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A study of the reaction of p1utonium with a commercial bone char 
indicates .. that.this borie·char_has a high capacity for removing 
plutonium from aqueous wastes.: The adsorption of plutonium by bone 
char is pH; dependent, ."an·d ·for :plutonium (IV) polymer appears to be 
maximized near pH 7.3 fqr plutonium concentrations typical of some 
waste streams. Adsorption is .·affected by dissolved salts, especially 
calcium and phosphate·salts .. Freundlich isotherms representing the 
adsorption of uranium and plutonium have been prepared. The low 
potential imposed upon aqueous solutions by commercial bone char is 
adequate for reduction of hexavalent plutonium to a lower plutonium 
oxidation state. · 
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\ . 
Introduction 

In 1973, a patent was granted to H. w .. 
Kirby for a procedure for decontaminating 
radioactive liquids by contacting the 
liquids with phosphate salts of various 
elements. 1 This idea, together with the 
observation that in the human body plu
tonium seems to accumulate in the bones, 
suggests that "bone char," a by-product 
of the processing of animal carcasses, 
might be a suitable material for removing 
plutonium from waste liquids. It was 

Kirby who first suggested bone char as a 
material suitable for the decontamination 
of waste water, and it is the purpose of 
this report to describe experimental work 
designed to illuminate some properties of 
commercial bone char as a material for re
moving plutonium and uranium from waste 
water. Experimental work on the use of 
bone char for removing radioactive con
tamination from industrial waste water can 
be found in References 2 and 3. 

Background 

One of the problems facing the nuclear 
industry is that of radioactive waste 
disposal. This problem includes the dis
posal of radioactive solid wastes as well 
as the removal of low levels of radio
activity from industrial wastewaters in 
an economical, rapid, and facile manner. 
A popular method of removing some radio
active elements from wastewaters is copr~
cipitation with iron hydroxide in the 
presence of a· calcium salt. Unfortunate
ly, this method may leave a small amount 
of radioactivity in the solution from 
which the iron and most of the radioele~ 
ments are separated by the precipitation. 
For example, when solutions of pluton-
ium and uranium are treated with ferric 
sulfate and then coprecipitated with the 
iron at pH 8.9, a small amount of the 
plutonium and uranium will remain in the 
solution and escape through a filter bed 
of sand. In the cases of uranium and 
plutonium, this may be due to such .fac
tors as the solubility of the Mo~+ hydrox
ides, the tendency of the Mo~+ hydroxides 
to become colloidal, the existence of so
called "polymers" and colloidal particles 
of M(IV), or even the existence of the 
elements in more soluble forms such as 
MOt. Whatever the nature or concentra
tion of radioactive materials in waste 
waters, it would be desirable to have 
a means of reducing their concentrations 
before permitting the waste waters to be 
discharged to the environment. 

Bone char, the commercial name given to 
one form of a calcium phosphate, occurs 
in the skeletons and teeth of vertebrates 
and occasionally in mineral deposits. 
Bone char, often prepared from the bones 
of cattle, has been used in the sugar 
industry as a decolorizing agent. The 
phosphate in bone char has the simple 
formula Ca 5 (PO~) 3(0H). Another common 
name for the calcium phosphate in bone 
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char is hydroxyapatite (HAP). Of course, 
when bone char is prepared from cattle 
bones, it may contain impurities intro
duced by the manufacturing process as 
well as the trace minerals which natural
ly occur in the bones of heal thy animals.· 
The hydroxy group in HAP may be replaced 
with fluoride ions to form fluoroapatite, 
such as occurs in the process of harden~ 
ing teeth. 

Ever since HAP was identified as the pri
mary constituent of human teeth and young 
bones, it has been the subject of much 
study. There is a considerable litera
ture on HAP, and it is common to find re
search on this material originating in 
dental or medical schools. The processes 
of caries formation and the embrittlement 
of bones with advanced age involve re
actions of or transformations within HAP 
structures, and the phenomenon of tetany 
may involve the rate of dissolution of 
HAP. 

Long ago, it was observed that the condi
tion of tetany was related to the product 
of the concentrations of calcium and phos
phorous in blood. As a result of this ob
servation, the solubility of HAP was in
vestigated, and over the years, many 
papers related to studies of the solubil
ity of HAP have appeared. At first 
glance, it would appear that a subject 
so well researched would be relatively 
well understood. This is certainly not 
the case, however, as there is consider
able disagreement over the mechanism of . 
dissolution and the nature of the equilib
rium of HAP on contact with water or 
water containing salts such as sodium 
chloride. What is agreed upon is that 
ijAP slowly dissolves in aqueous, solutions 
to yield calcium and phosphorous concen
trations which are often in the range 
l0- 3-l0- 5 M near pH 7. Beyond this, there 
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is little agreement on anything. For con
venience, opinions on the solubility of 
HAP may be broken into the following four 
categories: 

