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Introduction. New chemistry is being developed in the nuclear industry

to meet the evolving challenges. Some of the most important areas are associ-

ated with inventing new ways to discover uranium ore deposits, developing new

understandings needed for processing the more highly irradiated light water

reactor (LWR) and fast breeder reactor (FBR) fuels, and searching for new

avenues to reduce the potential risks in the disposal of nuclear wastes.

£ B The first area discussed is a new approach to exploration for uranium

• g ores using the detection of daughters of "* U such as Po as the signal.

« • This new method will be seen to couple with exploration and production efforts
5

o

• 5 of the oil and gas industry. Next we will look at the chemistry of Zr in the
» a.
5 Sj venerable Purex process for reclaiming U and Pu from spent reactor fuel ele-
o *

£ o ments. For light water reactors (LWR's) and even more for fast breeder re-
x> a

% * actors (FBR's), the fuel elements have a much higher burn-up than has been

a jj true Tor the older type power reactors of the gas-graphite type and for theu t,

\ Sj e 2 £
reactors that produce plutonium for the weapons program. The higher burn-up

l« S w o f these fuel elements means a much higher level of fission products and
\£ S £

radioactivity in the reprocessing plants which handle them, most especially

in the first parts of the chemical separations processes. Radiolysis products

*This paper covers the material delivered at Conference XXII and also some
additional topics.

**Research sponsored by the Division of Nuclear Sciences, U. S. Department of
Energy under contract W-7405-eng-26 with the Union Carbide Corporation.

- N O T I C E -

TJiis report was prepared as an account of work
spons.xeu by the United Stales Government. Netthei the
United Slate* noi th^ United Slates Department of
Onern. mil any of theii employees, nor any of then j
.•nntrai-uns. subcontractor, or then employees, makes i
any wdrranr>. express or implied, oi assumes any legal ,
liability or tesponsibilily for lite accuiacy, completeness |
or usefulness of any infoimation, appatatu*. product ot
process disclosed, or represents that its use would nol
infringe privately owned rights. ^ ^ ^

JMSTttlliUTIOM OF TiUS DOCUMENT IS UNL1JHTE1) \



-2-

are produced by this higher level of radioactivity in the reagents used in

the Purex process. These radiolysis products react with some of the fission

products, most especially IT and also with Pu T, one of the primary fuels.

Also, the separation of Np is somewhat difficult in the Purex process be-

cause its chemistry is so similar to its actinide neighbors, U and Pu. The

control of the oxidation states of Np is particularly important; and, in this

connection, I will discuss some recent results from Fontenay-aux-Roses on

their developing program concerning redox reactions of the actinides and the

influence of cation-cation complexes such as those of Np(V)-Np(VI) and

Np(V)-U(VI). Another concern in the nuclear community involves the disposal of

radioactive waste. The beginning of the handling of the waste problem must

occur in the chemistry of whatever scheme that is used for reprocessing the

spent LWR or FBR reactor fuel elements. I will assume the Purex process for

the purposes of our discussion. The control of neptunium chemistry has

already been referred to. Another still more important area is the control

of plutonium chemistry. I will discuss particularly the role of hydrolytic

polymers that plutonium forms in aqueous solutions. As is the rule with

hydrolytic and colloidal products, plutonium polymer has been poorly behaved

in the Purex process. From a practical point of view, however, it has been

possible recently to predict its behavior in aqueous solutions to a remarkable

degree as a result of studies employing electron microscopy and spectroscopic

techniques. Another part of the waste isolation area is the need to under-

stand how the actinides and fission products might move in the environment

if they were ever accidentally released. Studies are now underway to deter-

mine how actinides and fission products interact with clays and other naturally

occurring minerals and geologic materials in order to develop reliable models
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for predicting the possible migration of these nuclides in the environment

and more importantly how to better prevent such possible migration. Also,

studies are underway to understand the bonding of metallic oxides in glasses

in a program designed to select the best materials for immobilizing the fis-

sion product and actinide wastes for disposal in geological or other sites.

Uranium Exploration. The typical approach to exploration for deep

uranium deposits is to drill wells and log them with y ray detection devices.

This method not only is cumbersome but also rather restrictive in terms of

the distance away from the well the uranium deposit might lie and still be

detected. In May of 1977, R. V. Gentry of Columbia-Union College had the
238idea that daughters of U could be used and detected in a new approach to

the discovery of more remote uranium deposits that in practice may be in-

accessible to present methods. The key to Gentry's idea is to use oil and

gas fields as collectors of uranium daughter products and then to detect

these daughters in the fluids that are brought to the surface in the ordinary

course of business by the oil and gas industry. This idea has now been worked

out in sufficient detail by Gentry, in cooperation with Iran Thomas and Richard

Hahn of Oak Ridge, that the Laboratory filed a patent application for it in

August of this year on behalf of the United States Government (1).
238In Figure 1 we see all of the daughters of U along with their modes

of decay and their half-lives. The isotopes most useful as vectors for dis-

covering uranium deposits in petrofluids appear to be the highly mobil noble

22? 222

gas Rn, an alpha emitter with a 3.8 day half-life, a daughter of Rn,

Bi, which has a very penetrating 2.4 MeV y ray for easy detection, Pb

with its daughter 2 1 OBi, and the 138 day a emitter, 2 1 0Po.
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G. H. Milly, in September 1971, received a patent for the use of airborne

222

Rn to locate uranium deposits. The radon to be detected by Milly's method

diffuses through the earth's crust and is tracked downwind from the deposit.

The depth below the surface of the uranium deposit to be detected is limited
22?in Milly's approach by the 3.8 day half-life of Rn. If the ore deposit is

located at great depths, then the radon cannot diffuse rapidly enough to reacn

the surface before it decays, but it could reach an oil or gas reservoir if

it were relatively nearby and enter the oil or gas or associated brine where
210it would decay into Pb with a 20 year half-life,giving plenty of time for

pumping it up for detection. The detection could be through the daughters

Bi or as Po. It is also worthwhile to look in the petrofluids for

Bi (just on general principles) since it has a hard y ray that is easy to

210

detect directly. The Po must be removed from the petrofluids for detec-

tion since it is an a emitter. Jim Stokely and co-workers at Oak Ridge have

used silver foils to deposit Po originating in such fluids, by a

chemical reaction that is presumably analogous to the tarnishing of the family

silver by sulfur, a congener of Po. The thin deposit of Po formed on the

foil can easily be a counted. Lead-210, a soft B emitter, would also have

to be separated for detection. It would probably best be detected by the

B emissions of its daughter, Bi. The separation and detection of Pb

may be relatively easy, however. For example, L. M. Cook (2) of the Texas

Department of Health reported at the Symposium on National Radiation Environ-

ment held earlier this year in Houston that a disconnected gas-oil-water

separator in one of the oil fields of the Texas Gulf Coastal Plain had iron
sulfide deposits in it reading 3 milliroentgens per hour. The radiation was

t

tentatively attributed to the presence of '

have coprecipitated with the iron sulfide.

