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6. ANALYTI CAL METHODS

The purpose of this chapter is to describe the anal ytical methods
that are available for detecting and/or neasuring and nonitoring
pl utoniumin environnmental nedia and in biological sanples. The intent
is not to provide an exhaustive list of analytical nmethods that could be
used to detect and quantify plutonium Rather, the intentionis to
identify well-established nethods that are used as the standard nethods
of analysis. Many of the analytical nethods used to detect plutoniumin
environnmental sanples are the nmethods approved by federal agencies such
as EPA. O her nethods presented in this chapter are those that are
approved trade associations, such as the Association of Oficial
Anal yti cal Chemists (AOAC) and the American Public Health Association
(APHA) . Additionally, analytical nmethods are included that refine
previously used nethods to obtain | ower detection limts and/or to
i nprove accuracy and precision.

The accurate and reliable determ nation of plutoniumin biol ogical
and environnmental sanples is inportant because of the potential inpact
of this elenment on public health. Analytical nethods used to neasure
pl utoniumin biological and environnmental mnedia are highly refined
conpared to other transuranics.

Anal ytical nethods used to quantify plutoniumin biological and
environnmental sanples are listed in Tables 6-1 and 6-2. Enphasis has
been placed on well -established nethods approved by EPA, the Anerican
Public Health Association, and in accordance with accepted standards of
the Anerican Society for Testing and Materials (ASTM. Revi ews of
anal yti cal methods for measuring plutoniumconcentrations are provided
by Brouns (1980), Bernhardt (1976), Metz and Waterbury (1962), and Si ngh
and Wenn (1988).

Ceneral environnmental survey instruments (e.g., al pha particle
nmeters) are avail able, but they are not specific for plutonium The
predom nant anal ytical nethod for measuring plutonium present at or near
background concentrations in both biological and environnmental nedia
requi res radi ocheni cal separation and purification in conjunction with a
quantitative neasurenment technique (e.g., alpha spectronetry, liquid
scintillation, or nmass spectronetry).

6.1 BI OLOG CAL MATERI ALS
The procedures that have been devel oped for the determnation of

smal |l quantities of plutoniumin biological as well as in environnental
sanpl es include the foll owi ng steps:

e Release of plutoniumfromthe sanple's natrix into solution and the
addi tion of plutoniumtracers;



TABLE 6-1. Analytical Methods for

Determining Plutonium in Biological Materials

Sample
Detection
Sample Matrix Sample Preparation Analytical Method Limit Accuracy Reference
Biological soft Wet ash; filter; extract; electrodeposit on « spectrometry 238py,, no data no data Singh and Wrenn 1988
tissues platinum disk 239/240p,
Urine Evaporate; wet ask; filter; extract, electro- « spectrometry 235Pu, no data no data Singh and Wrenn 1988
deposit on platinum disk 239/240p,
Fecal matter Wet ash; filter; extract; electrodeposit on « spectrometry 238Pu, no data no data Singh and Wrenn 1988
platinum disk 239/240p,,
Bones Dry ash; reduce valence state; extract; « spectrometry 23°Pu, no data no data Singh and Wrenn 1988
electrodeposit on platinum disk 233/240p,,
Milk Dry ash; extract; reduce valence state; « spectrometry no data no data EPA 1984
coprecipitate with lanthanum fluoride
Plant Dissolve starch; filter; wet ash; extract; « spectrometry 0.0027 pCi no data Bunzl and Kracke

electrodeposit on platinum disk

238p, , 233/240p,,

(0.1x10-% Bq)

1987
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TABLE 6-2. Analytical Methods for Determining Plutonium in Envirommental Samples

Sample
Detection
Sample Matrix Sample Preparation Analytical Method Limit Accuracy Reference
Air Extract; filter; coprecipitate with cerium « spectrometry (solid 0.08x10- +10% APHA 1977
fluorides; electrodeposit on platinum disk state detector) pCi/m? (2x
(tentative Method 10-6 Bq/m3)
605)
Air Dry ash; filter; extract; reduce valence; « spectrometry no data no data EPA 1984
coprecipitate with lanthanum fluoride
Soil Digest; filter; extract; electrodeposit on « spectrometry 238pyu, no data no data Singh and Wrenn 1988
platinum disk 23s/240p,
Soil, Water Ash soil or evaporate water samples; reduce « spectrometry 238Pu, no data no data EPA 1984
valance; extract; wet ash; coprecipitate with 238/240p, )
lanthanum fluoride
Water Filter; extract; coprecipitate with lanthanum « particle counter no data 15% EPA 1980

fluoride

(either proportional
or scintillation
detectors) (EPA
Method 907.0)