A. The HAP-water system does not reach 
thermodynamic equilibrium in reason
able time periods (up to a few months); 
the amount of dissolved calcium and 
phosphorous depends upon the amount 
of solid HAP in 'contact with the 
solution and the solubilit~ is "in-_ 
congruent." This view is held by 
Levinskas and Neuman 4 who found that 
the concentration of calcium dis
solved from HAP could be as high as 
15 x 10- 4 M in suspensions containing 
100 g of HAP per liter of solution 
near pH 6. 5. It was. found that the 
concentration of dissolved calcium de
creased as the mass of HAP in the 
solution decreased and also as the 
pH of the solution increased. They 
also found that sodium ions can 
apparently displace calcium ions 
from HAP, and that HAP acted as a 
buffer upon the solutions into which 
it was placed. That is, acidic and 
alkaline solutions suffered pH in
creases and decreases, respectively, 
when placed in contact with HAP for 
a period of a few days. The action 
of HAP is. such that it adjusted ex
treme values of pH to values which 
were closer to the neutral point. 

B. HAP reacts with water to form a sur
face .layer of Ca 2 (HP04) (OH) 2 • This 
view is held by Rootare, Deitz, and 
Carpenter, 5 who also observed that 
solution composition is not only de
pendent upon the amount of solid 
HAP in contact with the solution, but 
upon total ionic strength as well. 
According to them, HAP dissolves to 
form a surface complex, Ca 2 (HP04) (OH)2, 
as follows: 

Ca 5 (P04) s(OH) + JHOH 

= 2 Ca2(HP04) (OH)2 + Ca 2+ + HPO~- (l) 

followed by some di-ssolution of the 
surface complex 

Ca2 (HP04) (OR) 2. 

= 2Ca 2+ + HPO~- + 20H- (2) 

and the apparent solubility cf HAP can 
be explained in terms of reaction (1). 
A defense of this hypothesis has been 
written by_LaMer. 6 · 

c. The solubility of HAP is like that of 
any normal solid; previous anomalies 
are caused by impure samples and fail
ure to include all pertinent correc
tions, such as ion pair formation. 

Clark, long ago, -reported that a 
reproducible solubility product 
characteristic of stoichiometric dis
s-olution of HAP can be experimentally 
observed. 7 Moreno, Gregory, and 
Brown are also exponents of this 
point of view, 8 although they found 
that different samples of HAP gave 
different solubility products, a 
phenomenon perhaps attributable to 
differences in various preparations 
of HAP. That is, their "as prepared" 
HAP did not fit their dissolution 
model very well; however, that is a 
point worth remembering when dealing 
with "as prepared" commercial samples. 
Their case, unfortunately, is weakened 
for the uninformed reader by their 
obscure equations, for which only 
limited development and background 
are presented. Moreover, Moreno, 
et al, would have· done well to try 
various solid/liquid ratios to test 
their ideas as other experimenters 
have done; Wier, Chien, and Black 
apparently concur that HAP has the 
solubility product characteristic of 
a solid which dissolves normally, 9 

but their data indicated more than one 
possible solubility product for HAP· 
which they explain by proposing that 
HAP may exist in somewhat different 
forms with each form having its own 
characteristic activity. 

D. HAP dissolves by some means not in
cluded in the other categories. 
There is no shortage of theories to 
explain the curious solubility be
havior of HA~. An interesting paper 
by Francis has summarized some of these 
hypotheses. 1° Francis, moreover, 
presents some experimental work of 
his own, 10 which he interprets to 
mean that HAP is covered by a surface 
layer of hydrated calcium acid phos
phate, CaHP0 4 ·2H 20. Amin has con
firmed the slurry density effect 
(r~tio of solid to liquid) upon HAP 
solubility, reviewed previous work, 
and discovered a curious inhibition 
of HAP dissolution by phosphate ions. 11 

Zimmerman has criticized the surface 
complex hypothesis, 12 and Wier has 
critically reviewed much previous 
work on HAP. 1 3 In addition, Wier 1 3

-

has provided his own evidence of the 
importance of the solid/solution 
ratiq upon the solubility of HAP. 
Zimmerman has reviewed a paper by 
Best and Hearon, who, according to 
Zimmerman, also maintain that HAP 
has no unique solubility product. 12 

According to Zimmerman's review, Best 
and Hearon 14 believe the solubility 
of HAP depends upon the ·surface-to
volume ratio of solid HAP, on the 
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stoichiometric proportions of calcium 
and phosphorous in the HAP, and the 
thickness of the "crystal surface" 
phase. 12 • 14 Zimmerman also provides 
his own interpretati9n of the solubil
ity of HAP based upon kinetic consid
erations.12 