210tentatively attributed to the presence of PbS on the hypothesis that it may
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Another report (3) that is very interesting to us appeared last year

in an article in Exotoxicology and Environmental Safety (Table 1). This report,

entitled "The Occurrence of Radioactive Elements in Natural Gas," was pub-

lished by Van de Heijde and co-workers of the Shell Laboratories in Amsterdam.

Table 1
210

Po in Hydrocarbon Condensate
from Various Natural Gas Fields

Field Po (pCi/ml)

Slochteren (Netherlands)

Ampa (N. W. Borneo)

Fields in Nigeria

Indefatigable (U. K.)

Leman (U. K.)

210These investigators found the Po levels in various typical gas fields to

give condensates during clean-up of the gas that contained less than 0.1 pCi/ml
?ioof Po. An atypical case occurred in the condensate from the gas of the

U. K.'s Leman field where the condensate contained 2 pCi/ml. The level of
210

radioactivity from the Po was sufficiently high to contaminate the pro-

cessing equipment to a level that special precautions had to be taken to pro-

tect the workers who cleaned the equipment up. Although the Leman field ex-

perience is atypical, Van de Heijde and co-workers mention it is not

unique. Tt is clear that uranium deposits must be in the vicinity of these

particular atypical gas fields. So it appears that the first way to discover

uranium using the method of Gentry, Thomas and Hahn is to read the environmental

literature.
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Purex Process. The next topic I would like to discuss is the new chem-

istry being developed for adapting the Purex Process for reprocessing light

water and fast breeder reactor fuels. In Figure 2, we see the Purex Process

as it is practiced at the La Hague nuclear fuel reprocessing plant in France

(4) when they are treating low burn-up fuels such as come from power reactors

of the gas-graphite type or from reactors that produce plutonium for the

weapons program. After dissolution of the irradiated fuels in nitric acid,

the U and Pu are separated from the fission products and Am and Cm; then the

U and Pu are partitioned from each other and purified further. The Purex

Process is a counter-current solvent extraction process employing tributyl-

phosphate, TBP, in the organic phase as the extractant. The aqueous phases

in the various parts of the process are nitric acid of appropriate concentra-

tions with added reagents of various types to control the oxidation states

of the plutonium and, coincidentally, the neptunium. The counter-current

contactors for the solvent extraction processes at La Hague are mixer-settlers

as shown (4) in the flow sheets in Figures 3 and 4. In the first cycle (Fig-

ure 3) the U, Pu, fission products, Np, Am and Cm in the dissolver solution

are introduced from the dissolver into the middle of the first bank of mixer-

settlers where they meet a countercurrent of nitric acid aqueous phase going

against a 30% TBP in dodecane phase. I would like for you to particularly

note that the Am and Cm go with the fission products in the aqueous phase to

the high level waste. The U and Pu then go with the organic phase to the

second bank of mixer-settlers (Figure 3) to be stripped into the aqueous phase

for concentration for the second cycle. The important point to make here is

that the main experience with the Purex Process is with fuels from plutonium

reactors which have burn-ups in the several hundred MWd/t range or with the
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older type power reactors of, say, the gas-graphite type which have burn-ups

of a few thousand MWd/t (4,5,6,7). Processing in France and Germany is now

getting into the LWR (light water reactor) fuels which have burn-ups of

about 35,000 MWd/t and FBR (fast breeder reactor) fuels which have burn-ups

of about 60,000 MWd/t. These new conditions produce very high levels of radi-

ation in the first extraction cycle that did not occur before. This increased

the TBP into other products such as dibutyl and monobutyl

phosphoric acids which react mainly with Zr and Pu to produce a crud that

interferes with the processing. The solution to this problem is partly through

a better understanding of the chemistry and partly through new developments

in engineering. The mixer-settlers do not appear to be very good for the

first extractor where all the fission products are present because there are

quiet zones that develop as kind of pockets and the TBP and dodecane sit

there and get cooked. So two other approaches for this first extractor have

been developed. First is the pulsed sieve plate column which is favored at

the present time by the Karlsruhe group in Germany (Figure 5) (6). Here we see how

the heavy aqueous phase containing the U, Pu, fission products, and Am and Cm

enters the top of the column to go down to meet the pulse pumped light organic

phase as it rises to the top. This approach is found to help a great deal in

reducing contact times between the phases and therefore the radiation damage

is reduced. Another approach employs a centrifuge for contacting the organic

and aqueous phases. The light organic and heavy aqueous phases enter the mix-

ing chamber for the extraction and separation. The centrifuge is a fast sol-

vent extraction device; but, of course, complicated mechanically. Single stage

centrifugal extractors have been used for a number of years at Savannah River

for the processing of low burn-up fuels; but there is no experience yet with
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high bcrn-up fuels. Eight stage centrifuges are currently under test at La

Hague in France. The Barnwell Plant in the U. S. is also designed to use

centrifuges, but it is not known when processing may begin there. So, at

the present time, operating experience is available to support the use of

pulse sieved columns with high burn-up fuels, but comparable data are not

available yet for the centrifuge approach. The French experience should

therefore be very significant.

It can be expected that even with fast contact times radiation damage

still will be a factor in the chemistry of the Purex Process with high burn-

up fuels. Among other products dibutyl phosphoric acid and monobuty"! phos-

phoric acid (Figure 6) are produced. These are strong extractants for IT

4+and Pu . The presence of the extractants leads to co-extraction of Ir with

Pu, thus raising the radiation level in the organic solvent as well as con-

taminating the Pu. Also, the strong extractants limit the ability to strip

the Pu back into the aqueous phase in the separation from uranium, thus

leading to Pu losses. The Zr and Pu complexes thus formed additionally have

a tendency to form cruds at the many organic-aqueous interfaces,which naturally

seriously hampers the processing. There appears to be a satisfactory solution

to the HDBP-H2MBP problem, however, in that they can be washed out in a solvent

scrub cycle with aqueous alkaline solvents (6).