9

SQOHLIW TVOILXTIVNV

60T
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e Concentration by precipitation with a noni sotopic carrier or
by sol vent extraction;

e Purification by precipitation, liquid extraction, or ion
exchange chromat ography; and

o Determination of the plutoniumcontent of the sanple by
al pha-particle counting or other techniques (Brouns 1980).

Two common net hods for releasing plutoniumfromthe sanple's matrix
into solution are acid extraction and acid dissolution. Sanples are
wet, or dry, ashed prior to solubilization. Leaching the sanple with a
m xture of acids (e.g., nitric acid and hydrochl oric acid) has the
advant age of easily handling | arge sanple volunes, but with the
potenti al di sadvantage of |eaving plutonium conpounds in the residue.
The acid dissolution procedure includes the addition of excess
hydrofl uoric acid (HF) to the above nixture of acids and results in
di ssolution of rmuch, if not all, of the sanple matrix. Refractory
pl ut oni um conpounds (e.g., PuQ,) are nore likely to be dissolved upon
addi tion of HF. However, di ssof ution of interfering elements, such as
i ron, phosphorous, and other rare earths (e.g., al pha-particle
emtters), is also increased in acid dissolution. Athird exanple of a
di ssolution nethod is fusion. It is less routinely used, however,
because it is relatively labor intensive. Fusions with pyrosul fate, or
a comnbi nati on potassiumfluoride and pyrosul fate fusion, can insure
conpl ete dissolution of the sanple matrix. The potassium fluoride
fusion dissolves the siliceous material in the sanple, whereas the
pyrosul fate fusion dissolves the nonsiliceous matrix material s,
especially the refractory plutoni um di oxi des (Bernhardt 1976).

Pl ut oni um sol utions that contain: (1) other al pha-particle
emtters (e.g, anericiumand neptunium, (2) large amounts of fission
products (e.g., cesiun), or interfering anmounts of other substances such
as iron, calcium uranium and phosphorous need to undergo additiona
chem cal separation procedures. Nonisotopic carriers, such as |anthanum
fluoride (LaF,) and zirconi um phenyl phosphate (ZrCHPQO,), are used to
selectively precipitate the rare earths. Solvent extraction and ion
exchange separation nethods are preferred net hods because of better
separations. In addition, they do not involve the addition of
nonvol atil e substances resulting in an easier preparation of the
co-precipitation source used for al pha-particle counting.

These extraction techni gues can be nade very efficient and
sel ective by adjusting the oxidation state of the plutoniumand other
sanpl e constituents. Common extraction nethods specific for plutonium
use 2-thenoyltrifluoroacetone (TTA), tetrapropylamoniumtrinitrate in
i sopropyl acetone or triisooctylam ne, cupferron in chloroform
tri butyl phoshphate, and tri-octyl phosphi ne di oxi de. Ani on exchange
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met hods with either nitric or hydrochloric acid solutions are commonly
used. Cation exchange colum nethods are | ess frequently used (Brouns
1980) .

Al pha-particle counting is the nost conmonly used nethod for
determ ni ng plutonium concentrations at |ow |l evels in biologica
sanples, as well as in process waste streans, and in soil, water, and
air filter sanples (Brouns 1980). This nethod does not distinguish
between the different al pha-particle enmitters of plutonium (plutonium
236, plutonium 238, plutonium 239, plutonium 240, plutonium 242), nor
does it detect plutonium 241, a beta-particle emtter.

Prior to nmeasurenent, the separated and purified plutonium nust be
i ncorporated into a source to produce a | ow mass, uniformy distributed
deposit on a highly polished netal surface. Two techniques that are
commonly used are: (1) electrodeposition, and (2) co-precipitation with
a carrier. Electrodeposition is currently used in a mnority of
| aboratories to prepare a thin, uniform and reproducible source. The
al pha-particle emtting i sotopes of plutoniumare el ectrodeposited on a
pol i shed stainless steel, or platinumdisk. In the co-precipitation
technique, a small anobunt of a carrier (e.g., LaF3) is used to coprecipitate
the separated and purified plutoniumfromsolution. The
precipitate is then prepared for counting by either filtration or by
evaporation of a slurry of the precipitate onto a stainless steel disk
or planchet (ASTM 1982; 1987). Recent methods use a glass fiber filter
whi ch can be used as the source for al pha counting techniques. It has
been suggested that |low yields result from el ectrodeposition due to the
presence of traces of interfering elenents (e.g., iron) (Bernhardt
1976) .