From the abundant and contradictory data 
and from the interpretations and theories 
surrounding HAP, it can probably be con
cluded that the extent and mechanism of· 
dissolution of this material is an issue 
which is not yet settled. That is indeed 
unfortunate, for the study of this mate
rial in waste streams is rendered more 
difficult when the behavior of HAP in 
water is not clearly understood. Still 
other references to the solubility be
havior of HAP can be found as literature 

citations in each of the studies specifi
cally referenced above. Other studies 
of HAP include investigations of the solu
bility of this material when it occurs 
naturally as a rock. 15 • 16 The rate at 
which HAP dissolves has been studied," 17 , 18 
as have various laboratory preparations 
of this material, 19 • 20 the alkaline 
earth phosphates have been generally re
viewed,21 and the heat of formation of 
HAP has been estimated. 22 It is curious 
that so common a substance as HAP could 
be the subject of so much study and yet 
remain a matter of so little understand
ing. Other studies of hydroxyapatite 
have considered ion exchange reactions 
with calcium, 23 • 24 phos~horous, 25 

strontium, 26 and sodium. 7 Additionally, 
adsorption characteristics of bone char 
have also been examined. 28 • 29 

Commercial Bone Char · 

The HAP (hydroxyapatite) used in the 
study of the. removal of radionuclides 
from waste streams is a natural bone char 
obtained from the Kerr-McGee Corporation. 
Since it is a commercial product, it can
not be expected to match the theoretical 
analysis of HAP (39.9% Ca, 18.5% P). 
Table 1 gives the analysis of the bone 
char to be used in the present work. 

It was not possible from the X-ray powder 
diffraction pattern to determine whether 
the calcium phosphate in the bone char 
was Ca 5 (P04) 30H, (HAP) or· Ca 3 (P04) 2 • nH2 0 
(file numbers 9-432 and 18-303, respec
tively). because the powder diffraction 
pattern of the bone char resembled. the 
powder patterns of both phosphates very 
closely. The bone char was crystalline,· 
however, as it produced 26 sharp x-ray 
diffraction lines. The Ca/P.weight 
ratio in HAP is 2.156 and in the bone 
char it was 2.153; this rules out 
Ca 3 (P0 4) 2 ·nH 20 as the principal constitu
ent in the bone char and establishes that 
HAP was the major constituent. 
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Table 1 

COMPOSITION AND PROPERTIES 
OF A COMMERCIAL BONE CHAR 

Element 

Ca 
p 

H 
s 
Na 
N 

Carbonate 
c 
Mg 
Si 
Mn 
Fe 

Internal Porosity, % 

External Void Fraction 

Bulk Dry Density, lb/ft 3 

Surface Area, m2 /g 

Typical Uses 

% 

33.8 
15.7 

0.4 
0.03 
2.4 
1.0 
5.0 
5.8 
0.5 
0.3 
0.05 
0.1 

50-55 

18 

40 (0.641 g/cm 3) 

100-115 

Decolorizing of 
crude sugar 
syrups; removal 
of salts or 
"ash" from pro
cess streams 



Reaction of Plutonium with Bone Char as a Function of pH 

GENERAL EXPERIMENTAL PROCEDURE · 

Portions of commercial b.one char were 
sieved and washed by passing water 
through standard sieves containing ground 
bone char. The powder thus sized to 75-
104 microns was dried overnight at 150°C. 
One-gram portions of this material were 
transferred to 100-ml volumetric flasks, 
a portion of buffer added to adjust the 
solution pH, a sample of standard plu
tonium solution added, and the samples 
allowed to stand for one week with fre
quent daily shaking to hasten equilibrium. 
Such solutions were then allowed to stand 
for two days before sampling and counting. 
All counts were for 100-min intervals 
unless noted otherwise. The pH values of 
the equilibrated solutions were measured 
with a Leeds and Northrup pH meter with 
individual glass and calomel electrodes, 
or with a Corning pH meter with a combina
tion glass-reference electrode. Ethylene
diamine and ammonia, as the chlorides or 
nitrates, were used as pH buffers except 
as noted otherwise. These buffers have 
the advant·age that, during the course 
of an experiment, pH adjustment of the 
solutions did not result in a pronounced 
change in the· ionic strength of the 
solutions: 

(3) 

and the further advantage that ammonium 
and ethylenediammonium cations are not 
likely to undergo substitution reactions 
with the constituents of the bone char. 

The disintegration rate of plutonium solu
tions exposed to bone char was obtained 
with a "Tri-Carb" scintillation counter 
.manufactured by the Packard Instrument 
Company. "Instagel" scintillation and 
gelling agent was used to suspend the 
aqueous samples mixed with a portion of . 
distilled water so that the aqueous phase 
had a volume of 10 ml, while the volume 
of the organic "Instagel" phase was 15 ml. 
Except as otherwise noted, all solutions 
were counted in"tightly capped glass vials. 
The isotopic composition of the plutonium 
was about 80% plutonium-238 and 20% plu
tonium-239. 

THE BONE CHAR-WATER SYSTEM 

As bone char is a calciUm phosphate with a 
finite solubility, the dissolution of this 
material results in a solution buffered 
by phosphate ions, as well as other ions, 
such as carbonate, which may dissolve from 
commercial bone char upon prolonged ex
posure to water. Since commercial bone 
char is prepared from animal bones, 

however,. and retains some organic matter 
(as .indicated by the analysis shown in 
Table 1), it is perhaps not surprising 
that bone char, in addition to acting as 
a pH buffering agent, also acts as a po
tential buffer, weakly imposing a low 
potential upon the solution in which it 
dissolves. 