Important radiolysis products can also be formed by combining fragments

produced from TBP with fragments produced from dodecane by the radiation dam-

age. For example, long chain esters of butyl phosphoric acid (Figure 6) have

been discovered by Becker, Baumgartner and Stieglitz at Karlsruhe (8). One

such ester is butyl lauryl phosphoric acid, HBLP. These diesters are not

washed out of the TBP-dodecane solvent by the alkaline scrub, and they form a

i
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serious contaminant. Leon Maya and Charles Bopp in Oak Ridge (9) have de-

termined the extraction characteristics of Zr (and also Nb) byTfBlF"Tn~Tur-

(Figure 7). This graph shows the extraction of Zr + into 30% dodecane from

3 M HN03 with added KB!.P. The Kd is seen to vary from 1 to over 100. The

corresponding value for TBP alone is only 0.2. So the contamination of Pu

and U in the Purex Process is substantial, due to the HELP radiolysis product.

Fortunately, Maya and Bopp were able to show that a water scrub of the TBP-

dodecane solvent phase will remove the HBLP. The complexities introduced

into the Purex Process due to radiolysis of TBP-dodecane require further

study, both of the radiolysis products formed and of their chemistry with

fission products and actinides. This chemistry is ultimately important to

waste disposal as well as to the direct conduct of the processing itself.

Cation-Cation Complexes. The control of the oxidation state of neptunium

in the Purex Process is very important because Np(V) is not extracted by TBP

but Np(IV) and Np(VI) are. As part of a broad study of redox reactions of

actinides in high concentrations in aqueous solutions, Madic and co-workers

(10) at Fontenay-aux-;"toses have just completed a spectrophotometric study of

cation-cation complexes between NpO2
+ and U0 2

 + and NpO2
 + ions in perchloric

and nitric acid solutions. Such complexes were discovered by Jim Sullivan

and co-workers at Argonne in 1961 (11). Madic and co-workers have recently

extended earlier work in several important respects. First of all, we see in
2+Figure 8 the results of an experiment in which ir.creasing amounts of NpO,

were added to a solution of NpO2 in aqueous perch!orate as the changing

spectrum was recorded. Figure 8 shows that the characteristic absorption of

NpOo+ at 980 nm was gradually replaced by a new peak at 992 nm characteristic
+ 2+of the cation-cation complex formed by NpO2 and NpO2 . A beautiful isobestic
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point occurs at 986 nm, implying that only the two forms of Np(V) exist

in the solution, namely in the form of the NpC^ ion and the Np(V)-Np(VI)

An analogous experiment on the Np(V)-U(VI) complex showed it to

be slightly more stable than the Np(V)-Np(VI) complex. Similar experimental

results have been obtained by Sullivan and co-workers and also by Rykov

and co-workers at Dimitrovgrad (12,13,14). The mathematical treatment of

the data and the interpretations of the results differ, however.

Neptunium(V) forms cation-cation complexes with a variety of multiply

charged cations including Fe(III), Cr(III), and Th(IV) in addition to the

2+ 2+

complexes with NpO? and UOo • Uranium(V), Pu(V), and Am(V) form analo-

gous complexes but the isoelectronic actinyl(VI) ions do not. This phenom-

enon must be regarded then as peculiar to the actinide(V) ions of form MCL .

Cation-cation complexes are unusual enough that they deserve understanding.

So far, this understanding remains elusive, although some important char-

acteristics of these complexes are known. First of all, the isobestic

point as shown here from the work at Fontenay-aux-Roses (Figure 8) (and also

equally shown in the work from Dimitrovgrad) implies there is a 1:1 complex
+ 2+ 2+formed between NpOp and NpCL and also UOp • It has also been shown

that these complexes influence the redox reactions of these ions both in

terms of the reduction potentials and of the kinetics. Although tftfe- effects

are small in aqueous solution, Rykov and co-workers have shown that in 30%

ethanol-water solutions of lower dielectric constant than water, the com-

plexation is surprisingly stronger. The Russian workers have also shown

the same effect occurs in aqueous acetone and aqueous methanol systems. This

is an important observation, partly because it shows electrostatic forces

have little importance, and also partly because some seemingly contradictory
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information appears to have been developed about these complexes. Perhaps

more extensive studies of the complexes under conditions where they are

stronger, as in the mixed solvents of Rykov and co-workers, would allow

the mystery of these cation-cation complexes to be resolved.

Rykov has developed a most interesting theory that these complexes

result from an exchange of electrons through the solvent so that evidence

for a solvated electron should be experimentally obtainable. Both Rykov

and Madic and their co-workers see broad bands around 840 nm in their spectra

for NpOo cation complexes that could be due to solvated electrons. Madic

and co-workers, however, looked for solvated free electrons using electron

paramagnetic resonance spectroscopy with negative results. So Rykov's theory

requires modification, and the nature of these cation-cation complexes re-

quires further study.

Waste Isolation. A ton of irradiated fuel at normal time of discharge

from an LWR contains about 35 kilograms of fission products and about 10

kilograms of actinides other than uranium (15). The majority of the fission

products have relatively short half-lives, whereas the actinides have rela-

tively long half-lives. There is currently a waste management scheme under

study internationally which uses these differences in half-lives to potential

advantage. Most schemes under discussion today envisage storing the waste

in some secure fashion, in a geological site, for example, such that the

waste products are safely isolated from the environment. The time periods

during which the wastes are potentially hazardous are relatively long, and

this is where separation of the actinides from the fission products may be

abalg. Figure 9 shows the results of a study by Bond, Claiborne and Leuze

(16). This study shows that waste from conventional Purex processing reaches
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a potential specific radiological toxicity about 10 times that of the

naturally occurring ore pitchblende in about 600 years. The curve then

sort of dribbles off over a period of thousands of years so that it crosses

the pitchblende line at about twenty-five or thirty thousand years, and then

it stays fairly near the pitchblende line up to at least one million years.

(Since pitchblende occurs naturally in the earth, it makes a convenient

reference point or benchmark.) On the other hand, Purex waste with the

ectinides and iodine removed would reach a hazard index of almost 100 times

less then pitchblende in less than 1,000 years and decays from that point

to still lower values. Six hundred to a thousand years is a time span less

than the ages of certain man-made structures (such as the pyramids) and also

less than the ages of some administrative structures. Also, a decay time

of 1,000 years makes the extrapolations needed from the "hard" scientific

side of the problem short on a geological time scale.

A valid model for nuclear waste isolation must bring together in an

appropriate way the geosciences, chemical sciences, material sciences, and

nuclear sciences. A valid model must also incorporate the social and polit-

ical sciences in an integral way and not in such a way as to be regarded

only as a sort of transient error in the technological model. Also, the

economics must be considered.

