be measured
fluorometrically without pretreating the urine, except for drying.™® Quenching effects are
not significant because of the small analyte volume, but background fluorescence reduces
accuracy in the concentration range 1 to 10 pg/L. Detection of 0.1+0.1 pg uranium/L after
ion-exchange separation from 10 mL of urine has been reported.?

The use of UV lasers provides precise frequency control for reduced interference, and
increased incident light intensity for stronger induced fluorescence. Detection of 1.0 pg
uraniunvL in the equivalent of 0.2 mL of urine has been reported using 337-nm laser light
pulsed at 16 Hz; phosphorescence with decay times of about 100 ps was measured in this
study at 516 nm after organic fluorescence with 4- to 10-ns lifetimes had decayed.?
Detection of 10 pg/L uranium was reported by coprecipitating the uranium from aqueous
solution with CaF,, and then measuring laser-induced phosphorescence in the fused
precipitate; the luminescence intensity was reported to be linear from 0.002 to 0.02 pg
uranium/L.” The use of pulsed dye-laser excitation of the uranyl ion, corrected for matrix
quenching and temperature effects, provides very precise measurement of uranium in
synthetic urine at 7 ug/L when samples are wet-ashed in nitric and perchloric acids and then
taken up in phosphoric acid for analysis.?

Kinetic phosphorescence analysis (KPA) estimates uranyl ion concentration by
observing phosphorescence intensity with time after pulsed laser excitation." Decay of the
resulting UQ,** excited state follows first-order kinetics, so that
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Fig. 1. Coefficient of variation for fluorometric
determination of uranium in water by ASTM D
2907-75.

i, = Inl, - (k, +k)t @

-where I, and I are phosphorescence intensities at times # and 0, respectively, and k, and &,
are rate constants for phosphorescence and nonradiative (quenched) decay processes.The
initial phosphorescence intensity I, is determined from the intercept of the plot oflnl,vst,
and is related to uranyl ion concentration by calibrations using standard solutions. The KPA
limit of detection for U,04 dissolved in nitric acid and complexed with a phosphate solution
is reported to be about 1 ng/L, with a 4%-7% CV (1%-3% at higher concentrations).*
Linear response from 1 ng/L to 5 mg/L is possible if detector saturation is accounted for
during early decay times of more concentrated solutions. An ASTM test method using
pulsed-laser phosphorimetric analysis for uranium above 50 ng/L in water is available.” The
KPA method has been used to measure background levels of uranium in urine in the
. 15-30 ng/L range with a 10 ng/L limit of detection.”® Development of a protocol for
analyzing uranium in urine using KPA has been described, in which results (see Table 1) of

*The authors used a nitrogen-pumped dye laser at 420 nm with 0.1-0.5 mW of power,
emitting pulsés of 3-ns duration. Each analysis consisted of interrogating the sample at a
20-Hz repetition rate for 50 s.




Table 1. Reported EML interlaboratory comparison results
(ng/mL total uranium in urine)

Added by RESL* EML? Lab 2° Lab 3¢ Lab 4°
EML :
0 0.12+£0.02 014011  0.04+0.04 11 8
0 0.09£0.02 -0.01£0.16  0.03+0.03 00 <5
33 3302 33+03 2.8+05 31 <5
6.1 58+03 57+04 59+09 7+0 8
11.1 10.4£0.5 11.3+0.5 93+ 14 13+2 14
17.6 16.5+0.8 16.8 + 0.6 15.6+2.4 2143 14

*U. S. Department of Energy Radiological and Environmental Sciences Laboratory; KPA
method. ‘

bU.s. Department of Energy Environmental Measurements Laboratory; chemical separa-
tion followed by e-particle energy spectrometry (5600-min count).

°Chemical separation followed by fused-pellet fluorometry.

9 used-pellet fluorometry.

*UV-visible spectrophotometry after separation by anion exchange and complexing with
Arsenazo II1.

an interlaboratory comparison* conducted by the U.S. Department of Energy Environmental
Measurements Laboratory indicate that the method compares favorably with analysis by
o-particle spectrometry (5600-min counting time), fused-pellet fluorometry, and UV-visible
spectrophotometry.?’

METHODS BASED ON MEASURING ALPHA RADIOACTIVITY

Both a-particle energy spectrometry and gross a-decay counting take advantage of the
natural radioactivity of uranium to determine uranium quantitatively in human excreta and
tissues. Isotopic identification, important for internal dosimetry, is possible using e-particle
spectrometry. Techniques using solid-state (surface-barrier and passivated ion-implanted)
silicon detectors and liquid scintillation are available for a-particle spectrometric uranium
bioassay.