One of the important parameters determin
ing the behavior of plutonium with bone 
char is the effect which the bone char 
exerts upon its environment. In the case 
of the reaction of plutonium with the 
commercial bone char studied here, the 
manner in which the bone char affects the 
trace of aqueous plutonium is of primary 
importance. Since alkaLine solutions 
a~e of interest, several solutions with 
pH values from about 9 to 11 (with ammon
ia buffer) were prepared. Each 100-ml 
buffer also contained a 1-g sample of 
commercial bone char. After a five-day 
equilibrium period, .during which the 
samples (in 100-ml volumetric flasks) 
were shaken repeatedly, the pH and elec
tromotive force values of the solutions 
were measured. (EMF values were taken 
using a ferricyanide/ferrocyanide buffer 
assigned a potential value of +0.41 V.) 

The above experiments were repeated sev
eral times, using other buffering systems. 
Figure 1 shows the results with an ammonia/ 
ammonium nitrate buffer, Figures 2 and 3 
with an ammonia/ammonium chloride buffer, 
and Figures 4 and 5 with a potassium car
bonate/bicarbonate buffer. In each dia
gram, the points drawn as circles (lower 
line) represent the potential pH values 
of solutions as measured about two min
utes after uncapping the samples. Points 
marked with ••s (upper line) were taken 
after about three minutes of stirring 
while exposed to atmospheric oxygen (that 
is, about five minutes after uncapping 
the sample). In these experiments, it is 
the potential, not the pH, which changes 
upon exposure to the atmosphere. In all 
df the diagrams, lines with a given Slope 
of -0.059 are passed through the points. 
A line with slope +0.059 is the theoreti
cal Nernstian value at (25°C) for a re
versible reaction involving a proton/ 
electron ratio of unity. Other possible, 
likely values of the absolute value of 
the slope are the factor +0.059 times 
some simple number or fraction such as 
1/3, 1/2, 4/3, 2. Since bone char is 
known to contain organic matter from 
animal bones, there is no way of predict
ing the value of the slope. The points 
seem to follow the slope -0.059 quite 
well, however, suggesting that the 

7 



8 

w 
:I; 

0.30 

z 0.25 

"' > 

.!!! 
0 
> 
...: 
.!!! .... 
c 
Cll .... 
0 
~ 

0.20 

0.15 

Line Slope =-0.059 

9 10 11 

pH 

FIGURE 1 - The bone char-water system 
in an NH3-NH4N03 buffer. 
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FIGURE 3 - The bone char-water system 
in a small amount of NH3-NH4Cl buffer. 
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FJGURE 5 - The bone char-water system 
in a KHC03 buffer. 

potential controlling reaction is gener
ally of the form 

Ox+ ne = Red- nH+, (4) 

where "Ox" and "Red" represent the ox
idized and reduced forms of the poten
tial controlling reaction, and "e" rep
resents an electron. 

The plots in Figures 1-5 suggest certain 
properties of the bone char/water system. 
Among these .are: 

(a) Bone char imposes a low pot~ntial 
upon aqueous eystems. At pH 10 this 
potential for fresh solutions is about 
+0. 25 v, a value chara.cteristic of some 
organic systems. 

(b) The behavior of the potential-con
trolling reaction appears to be poorly 
reversible and appears to follow the form 
suggested by Equation (4). 

(c) The fact that the potential drifts 
slowly upward upon exposure to atmos-. 
pheric oxygen implies that the system is 
oxidized by air, and that the poising 
capacity of the bone char-water system 
is very low. 

In order to check that.the potential-pH 
behavior of the bone char samples described 
above were. not a peculiarity of one partic
ular bone char specimen, new samples of 
bone char were prepared, sized to 74-105 
microns with standard sieves, and washed 
several times with water to.remove fines. 
To ascertain ~hether the new samples of· 
bone char had properties which approxi
mated.the previous samples, the potential
pH behavior of the new samples was exam
ined. Figure .6 shows this potential-pH 
behavior in a carbonate buffer, whereas 
Figure 7 shows this behavior in a phos
phate buffer. 

0.40 
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z 0.30 
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FIGURE 6 -.Potential-pH behavior of bone 
char containing trace plutonium and 
carbonate buffer. 
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FIGURE 7·- Potential-pH behavior of bone 
char (phosph~te buffer). 
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The potential increased with decreasing 
pH in the expected manner, which indi
cated that this potential-pH behavior 
seems to be intrinsic to the bone char 
system and does not seem to be affected 
by screening and washing the bone char, 
but whether this potential-pH behavior 
is the same for bone· char obtained from 
other commercial sources is not known.· 
The new samples'indicated the same low 
poising capacity as previous samples, 
that is, all of the potentials drift 
upwards upon exposure· to air, so that the 
observed potential values depend upon the 
time of potential measurement. As indi
cated by Figures 6 and 7, however, if 
the procedure for taking potential meas
urements is standardized, linear plots 
can be obtained. Because of the potential 
instability and apparent dependence upon 
exposure to atmospheric oxygen, it seems 
likely that the potential may be of 
limited usefulness for quantitative de
scription of the bone char-water-plu
tonium system, although it may be useful 
for purposes such as qualitative explana
tions and for suggesting new approaches 
to the problem of the equilibration of 
plutonium species with commercial bone 
char. For this reason, little use was 
made of potential measurements upon sys
tems of bone 9har and water containing 
plutonium. 