Al pha spectronetry is the single nost wi dely used nethod for
measuring concentrations of plutonium238, or a m xture of plutonium 239
and pl ut oni unm 240. However, the energy of the al pha particles enitted
from pl utoni um 239 and pl utoni um 240 are too close to be resolved by
al pha spectronetry. The two remai ning al pha-particle emtters anong the
pl ut oni um i sot opes, plutonium 236 and pl utoni um 242, are normally not
found in environmentally significant quantities, and are not common
constituents of nuclear fuels or waste waters. Therefore, they can be
used as tracers to aid in the analysis of other isotopes. In this
calibration procedure, a known quantity of a tracer is added to the
sanpl e being analyzed in order to determne the yield. This is the
percentage of the total amount of plutoniumin the sanple that is
actual ly neasured in the el ectrodeposited anmount after the separation
purification, and preparation of the source (ASTM 1987; Brouns 1980).

The nost critical step in the analysis of biological sanples is
conpl ete dissolution of the sanple to assure solubilization of all
p! ut oni um conpounds. Bi ol ogi cal sanples are generally dissolved by wet
ashing or a conbination of wet and dry ashing. Hi gh tenperatures (700%
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to 1,000°C) during ashing should be avoided in order to prevent the
formati on of an insoluble form of plutonium dioxide (N elsen and Beasl ey
1980; Sill 1975). Plutoniumthat has been distributed to urine, blood,
or soft tissue as a result of nmetabolic processes is usually in a
readily soluble form Lung tissue, feces, and excised tissue from wound
sites will likely contain insoluble forms of plutoniumand will require
treatnent with HF and repeated ashings to effect solubilization

Ti ssues, feces, and vegetation require repeated treatnent wit'n a mxture
of concentrated nitric acid (HNO ), perchloric acid (HC10,), and

sul phuric acid (HSO) in order to oxidize the |arge anount of organic
materials in these sanples. If an insoluble residue remains after
repeat ed ashings, then fusion of the residue with gramquantities of an
inorganic flux (e.g., sodium carbonate, sodium pyrosul fate) can be used
to effect solution. Known amounts of a plutoniumisotope are comonly
added subsequent to the dissolution step so that the percentage of

pl ut oniumrecovered after separation and purification (i.e., the yield)
may be determ ned. This added pl utonium nust be in the sane chem cal
formas the plutoniumin the sanple or the yield estimtes will not
reflect the percentage of plutoniumrecovered fromthe dissolved sanple
(Bernhardt 1976; Nielsen and Beasl ey 1980).

Met hods used for concentrating plutoniumin a sanple by a carrier
are often specific to one oxidation state of the plutonium For
exanpl e, the classical bismuth phosphate-Iant hanum fl uori de met hod of
concentrating plutoniumfromurine sanples is specific to plutoniumin
the tri- and tetravalent states and will |eave plutoniumV1l) in
solution. The fate of the various oxidation states of plutoniumin man
is not well understood and anal ysis procedures must insure reduction or
oxi dation of plutoniuminto appropriate oxidation states. Liver and
ki dney sanples may contain netals (e.g., iron) which may greatly reduce
chem cal yields during the final electrodeposition step (Bernhardt
1976) .