*Natural urine with known amounts of uranium added by the testing laboratory was
used for the intercomparison study.



Silicon semiconductor surface-barrier and ion-implanted detectors are widely used for
a-particle spectrometry because of the 20-40 keV full peak width at half-maximum
(FWHM) energy resolution, which is similar in magnitude to differences in a-particle
energies associated with the different uranium isotopes. This technique requires radiochemi-
cal separation of the uranium from the biological matrix followed by electrodeposition,
evaporation, or coprecipitation with LaF; or NdF; in a thin, almost massless, configuration
on a substrate that can be inserted into the counting chamber.*3! The concentration of
uranium in urine, feces, or tissue which can be determined with a given precision depends
on factors which include the detector efficiency, chemical recovery, background, sample
size, and counting time. Estimates of uranium detection limits L, in terms of concentration
in the analyte can be derived® for e-particle spectrometry using silicon surface-barrier
detectors by assuming that 10 net counts is significantly greater than zero, with CV=30%
(0=v10«3), and by substituting the typical bioassay parameters into the expression shown
as Equation 3:

Counting time, =24 h=286,400 s
Counting efficiency, € = 0.3
Sample volume, V=1L

Chemical recovery = 100%.

tekVS  (86,400s)(030)(1L) kS kS @)

LD(p_g) . 10counts _ 10 counts _ 3.86x107*
L

where k = the a-particle yield per disintegration, and S = specific activity (Bq/ug).

Table 2 shows nuclear data relevant to c-particle spectrometry for uranium, and provides
estimates of concentration detection limits for uranium isotopes from the nuclear data and
the expression given in Equation 3. Detection limits are lower if counts are summed under
all the a-particle energies (k=1) for a particular isotope, which is a common practice,
especially in cases where the c-energy separation is too small for resolution by the detector.

Liquid scintillation spectroscopy is attractive for quantitative determination of a-particle
emitters because of its 4% geometry, high counting efficiency (near 100%, since sample
- self-absorption is not a factor), and because sample preparation can be relatively straightfor-
ward. Fairly recent developments have resulted in liquid scintillation counting equipment
designed for a-, rather than B-particle, emissions, and techniques which partially overcome
disadvantages of high background (resulting from sensitivity to accompanying B and y
radiation) and sensitivity of scintillator performance to water, acids, or salts which may be
introduced along with the analyte. Design of a Photon-Electron Rejecting Alpha Liquid
Scintillation (PERALS) spectrometer, which uses pulse-shape discrimination for rejecting
B-particle and y-ray signals, thereby significantly reducing background, and a method for
separating and counting uranium and thorium in phosphate-containing materials (including



Table 2. Uranium concentration detection limits for a-particle
spectrometry using silicon detectors

a-Particle Approximate

a-Particle yield per * Specific detection
energy disintegration activity limit

Isotope MeV) (k, dimensionless) Bg/ug) (pg/l)
By 532 0.69 7.92x10° ' 7x107°
»y 482 0.84 3.57x10? 1x10¢
3u 477 0.72 2.32x10? 2x10¢
By 4.40 0.57 7.98x10? 8x10?
By 419 0.77 ‘ 1.24x10% 4x10?

animal wastes) have been described.? Light intensity in a liquid scintillator from an a-particle
is linear with the particle's energy in the 4- to 7-MeV range, which includes the 4- to 5-MeV
range for most uranium o energies. The precision of the method is reflected by the
scintillation peak width at half-maximum, about 200 keV at an a-particle energy of 4 MeV,
rising to 300 keV at 6 MeV. Liquid-liquid extraction techniques using an organic phase-
soluble complex of the analyte, with an organic scintillator having no aqueous phase-
accepting components but containing a solvent extraction or phase transfer agent, produces
the best energy resolution by reducing interferants introduced with the analyte into the
scintillator medium. Energy resolution is also enhanced by the choice of an optimal sample
size, efficient light collection and reflection to the phototube, and a minimal number of
refractive index interfaces in the light collection system. Electronic pulse-shape discrimina-
tion in PERALS provides a means of rejecting responses to interfering B and y radiations
so that background count levels approach those typical for surface-barrier detectors. Use
of the techniques described above can result in energy resolution of about 250 keV FWHM
for a 5-MeV « particle, and a detection limit of 0.01 cpm or lower, giving detection limits
comparable to those in Table 2.