PLUTONIUM OXIDATION STATES 

Plutonium can probably occur in waste 
water in any or all of four oxidation 
states. The likelihood of occurrence of 
any particular oxidatiqn state in an 
aqueous solution depends upon severa~ 
factors: the solution pH, the solut~on 
oxidation-reduction potential, and the 
presence of complexing agents in the 
solution. It seems that mathematical 
methods for the comprehensive solution 
of the problem of equilibrium plutonium 
valence state distributions have been 
suggested only reqently. These new 
approaches indicate that in neutr~l or 
alkaline solutions, such as are l~kely to 
occur with present methods of waste treat
ment (coprecipitation with ferric hydrox
ide at a high pH)., .the two oxidation 
states of plutonium which are most likely 
to occur·are tetravalent or hexavalent. 
Polymeric plutonium(IV) is the form of 
tetravalent plutonium which is conven
tionally considered the most likely form 
of tetravalent plutonium in neutral or 
alkaline waste water, and it is this · 
form of plutonium which has been studied 
most extensively. 

Initial experiments consisted of preparing 
plutonium(IV) polymer by treating a ·~lu
tonium solution of unknown valence d~s
tribution as follows: 
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About 50-100 mg of sodium nitrite were 
added to about 5 ml of plutonium-238 
stock solution (oxidation state ~nknown) 
in ~M nitric acid. This solution was 
then-diluted with 20-25 ml of concentrated 
(l~M) nitric acid. The solution that re
sulted was then stirred and heated on a 
hot plate until evaporation had reduced 
the volume of the solution to about 2 ml. 
This solution was then cooled and treated 
with the various test procedures shown in 
~able 2. Table 2 describes variou~ test 
procedures for preparing tetravalent plu
tonium polymer, but it is important to 
observe that the results quoted in the 
table are not reproducible. However, 
since boiling the plutonium solution at 
pH 12.5 seemed to give the greatest radio
activity decrease upon centrifugation in 
these preliminary studies, it was decided 
to use this technique to examine pluton
ium solutions in the presence of bone 
char, assuming that the technique did 
yield solutions of plutonium(IV) polymer. 

Plutonium solutions prepared by boiling 
in potassium hydroxide were used to try 
to ascertain the optimum pH range for 
removing plutonium from waste water with 
bone char in early experiments. Later 
experiments indicated that plutonium 
polymer prepared as described above, and 
plutonium known to be polymeric, were 
very similar in so far as their behavior 
with bone char was concerned. However, 
where plutonium polymer prepared as de
scribed above was used in bone char ex
periments, it appears in quotation marks. 
This distinguishes it from plutonium 
known to be polymeric, the preparation 
of which is now described. 

About 5 g of plutonium(IV) nitrate in . 
nitric acid (isotopic composition of 
the plutonium was about 80% plutonium-238 
and 20% plutonium-239) was precipitated 
by the addition of ammonium hydroxide. 
The hydroxide was washed with water, and 
peptized in dilute nitric acid. Exami
nation of the visible spectrum of this 
material indicated that the green solution 
contained plutonium(IV) polymer. No 
other oxidation states of plutonium could 
be detected in the spectrum. A diluted' 
portion of this material was used in 
the study of plutonium(IV) polymer with 
bone char. 

Solutions· of hexavalent plutonium were 
prepared by treating unpolymerized tetra
valent plutonium in nitric acid with di
valent silver oxide. The brown soluti'on· 
s·o obtained was allowed to stand until 
the brown color disappeared, and the 
visible spectrum of a sample of the solu
tion was examined to ascertain that the 
plutonium had been oxidized to the 



Table 2 

TEST PROCEDURES FOR PREPARING PLUTONIUM{IV) POLYMER 

Pr.ncedure Discription 

Pour plutonium solution into NH 3 buffer 
at pH maintained near 10 

Pour plutonium solution into hot NH 3 
buffer at pH maintained near 10 

Pour plutonium solution into boiling 
water and boil for 5 min 

Pour plutonium solution into a hot solu
tion of 20 ml of concentrated NH 3 + 80 
ml water, and then boil for one min. 

Percent Solution Radioactivity* 
Decrease by Centrifugation at 

10,000 rpm for 10 min 

-2 

-69 

-0 

-79 

Pour plutonium solution into KOH solution 
such that final pH is 12.5 

-56 

Pour plutonium solution into 100 ml of 
boiling water containing KOH such that 
final pH is 12.5 

*Alpha disintegrations 

hexavalent state. A portion of this solu
tion was diluted with water for use in the 
study of hexavalent plutonium with bone 
char. 