The question, of course, arises as to what to do with the actinides

after partitioning. One possible solution may be to transmute or "burn"

the actinides in power reactors by fission into fission products. The long

term actinide problem could then be turned into the shorter term fission

product problem as far as the burial in a geologic site would be concerned.

Cecille and co-workers (17), in an evaluation of actinide partitioning coupled
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with actinide transmutation as a waste management option, state that we do

not yet have enough information to make a realistic judgment as to its ad-

vantages over conventional disposal approaches not involving separation of

the waste. It is clearly worth doing the research to obtain the necessary

background data, however, because doing everything possible in terms of

research to learn how to handle the waste problem in advance is absolutely

essential. As T. R. LaPorts (18) has pointed out, "—perfecting the system

through trial-and-error learning has very limited utility."

The waste problem, of course, is not unique to the nuclear industry

but is a general industrial problem. The extensive studies that have been

done on the nuclear waste disposal problem are of general use to other in-

dustries. Present and future studies will no d~Mbt be of use as well.

The kinds of recoveries for actinides needed to bring about a shorter

cooling period for the waste have been given by W. D. Bond and R. E. Leuze

of Oak Ridge (19) (Table 2).

Actiniae

U

Np

Pu

ftm-'Cm

h
Conventiona
Actual %

99,5

(90-95)*

99,5

0

Table 2

Recovery
i Partitioning

Weeded %

99.9

95

99,99

99,9

Additional
Recovery

Factor Needed

5

0-2

50

1000

*iftecov£retl in special campaigns.

In conventional Purnx processing, Am and Cm are not recovered, but new chem-

istry meeds to be worked out for the partitioning, I have •recently discussed
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this question in a paper submitted to Radiochimica Acta; so I will not dis-

cuss that question h_re. Also, Np is not recovered in the ordinary Purex

process. In special campaigns, however, it has been recovered to the 90-95%

level. It is felt by workers in this field that the rather small needed

extra factors for U and Np recovery can be achieved by adding additional

stages to the Purex process, and I discussed some of these questions in my

Radiochimica Acta article also. Perhaps as much as 99.8% of the plutonium

can be recovered in this way also. To have a still higher recovery of Pu,

however — in the 99.99% range — some new understandings of its chemistry

will have to be developed. These are largely associated with the radiolytic

decomposition products mentioned earlier in connection with the discussion

of Zr and Pu chemistry, but it is also thought that part of the problem

involves condensed hydrolytic species of Pu(IV). These hydrolytic processes

of plutonium(IV) have been under study for a number of years because of their

importance in the nuclear fuel cycle, most especially in the sol-gel process

for producing dense plutonium oxide fuels for reactor fuel elements. In the

last few months, two review articles have been written on plutonium polymer

chemistry by Gordon L. Johnson and L. M. Toth (20), who focus their attention

on the chemical behavior, and by M. H. Lloyd and R. G. Haire (21), who

describe basically the physical properties and behavior of plutonium polymers.

Aqueous polymeric Pu(IV) sols have a bright green color. The spectrum

is quite distinctive as shown in Figure 10 from the work of Costanzo, Biggers

and Bell (22). This sol is quite stable. It is found that sols of

this type cannot have a nitrate to Pu(IV) ratio of less than 0.8. An electron

micrograph of such a sol is shown in Figure 11. This picture was taken several

years ago as part of a cooperative study of Pu(IV) sols and gels by W. 0.
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Milligan and M. L. Beasley of Baylor and Milt Lloyd and Dick Haire of Oak

Ridg? (23). In the top picture we see a plutonium pol/rner which was pre-

cipitated from a sol that was less than one hour old and was not raised

in temperature above room temperature. In the bottom picture we see a

polymer that was precipitated from a sol that was aged by heating it at

100°C for 4 hours. The diffraction pattern of the unaged sol shows it to

be amorphous, whereas the diffraction pattern of the aged sol shows the

characteristic diffraction pattern of the PuOo cubic fluorite structure.

Both preparations, in spite of the differences in aging and in crystal!inity,

appear virtually identical in their morphology. Lloyd has studied many

photographs of this type of aged and unaged sols, and he finds c. primary

particle size of less than 20 A and more than 10 ft in both the amorphous

and crystalline cases. T V o shows, then, that aging and the change to crys-

tal! inity do not appear to involve a change in molecular weight or aggrega-

tion. Also, in no case has any indication of a definite crystalline hydroxide,

such as Pu(0Hh, been detected. Only PuO£ has been observed.

It has also been observed that it is possible to go back and forth be-

tween sols and precipitated gels of aged and unaged plutonium polymers and

retain the crystalline or amorphous character as the case may be. This is

strong evidence that the sols as well as the gels are made up of crystalline

polymer when the aging step is used, but they are amorphous in character

when it is omitted. Lloyd and Haire in their recent evaluation also note a

characteristic demand of the plutonium sols for nitrate in a ratio of N0o/Pu=

0.8. Efforts to prepare a plutonium sol with particle sizes in the 10-20 &

size range but stabilized with a mucii lower nitrate to Pu ratio have not been

successful. These investigators suggest that this ratio of 0.8 could arise
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from the presence of a primary particle in the sols composed of two unit

cells of PuO? on an edge, making a total of 8 unit cells altogether. This

particle would have a diameter of 11 ft, which is consistent with the electron

microscopy results mentioned earlier. The grouped unit cells would have 80,.

of the Pu atoms on the surface since PuOo is face-centered cubic. This geometry

is then consistent with a nitrate to Pu ratio of 0.8, assuming one nitrate

per Pu on the surface of the primary particle. These primary particles can

then be made to aggregate to form larger particles of high molecular weight

by reducing the NCWPu ratio. An electron microscope picture of an aggregated

sol is shown on the right in Figure 12 from the work of Haire, Lloyd, and

Milligan. Close inspection of this photomicrograph shows that the primary

particles of 10 to 15 X in size have oriented themselves in such a way during

aggregation as to form a "string of beads" type configuration. The primary

particles in the "string of beads" type aggregates are the same as those in

the ordinary "cluster" type aggregates shown in the left-hand side of Figure

12 (21). The diffraction patterns in both cases correspond to PuOo. The "string

of beads" type aggregation can only be obtained by special preparative tech-

niques. One way is to dialyze Pu(III) nitrate solutions to low acid in such

a way that the Pu(III) is simultaneously oxidized to Pu(IV). Lloyd and Haire

conclude from these observations that plutonium polymer sols actually consist

of discrete particles of between 10 and 20 A in size which can be either

amorphous or crystalline. These particles can be caused to aggregate by

reducing the nitrate counterions to below a nitrate to plutonium ratio of 0.8.