NEUTRON IRRADIATION METHODS

Two types of nuclear reactions provide sensitive methods for determining uranium in
biological tissue or excreta. Neutron activation analysis (NAA) takes advantage of the
transmutation of U to short-lived ®’Np, and both fission-track analysis (FTA) and delayed
neutron analysis (DNA) can be used to determine 2*U with its large thermal neutron fission
cross section. Most applications of neutron irradiation methods for measuring uranium in



biological samples use ‘high thermal neutron fluence rates available in nuclear reactors or
particle accelerators. Typical neutron ﬂuence rates used for the limits of detection cited in
this section are on the order of 10** cm? s™.

In neutron activation analysis, 2°U absorbs thermal neutrons in an n-y reaction to form
29U, which decays rapidly (T,,=23.5 min) by B" -decay to 5Np. The ®°Np is itself a short-
lived species (T,,=2.34 d) which decays by emission of a B~ particle to Z°Pu. Photons
associated with the decay of either 2°U or Np can be used to estimate the original amount
of 2*U present in the sample. The detection limit of the method depends on the thermal
neutron fluence rate at which the sample is exposed and the time of exposure, since the
maximum induced activities of both 2°U and its daughter, Z°Np, are governed by

A@) = AN®) = pon(1-e™3) @)

where

A(®) = activity of ®°U at time ¢,

A=4.92x10"*s", the radioactive decay constant for #°U,

N{(?) = the number of ®°U atoms present at time ?,

¢ = neutron fluence rate (cm? s™),

o, = 2.73x10 cm?, the 28U neutron capture cross section, and
n = the number of 2*U atoms in the sample.

Natural uranium in high-purity silicon has been determined by NAA down to levels of
10 pg, but interferences from other activated species in biological excreta make pre- or
post-irradiation separation of the activation products a requirement for obtaining useful
detection limits for radiobioassay. The separation process introduces the possibility of
contaminating the sample if performed prior to irradiation, and increases the handling and
related personnel exposure for highly radioactive samples if performed after neutron
activation takes place Limits of detection for urinary ?®U have been reported as low as
1x10* ug/L by measuring the induced 90U activity after solvent extraction.® Others report
measuring uranium concentrations of 5 pg/L, both from induced Z’Np activity in 1-mL urine
samples which were irradiated and then separated on anion exchange resins,* and in urinary
" uranium which was complexed with oxime and absorbed on activated carbon prior to
neutron irradiation and determination of the resulting Z°U activity>* Determination of
10° ug #°Th, a long-lived a-emitting daughter in the”® U decay chain that transmutes to
short-lived #!'Th in an n-y reaction, has also been reported, and might be useful for
estimating natural uranium in excreta.*

Defayed neutron analysis (DNA) is a sensitive method for determining *°U because the
fissioning of the uranium nucleus creates radioactive nuclei, in about 1.6% of the fission
events, which decay by B~ particle emission to unstable daughters that further decay by



spontaneous neutron emission. Measuring the delayed neutron emission rate provides a
quantitative estimate of the U present in the sample. The B~ -emitting fission products
decay with half-times ranging from 2 to 55 s, so that their activity in a thermal neutron field
approaches its maximum value quickly. Levels on the order of 10* ug 2°U (0.014 pg U,,)
can be detected, and 10° pug measured quantitatively, in samples with no interferences after
exposure times of about 1 min in a neutron fluence rate of ¢~3x10" cm? s (refs. 36-38).
Detection of 1.5 pCi Z*U/L (0.0069 ug/L), 1 pg U,/L, and 4 pg depleted uranium/L
(0.18% *°U) has been reported using 25 mL of urine irradiated and analyzed for delayed
neutron emissions without any sample processing.** Uranium in 100-mL aliquots of urine
complexed with thiocyanate and adsorbed on anion exchange resin prior to irradiation has
been measured at concentrations of approximately 0.5 pg/L.%

Fission track analysis (FTA) is available as a sensitive analytical method in which fission
fragments from U exposed to thermal neutrons produce tracks in materials such as
polycarbonate films (Lexan), mica, and fused silica. These tracks are then developed to a
size visible under the microscope, and the amount of Z*U present in the sample can be
estimated from the track density. The method is extremely sensitive; detection limits in the
range 0.1 to 0.7 pug/L have been observed, and a limit of 0.01 pg/L is believed possible,
using 0.05 mL urine on Lexan film exposed to a thermal neutron fluence of ¢~10'7 cm
(ref. 2).