THE ADSORPTION OF PLUTONIUM{IV) POLYMER 
BY GLASS VESSELS 

In order to differentiate between that 
plutonium which had been adsorbed by the 
walls of the glass vessels and that plu
tonium which.had been adsorbed by the 
bone char within the glass vessels, sev
eral experiments were undertaken to ex
amine the extent of plutonium polymer 
adsorption by 100 ml glass volumetric 
.flasks. These experiments t:uusisted of 
preparing plutonium(IV) "polymer" solu
tions.as described above, and allowing 
samples of such a preparation {buffered 
at the desired _pH) to remain in the flasks 
for several days. The contents of the 
flasks were periodically shaken and 
sampled. The adsorption of plutonium{IV) 
"polymer," as determined by such experi
ments, appeared to be primarily a high-
pH phenomenon, and, for solutions which 
remained in glass flask.s for only about 
7 days, adsorption by glass was not 
appreciable for solutions with pH values 
below about 10. Figure 8 graphically 
shows the approximate rate of adsorption 
of plutonium{IV) "polymer" by glass volu
metric flasks as a function of time at 

-90 

several selected pH values. Figure 9 
shows that same data plotted in such a 
way as·to illustrate that even at pH 10 
the ~lpha count rate for solutions 
stored as long as 20 days had not been 
substantially reduced by adsorption of 
the "polymeric" plutonium on the walls of 
the glass vessels. 

THE ADSORPTION OF PLUTONIUM{IV) POLYMER BY 
BONE CHAR AS A FUNCTION. OF pH 

The accurate determination of very low 
concentrations of radipactive isotopes is 
a problem on which progress is still be
ing made. Part of this problem is that 
r~dinactive decay is a random event, so 
that exactly the same number of disinte
grations of a radioisotope rarely occur 
in two time periods of the same length. 
For a low count rate, such as, for ex
ample, 16 disintegrations per unit of 
time, one s-tandard deviation may be taken 
as about 4 dis/time unit. An interval of 
two standard deviations, or the interval 
in which about 95% of a series of indi
vidual "determinations may be expected to 
lie, may thus be expected to be only 
within abou~ +50% of the a~..:tual count. 
Greater accuracy may be obtained by 
accumulating a greater number of counts, 
at the expense of prolonged counting times. 
When, to this statistical limitation, are 
added such factors as sampling inaccuracies, 
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FIGURE 8 - Adsorption of plutonium(IV) "polymer" by glass. 

instrument imperfections, and the possi~ 
bility of acc~dental contamination of 
samples_, it is, not surprising that some 
scatter in the count rates of solutions 
of low concentrati6ns of radioisotops~ 
is often observed. Bone· char is such an 
effective agent for' removing polymeric 
plutonium from aqueous solutions that 
plutonium solutions treated with this 
material retain only a. trace of the 
original plutonium, and hence nave vary 
low rat~s of alpha disintegrations •. · The 
count rate of. such solutions has shown 

·a degree of scatter or "irreproducibil-ity" 
wnich at fi~st seems disappointing, b~t 
the 'results of study.of such solutions 
have not in generai been so ambiguous as 
to preclude interpretation. · 

Irreproducibility of data accumulated in 
the study of the behavior of radiocolloids 
has been acknciw~edged for a long time. 
There is no .simple, readily apparent rea
sop why such.data should always_be ~harac
t~rized by scatter and .be poorly repro
ducible, but irreprodu_cibility seems ; to 
be at least as co~on .in the study_. of . 
radiocolloids as in' other branches of 

·chemistry and perhaps more so •. M~my 
workers in the, field of radiochemisJ:.ry 
have COIIUI\e.nted upon .and attempte,d. 'to· ~x-. 
plain the irreproducibility of ~ata some
times obtained from radiocolloids and 
sorption systems. There does not seem to 
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FIGURE .9 - Adsorption of plutonium(IV)' 
"polymer" by glass count vs pH after 2a 
days equilibration (initial solution 
count given by dashed line). 



be general agreement on what causes 
irreproducibility of the behavior of 
radiocolloids, or how to avoid this cir
cumstance. In many laboratory situations, 
the concentrations of the radiocolloids 
are often less than the 'concentrations of 
impurities in even the highest grade re
agent chemicals, and it has been specu
lated that the behavior of radiocolloids 
can be attributed to radioelement adsorp
tion upon the impurities present in even 
the best grades of commercial chemicals; 
or upon the surfaces of dust particles 
and the walls of vessels. Egorov has 
suruaarized this state of affairs in his 
statement that: "As a rule, the behav
ior of radiocolloids on sorption systems 
is anomalous." 30 In regard to radio
colloid systems and the anomalies often 
associated with them, Egorov states that: 
"this problem has in fact no solution." 30 

Other workers have also remarked upon 
the difficulties that seem to be inherent 
in the study of systems of radiocolloids. 
Among these commenting workers rna¥ be 
found r-tellish, Payne and Worrall, 1 

Andelman and Rozzell, 32 and, in particu
lar, Kepak, 33 who has expressed the idea 
that radiocolloid systems may be examples 
of systems that are not in thermodynamic 
equilibrium. 