Sensitive nmethods for analysis of plutoniumin urine are
particularly inportant for estimating occupational plutonium body
burdens. Routinely available instrumentation, such as the al pha
spectronmeter, can readily detect these | ow concentrations. Mre
sensitive nmethods are commonly required for urine sanples in order to
assess chronic exposures to plutonium These |ow detection linmts were
first achieved in the past by nuclear enulsion track counting (see Table
6-1). In this nethod, the el ectrodeposited sanple is exposed to nucl ear
track film subsequent to the isolation of plutonium The al phaparticle
emtting isotopes of plutoniumw |l |eave tracks on the film
whi ch are counted to quantify the anpunt of plutonium Nuclear enulsion
track counting has been used in the past to neasure plutonium
concentrations in the urine of workers at a nucl ear reactor plant
(Ni el sen and Beasl ey 1980). A type of scintillation counting has been
used to neasure plutonium 239 and anericium 241 in animal tissues (NCRP
1985) .
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6. 2 ENVI RONMENTAL SAMPLES

Common anal ytical nethods used to neasure plutoniumin
environnmental sanples are listed in Table 6-2. The separati on and
extraction nmethods used to prepare biol ogical sanples for plutonium
anal ysis are commonly used for environnmental sanples.

Large vol umes of air particul ate sanples (e.g., 10,000 m) shoul d
be collected in order to obtain detectable anounts of pl utonium
Fi berglass filters may have trace anounts of netals which decrease the
yi el d when electroplating is used to prepare the sanple source for al pha
spectronmetry (Bernhardt 1976).

Field survey instruments for measuring photons of americium?24l in
surface soils and on airborne particulates are available (e.g., Field
Instrunent for Detecting Low Energy Radiation: FIDLER) with a m ni num
detection linit of approximtely tw ce the magnitude of a background
| evel of plutonium 239 (1-2x10°pCi/nf; 37-74 Bg/nf). The FIDLER uses a
sodiumiodide or calciumfluoride crystal and photon-hei ght
discrimnation in order to detect the 17 KeV X-rays emtted fromthe
progeny of plutonium or the 60 KeV ganma photons of anericium 241.
These instruments are useful for identifying areas of contanination, but
cannot be used to accurately predict the concentration of plutoniumin
surface soils (Bernhardt 1976). This instrunment has been used in aerial
surveys of large area sources, such as the Nevada Test Site.

Si nce soil-adsorbed plutoni um contam nati on exists as discrete
particles of various sizes, analysis of larger soil volunmes (25 to 100
grams) is recommended (Bernhardt 1976). Commonly, soil sanples with
hi gh anounts of carbonate are difficult to analyze. Mre rapid,
efficient, and econom cal procedures are being devel oped to sequentially
anal yze a nunber of radioactive actinides (H ndman 1986).

An EPA- approved procedure for the analysis of plutoniumin water is
listed in Table 6-2. In addition, the foll owi ng ASTM standard net hods
relate to the neasurenent of plutoniumin water: D 3648, D 3084, D 3972,
and D 1943 (ASTM 1981, 1982a, 1982b, 1987). Recent work has focused on
nmore rapid analytical methods in order to routinely nonitor plutonium
I evel s in waste process streans at nuclear facilities. For exanpl e,
Edel son et al. (1986) have investigated the applications of
i nducti vel ycoupl ed | asma-atomni ¢ em ssion spectronetry (I CP-EAS) to routinely
anal yze water sanpl es.

Al pha counting and al pha spectronetry are the two nbost conmon
anal yti cal nmethods for neasuring plutoniumconcentrations in
envi ronmental sanples. O her measurenent techniques avail able are
liquid scintillation, mass spectronetry, and ganmma spectronetry.
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Liquid-scintillation counting is a | ess commbon nethod used to
measur e plutonium concentrations fromthe various al pha-particle
emtters anong the isotopes of plutonium Although liquid scintillation
counting avoids the interferences fromiron and other netals seen with
el ectrodeposition, this nmethod generally has higher detection limts
t han obtained with al pha spectronetry. In addition, the conposition of
the scintillation solution nust be carefully controlled to prevent
pol yrmeri zati on, deposition, or precipitation of the plutonium (NCRP
1985).

Mass spectronmetry is used by sonme research | aboratories to
determ ne the concentration of each plutoniumisotope, including the
natural |l y-occurring plutonium244. Mass spectronmetry determ nes the
nunmber of atons of a given mass nunber and, therefore, can neasure the
concentration of all of the plutoniumisotopes, not only the aiphaparticle
emtters as in al pha spectronmetry. Mass spectronetry is
several orders of magnitude nore sensitive than al pha spectronetry in
determ ning the quantities of plutoniumisotopes with [ong half-1lives,
which also tend to be the heavier isotopes. However, plutonium 238 is
nmost accurately determ ned by al pha spectronetry (Bernhardt 1976)
because of its relatively short half-life and the potenti al
interferences fromtraces of urani um 238.