MASS SPECTROMETRIC TECHNIQUES

Mass spectrometry provides a powerful and sensitive analytical tool which is capable
of determining both mass and isotopic composition of an analyte. Exploration of its
usefulness in determining uranium in biological materials has increased greatly since the late
1970s. Mass spectrometric techniques tend to be described in terms of the means by which
a sample is ionized prior to injection into the mass spectrometer. Two such techniques used
for ionizing samples containing uranium are resonance ionization and inductively coupled
plasma.

Resonance ionization spectroscopy (RIS) uses tuned laser radiation to selectively raise
uranium atoms in the gas phase to one or more intermediate quantum energy states before
photoionization and detection.** Intermediate excited states can be chosen which are
specific for the atom of interest so that isotopic resolution is possible. The charge produced
by the free electrons can be measured, or the ions can be analyzed by mass spectrometry.
Gaseous neutral atoms are generated from a solid substrate by thermally heating the sample
or by bombarding the sample surface with ion beams (sputtering). Pulsed lasers are
normally used both to excite and to photoionize the uranium. The resonance ionization mass
spectrometry (RIMS) technique has been described by several authors.*** A RIMS
methodology for analyzing urinary uranium has been described, in which 10-mL aliquots of
artificial urine spiked with uranyl nitrate are passed through anion exchange columns, and
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the eluate is dried on a silicon disk prior to analysis. The dried sample is vaporized by
sputtering with an Ar ion beam. A detection limit of 1 pug uranium/L is reported, and the
authors believe the detection limit can easily be reduced to 0.05 pg/L by better control of
reagent purity. Determination of the 2*U/”*U ratio in the range 0.3 to 10 is also reported
to within 20% of the known value. The authors also present favorable cost estimates for
routinely determining uranium in urine at different analyte concentrations and limits of
detection using the technique.*

Inductively coupled plasma-mass spectrometry (ICP-MS) uses an inductively-coupled
plasma as an ion source for a mass spectrometer. A sample introduction device introduces
samples into the plasma, as either a dry vapor or a fine mist. Options for introducing liquid
samples include pneumatic nebulization, electrothermal vaporization, flow injection, and
direct injection. Laser ablation is a common method for introducing solid samples into the
plasma. Argon is often used as the carrier gas. Radiofrequency fields at the tip of a quartz
torch generate a high-temperature (5000 - 8000 K) plasma at atmosphenc pressure in the
carrier gas, which desolvates, atomizes, and ionizes the sample; a portion is then drawn into
the evacuated mass spectrometer region through a series of small orifices. ICP-MS detection
limits are generally competitive with those for methods which depend on natural
radioactivity for radionuclides with half-lives exceeding about 10* years.* A comparison of
ICP-MS and delayed neutron analysis shows that ICP-MS precision and accuracy compare
favorably with DNA for measuring 0-372 ng/L #*U and 0-8 pg/L Z*U in urine.*** Results
of the comparison are reproduced in Table 3 and graphically in Figs. 2 and 3. Human Lung
Standard Reference Material from the National Institute of Standards and Technology with
8.1 ng uranium per gram was analyzed by ICP-MS, using ?*T] and ?*Bi as internal
standards, with good results.* Uranium was also measured at about 55 ng/g in human bone
using an in-house standard material in this study. Results from both the lung and bone
analyses are shown in Table 4.

CONCLUSIONS

This review illustrates that a variety of analytical techniques is available for evaluating
uranium in excreta and tissues at levels appropriate for occupational exposure control and
evaluation. A few (fluorometry, kinetic phosporescence analysis, ¢-particle spectrometry,
- neutron irradiation techniques, and inductively-coupled plasma mass spectrometry) have
also been demonstrated as capable of determining uranium in these materials at levels
comparable to those which occur naturally. A summary of reported limits of detection and
the more important experimental conditions associated with the reported analytical levels
are shown in Table 5.