In an attempt to reduce the scatter in 
the observed counting rate of samples of 
experimental solutions, samples were 
first centrifuged at 10,000 rpm for about 
10 min. This proved to be a time-con
suming and tedious practice, a practice 
which led to occasional rupture of centri
fuge tubes, and this attended by all the 
hazards of spilled radioactive liquids 
as well as loss of sample. While centri
fugation had the effect of reducing the 
absolute count rate of the experimental 
solutions, it did not appreciably decrease 
the scatter which seemed to be intrinsic 
to the disintegration rate of the solu
tions. For this reason, the practice of 
centrifuging tE:!St soluLions was aban
doned. Solutions to be counted for re
sidual radioactivity were allowed to 
stand undisturbed for two days prior to 
withdrawal of a small aliquot from the 
neck of the volUmetric flask with a 
pipette. 

A typical experiment illustrating the 
ability of bone char to adsorb pluton
ium(IV) polymer at various pH yalues is 
shown in Figure 10, which plots plu
tonium-238 counts per minute per SOOA of 
100 ml solutions each containing 1 g of 
bone char. The various pH values were 
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FIGURE 10 - Apparent bone char plutonium(IV) 
"polymer" equilibrium in ammonia buffer 
(all samples centrifuged). 

obtained with ammonia buffer. Although 
the data are scattered, the fact that the 
activity in equilibrium with the bone char 
decreases with decreasing pH is evident. 
Prior to counting, each sample plotted in 
Figure 10 was centrifuged at 10,000 rpm 
for 10 min. Figure 11 shows the results 
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of a similar study in carbonate bu~fer. 
Figures 12 ana· 13 show other studies of 
the bone char-water-plutonium system in 
a ammonia buffer, .but samples were· not 
centrifuged prior to counting. since 
there was no centrifugation step to re
move large ,polymer particles, the' abso
lute radioactivity level is increased; 
but the data again indicate that bone · 
char as an absorbant for plutonium· is '·. 
more effective close to the neutral· 
point than at high pH values., Part ot"' · 
the scatter in the data points in'Fig-· 
ures 10, 11, 12, and 13 results from 
plotting together data obtained from 
different polymer preparations. As has 
been previously discussed in 'works on 
the cl;lemistry of. plutonium, different 
preparations may lead ·to different 
degrees of polymerization; and this is 
probably as true of preparations that 
differ only in detail as. i.t is of prepara
tions that d~ffer in other. than detail. 

In order to examine the behavior of plu
tonium(IV) "polymer" (prepared by boil
ing in KOH as described above) in the 
presence of bone .char near the neut~al. 
point, two. plutonium solutions were pre
pared for equilibrium. in 100 ml flasks 
with 1 g of· bone. char. . Ethylepediamine · 
was used.as the buffer. Plutonium solu
tion No~·· 1 contained 3571 dis/min/SOO.A 
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before reaction with bone char; and plu
tonium solution No. 2 contained 10,162 
dis/min/SOOA before reaction with bone 
char. The results of equilibrating 
these plutonium solutions with bone char 
are shown in Figure 14. As can be seen, 
considerable scatter is inherent in the 
data. However, the more dilute plutonium 
solution gave, on the average, a lower 
equilibrium count (about 15 dis/min/ml) ; 
and the plutonium solution with the higher 
initial count gave, on the average, a 
higher equilibrium count with bone char 
(about 23 dis/min/ml). It is difficult 
to obtain data at pH values much below 
pH 7 because of the tendency of the bone 
char to dissolve and provide its own 
phosphate buffer. This self-buffering 
capacity ·of bone char tries to adjust. 
the pH to about 8. 

During the course of this study, it was 
observed that the apparent count rate of 
·radioactive samples (stored in polyethy
lene vials containing the scintillating 
material and gelling agent) may gradually 
increase their count rate·. This effect 
first became apparent with samples stored 
for more than 12 .hr. However, this 
effect .did not seem to occur in all 
samples or to occur uniformly in those 
samples in which the phenomenon was ob
served. It has been suggested that this 
phenomenon may be caused by the slow loss 
of toluene, ·a component of the scintilla
ting fluid, through the walls of the poly
ethylene vials when these vials are 
stored for long periods ·at room tempera
ture. A study of this effect was not 
undertaken since it can apparently be 
avoided by using glass vials instead of 
polyethylene vials. ~n .~h~ few cases 
where the effect was observed, the count 
rate seemed to increase by about 10-20% 
in a 24-hr period. This effect may also 

. be from temperature variations in the room, 
as the variations may encompass a span of 
30°F. Data in Figure.l4 were oqtained by 
counting all samplco ~n glass vials. 