Quantities of plutonium 241, a beta-particle emtter, can be
quantified from (1) assumed isotopic abundance ratios, (2) estinated
in-growth of its progeny anericium241 by gamra spectronetry, or by (3)
mass spectronetry (Bernhardt 1976). Americium 241 is produced fromthe
beta decay of plutonium 241 and, therefore, can be used to indirectly
nmeasure the concentration of plutonium 241 (Metz and Waterbury 1962).
Direct determ nation of plutonium 241 by neasurenment of its |ow energy
beta-particle decay has been reported using liquid scintillation
analysis (Martin 1986).

6.3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Adm nistrator of ATSDR (in
consultation with the Adm ni strator of EPA and agenci es and prograns of
the Public Health Service) to assess whether adequate information on the
health effects of plutoniumis avail able. Were adequate information is
not avail able, ATSDR, in conjunction with the NTP, is required to assure
the initiation of a programof research designed to determ ne the health
effects (and techni ques for devel opi ng nmethods to determ ne such health
effects) of plutonium

The followi ng categories of possible data needs have been
identified by a joint team of scientists from ATSDR, NTP, and EPA. They
are defined as substance-specific informational needs that, if net would
reduce or elimnate the uncertainties of human health assessnent. In



115

6. ANALYTI CAL METHODS

the future, the identified data needs will be evaluated and prioritized,
and a substance-specific research agenda will be proposed.
6.3.1 Identification of Data Needs

Met hods for Determ ning Bi omarkers of Exposure and Effect. There
are methods avail abl e for nmeasuring the isotopes of plutoniumin
bi ol ogi cal sanples. The neasurenent of plutoniumin the urine is
consi dered a bi onarker of exposure to plutonium Methods are avail able
to detect plutoniumin the urine. However, no information was avail abl e
concerning the reliability of these nethods for determ ning plutonium
levels in the urine. In the studies that reported these methods of
anal yses, neither the sanple detection limt nor the accuracy of the
met hod was reported. Therefore, nore information is needed to define a
detection limt and to determ ne the accuracy of the nethod used to
anal yze plutoniumin the urine. On-going studies continue to refine
t hese procedures. Additional studies would be helpful to determ ne the
m gration of plutoniumin the body over tine.

No bi omarkers have been linked to plutoniumhealth effects in
humans. Further testing to identify any potential bionarkers of effect
shoul d be conducted; if biomarkers are identified, testing will then be
needed to deterni ne what anal ytical nethods will detect these biomarkers
with the greatest degree of accuracy.

Met hods for Determ ning Parent Conpounds and Degradati on Products
in Environnmental Media. Environnental nedia are analyzed to identify
contam nated areas and to determine if contam nant |evels constitute a
concern for human health. The detection of plutoniumin air, water, and
soil is of concern due to the potential for human exposure. There are
many steps involved in the analysis of plutoniumin environnental mnedia.
Rel i abl e and accurate nethods are available to detect plutoniumin air.
However, no detection Iimt or degree of accuracy was reported for the
met hods used to determine plutoniumin soil and water. Attenpts to
i mprove these nethods shoul d be focused on separation techniques,
increasing yields, and increasing the neasurenent efficiency.

6.3.2 On-going Studies

The Environnmental Research Laboratory of the U S. Departmnent of
Energy located in New York is conducting studies to refine analytica
met hods for the neasurenent of plutoniumin biological and environnental
nmedi a. Lawrence Livernore National Laboratory in Californiais
currently refining techni ques for the measurenent of plutoniumin
bi ol ogi cal sanples. On-going studies of the solution chem stry of
plutoniumare currently being undertaken at Brookhaven Laboratory in New
York and by researchers in Japan (Aoyagi et al. 1987).
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I ndi vi dual s occupationally exposed to plutoniumin the past are
continually nonitored in prograns across the country. For exanple,
whol e body counting studies are currently conducted at Los Al anps
Nati onal Laboratory in New Mexico. Animal studies conducted at the
Lawr ence Berkel ey Laboratory, University of California, Berkeley, by
P. Durbin are evaluating the behavior and novenment of plutoniuminhal ed
into the lungs. Mdels used to estinate body burden based on urinary
excretion data and ot her biol ogi cal neasurenents of plutonium (Leggett
and Eckerman 1987) are under continual revision.