The polymer aging effect appears to be due to a conversion of the primary

particles from an amorphous to a crystalline state without an increase in

molecular weight.
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I. L. Thomas and K. H. McCorkle (24) have analyzed how primary particles,

such as those seen in the plutonium(IV) sols, can aggregate either to form

"cluster" or "string of bead" type structures, depending on conditions. Fig-

ure 13 from Thomas and McCorkle shows a potential energy diagram for two

spherical particles in contact (of 40 ft radius) whose zeta potential is 25

millivolts. The question is whether a third particle is more likely to join

on the end of the two particles to form a "string of beads" or whether it will

join in the middle to form a "cluster." Figure 13 shows that the energy is

lower for a particle to approach the original two particles along the axial

direction; so the "string of beads" type structure is more likely. However,

this differentiation is essentially meaningless if the zeta potential is

only 25 millivolts because kT at 300°K is higher than either the axial or

transverse barriers. So, in this case, mostly clusters will actually be

formed since most third particles will have the energy to come in from any

direction. In Figure 14, we see another case where the zeta potential is

70 millivolts, much higher than the previous case. Here the energy barriers

are much higher than kT; so the sol is quite stable. Those particles in the

high energy tail that can surmount the lower energy axial barrier will out-

number those that can surmount the higher energy transverse barrier by 50 to

1. So a "string of beads" type polymer will slowly form preferentially under

these conditions.

Johnson and Toth (20) interpreted the hydrolytic data available on Pu(IV)

as being consistent with conventional views of hydrolytic polymerization. In

Figure 15 we see the reaction of water with Pu(IV) to form a monomeric species

which then polymerizes in 3-dimensions through OH bridges. In this way, the

amorphous primary particles can be formed. The aging of the polymer is



-18-

interpreted as resulting from the elimination of water from the OH bridging

structure to fern 3-dimensional crystalline PuCU primary particles. These

primary particles can then aggregate according to the picture given by

Thomas and McCorkle to form high molecular weight aggregates.

Thus Johnson and Toth emphasize the importance of understanding the

primary chemical events in the plutonimn polymerization phenomena. Jim

Sullivan and his co-workers at Argonne (25) are developing a method based

on pulsed radiolysis that appears wery promising in this regard. The primary

event, as given by Johnson and Toth, involves the equilibrium:

Pu(IV) + x H20 t Pu(0H)
4"x + H+ (1)

Through the use of the new pulsed radiolysis technique, Sullivan and co-workers

have studied the analogous reaction of uranyl ion:

U0 2
2 + + H20 i U02(OH)

+ + H+ (2)

with the equilibrium constant given by (in the notation of Baes and Mesmer

(26)):

[U02(0H
+)][H+]

^ (

The same approach can also be applied to Pu(IV).

In the experiment of the Argonne workers, a pulse of electrons (0.25

microseconds) initiates the reactions:

H2° — e(a queous)'
H3 0 +' 0 H"' 0 H' H <«>

2+ +
The hydrated electrons, e a Q u e o u s> then react with U0 2 ions to produce U0 2

2+ions. This change in the U02 ion concentration (and the corresponding

change in H ) is re-established through equation (2). The disturbance in the
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equilibrium (2) is measured by the decay of the conductivity increase caused

in the solution by the pulse of electrons as shown in Figure 16. These

measurements enabled Sullivan and co-workers to calculate Q-,- = -5.2 ± 0.1.

The pulced radiolysis technique offers several advantages. The concen-

-4tration of uranyl ion was in the range of 2 - 5 x 10 molar, thus minimizing

complications due to polymerization or changes in activity coefficients.

Also in this connection, the pH range v/as chosen such that only a small frac-

2+tion of the UO? was hydrolyzed during the pulsed events. Thus this technique

would be of great value in studying the primary events in the analogous Pu(IV)

situation.

A second type of measurement that would be most helpful would be light

scattering studies of the increeze in molecular weight of the Pu polymer.

These studies would be analogous to those carried out recently at Harwell by

Ramsey and co-workers on Boehmite Sols (27). Another clue as to how to pro-

ceed with the study of Pu polymer is offered by the recent discovery of

uranium blue by Claude Musikas of Fontenay-aux-Roses (28). The uranium blue

appears to be analogous to molybdenum and tungsten blues. Musikas and co-

workers have carried out preparative and spectral investigations of uranium

blue which suggest it contains U(VI) and U(V) in a mixed valence hydroxo

complex. It was therefore of considerable interest to study this solution

with x-ray diffraction methods to obtain information on the atomic distances

in this proposed hydrolytic complex in solution. Musikas collaborated with

Al Narten of Oak Ridge (29) on this study as presented in Figure 17. Here

we see in the top curve the x-ray diffraction correlation function of water,

and in the middle curve the x-ray diffraction results of a study of a solution

containing uranium blue. The bottom curve is obtained by subtracting the water
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curve from the solution curve. The peak at 1.8 K is due t.o the U-0 bond

2+ «

in UO2 • The peak at 3.9 A arises from the uranium-uranium distance in

the uranium blue complex, and the peak at 2.6 A is ascribed to the U — 0

distance in the complex. The remaining peak at 3.1 A" is ascribed to the

C l — 0 distance, the complex having been made in chloride media. In addition

to these large-angle x-ray diffraction studies, Bob Hendrix at Oak Ridge (30)

has carried out a preliminary study using small angle x-ray scattering. The

small angle x-ray scattering approach complements the ordinary light scat-

tering approach since smaller particles can be studied with great accuracy.

In the preliminary study by Hendrix, the size of the uranium bue complexes

was found to be in excess of 100 A", the size depending on the pH of the solu-

tion. These methods of large angle x-ray diffraction and small angle x-ray

scattering, along with Raman spectroscopy, should at the very least be help-

ful in studying the early stages of the hydrolysis of Pu,and they can in addi-

tion reasonably be expected to correlate chemical changes that occur during

the physical growth and aggregation of hydrolyzed plutonium species,. The

resulting understanding of the polymer chemistry during the stages mapped

out by electron microscopy and x-ray diffraction will be important in assuring

better control of plutonium in reprocessing plants.

Interfacial Phenomena in Solvent Extraction. Those of us who work

occasionally in the area of solvent extraction probably usually picture the

important reactions as occurring in the bulk aqueous and organic phases. But

the most important chemistry, more often than not, may actually be going on

in the interface between the two immiscible phases.