*Concentrations of 2*U were inferred from the 2*U DNA results using assumptions
about isotopic ratios in the sample.
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Table 3. Comparison of analytical results for uranium in urine: ICP-Mass
spectrometry and delayed neutron analysis

35U concentration (ng L) 23U concentration (ug L)

Added by ICP-MS DNA Added by ICP-MS DNA
laboratory result® result® lab result* result®
0 <5 s 0 002001 <l

74 97+20 76+10 20 2.10£0.10 2.02+0.64
112 174 430 112+ 12 3.0 3.23+0.17 3.32£0.65
149 197 +£35 150+ 10 40 5.25+0.21 3.90+0.65
223 28040 23612 5.0 545+0.27 5.12 £0.37
298 322+40 31012 6.0 6.45+0.32 5.85+0.97
372 419 %45 387+ 16 8.0 8.91+045 8.29+0.56

*Concentration + 1 standard deviation based on counting statistics for a single analysis.
®Mean concentration # 1 standard deviation based on approximately 20 analyses. Z*U concentration
is inferred from the #*U DNA result using assumptions about isotopic ratios in the sample.

350 -

250 .

200 + I -
150 | ) .

Analyticel Result (ng/L)

2 1 1 1 1 1 § 1 1

(o]
0 50 100 150 200 250 300 350 400 450
Uranium—235 Added to Urine Matrix (ng/L)

Fig. 2. Comparison of analytical results for 25U
in urine: ICP-Mass spectrometry and delayed
neutron analysis.
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Fig. 3. Comparison of analytical results for 2*U

(inferred from U results) in urine: ICP-Mass spec-
trometry and delayed neutron analysis.

)

Table 4. ICP-MS analytical results for uranium in biological materials

Concentra- Measured concentration
Biological tipn of ﬁ§sue Referenc_e (ng/g)
me Gy e o sl *Biitenal
Human bone 400 1 a 54.4+33 55.6+33
2 58.1+34 588+34
3 62.1+3.5 66.24+3.6
Human lung 400 1 8.1 7374027 7.49+0.27
2 8.01+£0.28 7.98+0.28
3 8.03+:0.28 7.834:0.28

“The human bone was an in-house standard with no published uranium concentration reference
value.



Table 5. Reported uranium measurement levels in excreta and tissues
for several analytical techniques

Measurement level
Technique (ng/L) Notes
UV-visible 5,000 - 66,000 Anion exchange followed by formation of a colored
spectropho- complex using Arsenazo HI
tometry
Fluorometry and
phosphorometry
Fluorometer 100£100 Standard deviation for determination of U in water
is given by the ASTM expression:
¢ = 0.0024 +0.2001 [U]*>*3
UV Laser 1,000 - 7,000 Detection of 0.01 ng/L U in aqueoﬁs solution fol-
lowing CaF, precipitation and measurement of
phosphorescence in the fused precipitate has been
reported.
KPA 15-30 Estimated detection limit, L,~10 ng/L.
Natural radioactiv-
ity
PERALS No direct measurements of uranium in biological
materials reported, but attainable levels are esti-
mated to be comparable to values reported below
for a-spectrometry
a-Spectrom- 40 (®*U)  Approximate, based on 24-h counting time, 30%
etry 8 (®*U)  CV, and other assumptions considered to be typical
0.002 (®U)  of conditions for this type of analysis.
Neutron irradiation
NAA 0.001-5000 (V) @,~3x10"cm?s!
DNA 7 (*U)  @,~3x10® cm?s?, 25 mL urine
FTA 0.1-0.7 (*U) &,~3x10" cm?, 0.05 mL urine
Mass spectro-
metry
RIS 1,000 Capable of isotopic analysis (20% uncertainty).
An attainable detection level of about 50 ng/L is
suggested.
ICP-MS 2,000 - 8,000 (**0) Generally competitive with a-spectrometric
74 -372 (®U)  methods for radionuclides with T,>10%y.
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Sample preparation requirements and isotopic sensitivities vary widely among analytical
techniques and should be considered carefully when choosing a method. Sample preparation,
which is not addressed here, often affects both the cost and limit of detection of a particular
analytical method. Recent developments in ion-exchange materials and techniques have
greatly simplified steps for concentrating uranium, and have enabled significant improve-
ments in the limits of detection in some cases. Demonstrated performance using uranium in
the matrix of interest to determine a suitable technique is preferable to reporting results for
uranium in water or other matrices. Urine and feces, which are matrices of particular interest
in radiation protection programs, are very complex and may require more careful sample
preparation than that needed for relatively more simple media, such as tap water.

No analysis of cost or other programmatic factors important in choosing an analytical
technique, besides reported analytical levels or detection limits, has been attempted in this
report. Some techniques, particularly those involving neutron irradiation, are much less
accessible at this time because of the lack of availability of nuclear reactors which provide
the required thermal neutron fluence rates. Other neutron sources, such as accelerators, may
be applicable for some types of analyses, however.
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