Phil Horwitz and co-workers at Argonne have recently published some

studies on the role of interfacial phenomena in the solvent extraction
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process (31,32). Their interest was sparked by their desire to develop an
4ftion exchange system that would effect an isotope separation of Ca from

Ca . To actually make the isotope separation, they used a variant of

liquid-liquid chromatography known as extraction chromatography. This method

is particularly valuable in those cases where distribution coefficients for

the ions to be separated are similar. Of course, this is especially true in

isotope separations. In the extraction chromatography method, an extraction

agent such as di-2-ethyl hexyl phosphoric acid, HDEHP, is sorbed in an inert

supporting material such as hydrophobic porous silica microspheres. The

porous spheres, containing the extractant, are then loaded into a column and

used in a fashion similar to that used in ordinary ion exchange. This method

clearly gives an enormous organic-aqueous surface area for the solvent ex-

traction and at the same time minimizes volumes so that diffusion is less

important than in ordinary solvent extraction devices. Horwitz and co-workers

studied the chemistry in the interface in order to understand how to optimize

their experimental conditions for mass transfer rates across the interface

and to understand the mechanism.

Calcium ion is a good choice for this mechanistic study since its chemistry

is simple. The apparatus used for the study is shown in Figure 18. The top

phase in the bulb is dodecane containing HDEHP, and in the bottom aqueous

HNOo. Both phases can be stirred independently at a rate between 1 and 100
45rpm. The experimental procedure was to add a spike of Ca and follow its

equilibration by sampling the two phases at regular intervals. A plot of such

a run is shown in Figure 19. The organic phase was 0.1 formal HDEHP in

dodecane, and the aqueous was 0.001 M HN03 for this run. A linear first order
45rate was obtained for the transfer of the Ca spike from the aqueous to the
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organic phase. Horwitz assumes that the rate determining slow step in the

transfer reaction is the calcium species crossing the interface. The number
2+

of moles of Ca that enter the organic phase per unit time d[Ca]/dt is then
proportional to the surface area of the interface, Q, and also to the mass

2+
transfer coefficient in cm/sec of the Ca to the organic phase from the
aqueous phase, k , and from the organic phase to the aqueous phase, k , as

dO Od

shown in equation (5):

where [Cai and [CaL are the calcium ion concentrations in the aqueous and
a 0

organic phases respectively. From this equation, a linear slope can be de-

rived such as appears in Figure 19. Worwitz has obtained linear slopes with

both micro (10 M) and macro (10 M) Ca concentrations. In the macro exper-
2+

iments the concentration of Ca in the aqueous phase was about 40 times the
HDEHP concentration; so the evidence is strongly in favor of a transfer

2+mechanism in which the Ca is complexed in the interface by the HDEHP and

not in the bulk aqueous phase. The concentration of HDEHP in the bulk phase

which saturates the interface must be known in order to deduce a mechanism.

Horwitz arrived at this concentration of HDEHP through the measurement of

surface tension changes at the interface and through measurements of the mass

transfer coefficients as a function of HDEHP concentration. In Figure 20, it

is seen that something rather drastic happens to the mass transfer coefficients

around 0.025 formal HDEHP. It is most logical to interpret this bulk concen-

tration in dodecane of HDEHP as that which saturates the interface.

Another significant finding was that stirring the aqueous phase rapidly

had a great affect on the calcium mass transfer rate but very little effect

was found when stirring was stopped in the organic phase. Horwitz quite
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logically suggests that this means there is a structured viscous layer on

the water side of the interface that limits the rate of Ca2+ diffusion from

the bulk aqueous phase. The fast stirring rates disrupt this structured
2+

layer and makes it easier for the Ca to enter the interface where it is

complexed by the HDEHP and transferred into the organic bulk phase.

From these studies Horwitz has developed a picture of why HDEHP has

such favorable kinetics. In the region of surface saturation by HDEHP, a

two-dimensional polymer network of HDEHP molecules is found in the inter-

face. The ordinarily hydrogen bonded dimer (Figure 21) is broken open on

one side to expose the P-OH and P=0 groups directly for hydrogen bonding to

the water layer (Figure 22). The hydrophobic R groups are pointed into the

organic layer. The P-0 groups that are involved in dehydrating and chelating
2+

the Ca ions are thus exposed in an optimum fashion. It is probable that

the formation in this manner of a neutral Ca-(HDEHP) complex in the interface

is essential to the rapid mass transfer of the metal ion to the organic phase.

The surface activity of HDEHP is therefore at least partial!; responsible

for the favorable kinetics it affords. On the basis of all of their experiments,

Horwitz and co-workers postulate the following mechanism and stoichiometry:
Ca^j + [(HDEHP}2]j t [Ca(DEHP)2]j + 2HJa) (6)

[Ca(DEHP)2]j + 2[(HDEHP)21O t [Ca(DEHP)2-4(HDEHP)]0 (7)

In order for the hydrated calcium ion in the aqueous phase to pass into the

organic phase, it must lose its waters of hydration and become a neutral

complex. This transformation takes place in the interface, designated I in

equation (6). The neutral complex in the interface must then be drawn into

the organic phase. This is accomplished by adding HDEHP according to the

stoichiometry shown in equation (7).
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Adsorption on Clays of Fission Products and Actinides. There is consider-

able current interest in being able to predict the movement of fission pro-

duct and actinide ions in the environment; for example, in natural clays and

minerals. Such predictability would be valuable in terms of a better under-

standing of the overall safety of the disposal of radioactive wastes in geo-

logical or other sites, and it could also be important in terms of transpor-

tation accidents. As part of this program, studies in a number of laboratories

are now underway on this topic.

In Figure 23, we see a scanning electron microscope photomicrograph taken

by Larry Benson of the Lawrence Berkeley Laboratory (33). It shows us the sur-

roundings inside a vesicle of basalts of the pasco basin (Hanford, Washington).

The spheres are silica (̂ 25 microns in diameter). The tabular crystals inter-

grown with the spheres are clinoptilolite, a zeolite. In Figure 24, also from

Benson, we see a similar vesicle except that a mat of iron-rich clay (smectite)

has coated the silica and zeolite materials. This picture suggests that the

significance of clays for adsorption of metal ions extends into the rocks as

well as being important in the soils.

Natural minerals and clays of interest are very complex chemical systems.

The question is whether predictability of a general sort for adsorption of

metal ions is possible. In Oak Ridge, Josh Johnson and his co-workers (34)

are studying the ion-exchange behavior of various clays with respect to fission

products; and, in collaboration with Gary Beall and co-workers, they are also

"ncluding actinides. To make a systematic study of ion-exchange behavior of

the principal types of fission products and principal actinides with a number

of characteristic clays and other geologic media is an enormous task. The

problem is made still larger by the fact that many of the ions form complexes
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in naturally occurring situations and also assume different oxidation states.

So a highly mechanized and fast system of analysis is clearly needed for what

is ordinarily a labor intensive effort. It is also important first to make a

critical evaluation of experimental approaches because in the past there has

been a wide variation in results from studies at different laboratories.

The scientific method works only under conditions where repeatable ex-

periments can be carried out in such a manner that a testable hypothesis can

be developed. Working with raw clays does not, in general, lead to such a

scientifically amenable situation. Consequently, it is necessary to break the

problem down into component parts in the hope that the true environmental

situation can later be synthesized from these simplified component parts. A

modelling approach of this sort is needed if we are ever going to understand

the adsorption phenomena on these clays in a generally applicable way. Other-

wise, our knowledge will continue to be site specific and descriptive at best.

The first step in applying the scientific method to the interactions of

fission products and actinides with clays, then, is to obtain a set of purified

clays in such a manner that they give repeatable and understandable behavior,

but also in such a manner that we can ultimately go back to what happens in

the actual geologically significant situation. The purification procedure

that Johnson and co-workers have adopted at Oak Ridge is due to M. L. Jackson

of the University of Wisconsin. First, the sand is removed and then the clay

is treated with sodium acetate-acetic acid buffer at pH 5 to remove carbonates.

Next, organic matter is removed with 30% hydrogen peroxide, and finally hydrous

oxides of iron are removed with sodium dithionite and sodium citrate.

The distribution coefficients and ion-exchange capacity of the clays have

been measured by three separate methods so that intercomparisons of the methods
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can be made. The first is a conventional batch equilibration method, the

second a modified column approach, and the third a new adaptation employing

axial filtration.

In the column experiments, a diatomacious earth filter aid is used to

dilute the clay in order to obtain a reasonable flow rate. An illustration

of an ion-exchange capacity measurement on purified montmori11onite for Ca

ions is shown in Figure 25. The 3 curves obtained by Shih-Yung Shiao are for

2+3 different concentrations of Ca ion that v/ere poured through the column.

Naturally, the more concentrated solution on the left saturated the clay

before the more dilute solution on the right. The capacity of the clay was
2+found in all three cases to be 0.39 moles Ca /kg of clay. Distribution

coefficients may be obtained also using the columns in alternative procedures.

Axial filtration has also been found to be a rapid and reliable method

for obtaining distribution coefficients. A schematic of an axial filter is

shown in Figure 26. A cylindrical filter whose working surface is a 0.45

micron Millipore or Acropor filter rotates about its axis inside a chamber

containing the ions to be studied along with the suspended clay. Fortunately,

the rotation of the central filter can be set high enough to keep the clay in
2+suspension. In an experiment, an ion of interest, say Sr , is introduced

into the outer cylinder where it equilibrates with the suspended clay. As the

2+
Sr equilibrates with the clay, its concentration inside the rotating cylinder,

where it has been filtered away from the clay, varies according to the equation:

ln(l - £-) = - v I wp for adsorption (8)

and

l n E" = " V + wD f o r e l u t i o n ( 9 )
o f —
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where C = concentration of Sr in the effluent

2+C = initial concentration of Sr

V = effluent volume

Vf = solution volume in outer chamber

w = weight of the clay

D = distribution coefficient.

Thus, for adsorption, if ln(l - ---) is plotted versus the volume of the

effluent, V, a straight line is obtained whose slope is -(Vf + viD) . This

slope then gives the distribution coefficient since w and Vf are known. An

illustration (from the work of Roberto Triolo, Yair Egozy, and Neva Harrison)

of the axial filter technique for obtaining distribution coefficients is
2+ +shown in Figure 27 showing the exchange of Sr for Na on montmorillonite.

The coincidence of the loading and eluting curves gives confidence that equi-

librium was reached. A comparison of the batch equilibration, axial filtra-

tion, and column methods is shown in Figure 28. These results, obtained by

Bob Meyer and co-workers, show the distribution of Sr between montmorillonite

and NaCl-KaAc solutions. The circles are batch equilibration, the triangles

are axial filtration, and the square is a column measurement. It is clear

that all three methods give the same results.

In the applications of these three methods, emphasis has been given to

determining to what extent the clays behave ideally towards exchange reactions

with typical alkali, alkaline earth, and lanthanide type fission products.

The effects of macro-loading vs tracer experiments on the distribution coeffi-

cients has also been of interest. The equilibrium to be considered is then:

pM<n+> + nA(P+) ~ P M
( n + ) + nA ( p + ) (10)

where the bars mean adsorbed species. In this equation, the ion M, which may
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2+

be Sr , is added to the solution phase for exchange with an ion adsorbed

on the clay, which may be Ua . The distribution coefficient, D.., is equal

to the molality of the ion fvn ' adsorbed on the clay divided by the molality

of M'n ' in the solution at equilibrium:
nv,

2 M = -- (11)

The equilibrium constant, K, is defined in the usual manner

K = --£—£- • r (12)

where r represents the appropriate ratio of activity coefficients.

If C is the capacity of the clay in equivalents per unit weight, then

for trace loadings (m» << C) and K/r a constant:

d 1o9 ^M n (13)
d log m. ~ " p

2+If C is the capacity of a certain clay for Sr , then, at trace loadings, the

slope of log DSr vs log (molality of Na ) will be (-2) if K/r is a constant.

In Figure 29, we see from the work of Bob Meyer that slopes close to (-2)

were obtained for the clays (montmorillonite, kaolinite, attapulgite,
2+ +and illite) studied for the exchange of Sr and Na . For high loadings, the

value of Dĵ  will fall off as the molality of M ' becomes significant with

respect to the capacity, C, of the clay according to the equation:

TK/C - nmM\n"|l/p

As long as K/r remains constant, this still represents ideal behavior. In

Figure 30, we again see work of Bob Meyer showing the theoretical drop-off
2+ +at high loadings still representing ideal behavior for the Sr /Na exchange
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on montmorillonite. On the other hand, in work by Shih-Yung Shiao, shown in

+ 2+Figure 31, we see the comparable Cs /Ca exchange on montmorillonite does

not follow the ideal equations. The drop-off is much earlier than ideal

theory predicts, and it is also a little erratic. It is possible that some

impurity in the clay is causing this non-ideal behavior, or perhaps there '̂ as

some change in the structure of the clay.

As shown in electron micrographs by R. G. Maire and G. W. Beall of Oak

Ridge (Figure 32), montmorillonite, attapulgite, and kaolin are crystalline in

nature. Gary Beall, Bruce H. Ketelle, and Dick Haire have studied the sorption

behavior of several tri/alent actinides and lanthanides (35) on kaolin, mont-
3+ 3+morillonite, and attapulgite. The results for Am and Cf are given in

3+ 3+Figure 33. The results for the lanthanide ions, Sm and Yb , were found to

be very similar, as expected from the actinide hypothesis.

One naturally wonders with respect to the actinides whether radiation dam-

age will affect the adsorption behavior on the clays. In Figure 34, electron

micrographs from Dick llaire and Gary Beall (36) show kaolin and attaplugite

(top) without any radiation damage, and in the bottom photograph the same clays
253a few days after adsorption in them of the actinide 9 gEs, an alpha emitter

with only a 20-day half-life. Even though the clay structures were clearly

extensively damaged by the alpha radiation, Haire and Beall did not find a

decrease in the distribution ratio for Es but actually a slight increase.

Thus it appears that the desirable high adsorption properties of attapulgite,

for example, are retained even when extensive radiation damage has occurred.

Also, in preliminary work it is being found that COo (carbonate) and phosphate

equilibria will probably fix actinides in naturally occurring environments

quite well.
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Bonding of Metal Oxides in Sodium Silicate Glass. Extensive studies

of, many kinds have been made and are now being made on refractory materials

to contain nuclear wastes. Amor: these are various cements, cermets, syn-

thetic rocks and glasses.

At Argonne, studies are now underway that will lead to new understand-

ings of actinides and fission products in sodium silicate glass in order to

better understand the long term stability requirements for storage. For

these studies, the Argonne workers are using the methods of XPS (x-ray photo-

emission spectroscopy) and EXAFS (extended x-ray absorption fine structure).

The latter technique was ably described by Peter Eisenberger (37) in the 1975

Welch Conference as an illustration of work using synchrotron radiation at

the Stanford facility (SPEAR) which can supply x-rays with an intensity of

10 to 10 photons/second. However, Gordon S. Knapp, Haydn Chen, and T. E.

Klippert (38) have been able to develop a lower flux but still very useful labora-

tory EXAFS facility at Argonne as illustrated in Figure 35. Their facility

has available fluxes two or three orders of magnitude higher than previous

laboratory facilities (between 10 to 10 photons/second) and allows EXAFS

measurements to be carried out accurately and in a reasonable time on site.

With their current 1 kW x-ray generator, data can be acquired in a 10 to 15

hour run. (The group is contemplating the replacement of their present x-ray

tube with a rotating anode generator.) The curved crys.̂ al diffractometer

shown in Figure 35 is a modified General Electric XRD-5 hcrizontal diffrac-

tometer employing a germanium (220) Johannson crystal for focusing the x-ray

fluxes for experimental use.

The EXAFS technique is particularly useful for structural studies because

it yields information on the identities, numbers, and radial distances of the

near-neighbor atoms around the atom that absorbs the x-ray.
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As a beginning of their studies related to waste isolation, this

facility has been used by D. ,]. Lam, B. W. Veal, H. Chen and G. S. Knapp

(39), along with XPS, to investigate the bonding of UOo and Fe 20 3 in sodium

silicate glass. In the iron oxide case, EXAFS detects the breakup of the

Fe203 unit when it is dissolved in the glass, and XPS detects the disruption

and rearrangement of the bonds in the glass matrix. On the other hand, XPS

results on uranium oxide show no bond breaking on dissolution of UOo in the

glass. Although the oxygen coordination of the uranium atom must be deter-

mined by EXAFS before an exact picture can be drawn, it appears that the

uranium oxide dissolves in the glass with little or no disruption of the

matrix. These results are depicted in Figure 36, which shows the Fe firmly

bonded into the glass matrix while the uranium moiety is simply held inter-

stitially. It is clear that studies of this sort on the various matrix

materials being contemplated for holding wastes will be of great use in

selecting the best ones.

Summary. Chemistry is being called on today to obtain useful results

in areas that have been found very difficult for it in the past, but new

instrumentation and new theories are allowing much progress. The area of

hydrolytic phenomena and colloid chemistry, as exemplified by the plutonium

polymer problem, is clearly entering a new phase in which it can be studied

in a much more controlled and understandable manner. The same is true of the

little studied interfacial regions, where so much important chemistry occurs

in solvent extraction and other systems. The studies of the adsorption

phenomena on clays presented here are an illustration of the new and useful

modeling of geochemical phenomena that is now possible. And finally, the

chemist is called upon to participate in the development and evaluation of
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models for nuclear waste isolation requiring extrapolations of hundreds

to hundreds of thousands of years into the future. As we have shown here,

chemistry may be useful in keeping the extrapolations in the shorter time

spans, and also in selecting the best materials for containment.



REFERENCES

1. R. V. Gentry, I. L. Thomas, and R. L. Hahn, Patent Application, "Method

for Exploring and Discovering Uranium Deposits Within a Petrofluid

System," August, 1978.

2. L. M. Cook, "The Uranium District of the Texas Gulf Coastal Plain,"

presented in the Symposium qn_National Radiation j^nvironment IJ]_,

Houston, 1978.

3. H. B. van der Heijde, H. Beens, and A. R. Monchy, "The Occurrence of

Radioactive Elements in Natural Gas," Exptojrjcolorjy andL Ejiviĵ ojimental
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Table 1. Decay Chain of 238,

Isotope
238,

234Th(UX ])

234Pa(UX2)

U(UII)
234

230

226

Th(Io)

Ra

218Po(RaA)

214Pb(RaB)

214Bi(RaC)

2 1 4Po(RaC)

21OPb(RaD)

2 1 0 Bi (RaE)

210

206

Po (RaF)

Pb (P.aG)

Half-1

4.5 x

24.1 d

1.18 m

i f e

109 y

2.48xlO5 y

8.0 x

1622 y

3.825

3.05 m

26.8 m

19.7 MI

1 .58/.

19.4 y

5.02 d

138.3 d

stable

104 y

d

1 0 " 4 s

238,1.0 gram of U emits 733,600 u par t ic les per minute.

1.0 gram of natural uranium contains 0.9929 grams of U.
238,
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