Further experinie"ntation on the adsorption 
of tetravalent plutonium polymer by bone 
char confirmed that the adsorption pro
cess is pH dependent and that the adsorp
tion is maximized ·near pH 7. A typical 
aqsorption study for the plutonium(IV) 
polymer (prepared from plutonium(IV) hy-
droxide as described on page lOll is . 
shown in Figure 15, which plots ~esidual 
solution act.ivlt.y in a 100-ml flask 

. (that contai~s 1 g bone char) buffered 
with ethylenediamine hydrochloride and 
ainmonium chloride. As can be ·seen· from 
Figure 15, the point of maximum polymer 
adsorption is near p~ 71 and adsorption 
decreases as· pH increases or decrease.s 
from 7. The plot shows typical data 
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points with typical scatter in the count 
rate of solutions. of very low levels of 
radioactivity, a phenomenon which has 
frequently been observed with plutonium 
and other radiot·racers. Figure 16 shows 
the results of a similar experiment with 
a higher initial concentration of plu
tonium. The shape .of the curve is simi
lar to the curve in Figure 15, although 
the minimum corresponds to a higher 
final concentration of the plutonium. 
Careful examination of Figures 10-16 
suggests that the pH of maximum adsorp
tion of plutonium(IV) polymer by the 
commercial bone char. is pH 7.3. 
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FIGURE 16 - Apparent reaction of plu
tonium(IV) polymer with bone char. 

THE ADSORPTION OF PLUTONIUM (IV) POLYMER 
BY BONE CHAR IN THE PRESENCE OF OTHER 
SPECIES 

Radioactive waste ·water, whatever its 
source, generally contains dissolved· 
materials other than the raaioactive 
pollutants. Even if not contaminated 
with nonradioactive solutes when the 
waste water is generated, nonradioactive 
solutes such as calcium· salts are like.ly 
to be introduced by radioactive waste 
treatment facilities. Among the likely 
solutes which may be introduced into 
radioactive waste water are alkali 
halides such as sodium and potassium 
chloride. Figure 17 shows the adsorption 

16 

of plutonium(IV) polymer by bone char 
in otherwise unbuffered water in the 
presence of various concentrations of 
potassium chloride. (The only pH buffer
ing agents present in this system are 
species introduced by the dissolution of 
some of the·bone char.) As can be seen 
from Figure 17, the adsorption of poly
meric plutonium(IV) by the bone char is 
dependent on the presence of a salt such 
as potassium chloride. Bone char appears 
to show a slight minimum in its ability 
to adsorb plutonium(IV) polymer (i.e., a 
slight maximum in the residual solution 
count) at a potassium chloride concentra
tion which is less than O.lM, while poly
mer adsorption appears to slowly increase 
with increasing salt concentration for 
salt concentrations in excess of the 
salt concentration at the point of mini
mum adsorption. Figure 18 shows the ad
SOFption of polymeric.plutonium(IV) in the 
presence of various concentrations of sod
ium chloride. Again, the bone char-water 
system was dev·oid of buffering agents ex
cept those which derive f.rom commercial 
bone char by the dissolution of this mate-
rial. Figure 18 also shows a slight · 
minimum in the ability of bone char to ad
sorb polymeric plutonium (IV). from sodium 
chloride solutions. At salt concentrations 
higher than the·concentration at the 
point of minimum adsorption, the ability 
of the bone char to adsorb the polymer 
seems to increase and approach a lim"iting 
value. It may be concluded from Figures 
17 and 18 that the adsorption of pluton
ium(IV) polymeric by commercial bone char 
is affected by the presence of salts 
which are often considered inert or non
reactive. In both experiments, the pH 
of the solutions was very close to pH 
7. 9 throughout the ranges of·· alkali 
halide concentration. 

Figure 19 shows the adsorption of plu
tonium(IV) polymer by commercial bone 
char in the presence of a low concentra~· 
tion of sodium citrate. At pH values 
higher than about 3, citrate is•gen
erally considered to be an excellent
cation complexing agent. As the pH of a 
solution rises, citrate becomes an in
creasingly powerful complexing agent. 
A versatile complexing agent such as 
citrate can react with the bone char-water
plutonium system in more than one manner. 
It may associate with the particles of 
plutonium.( IV) polymer, since c~ trate is 
an anion, while the particles of pluton
ium(IV) polymer may be cationic in na
ture. Such association may render the 
polymer particles neutral or anionic, and 
may interfere with the tendency of such 
particles to associate with phosphate 
compounds. Moreover, citrate easily 
complexes calcium ions, thus increasing 
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the solubility of a substance such as 
hydroxyapatite. That citrate is deleter
ious to the adsorption of plutonium(IV) 
polymer by commercial bone char, and 
that this deleterious effect increases 
with increasing pH, ·can be ascertairied 
by examination of Figure 19. Whether 
this deleterious ef~ect of citrate upon 
polymer adsorp_tion by bone char is due 
primarily to i~action of the citrate with 
the polymer or with the bone char is not 
clear. -Perhaps both effects a.re impor-. 
tant. 

Calcium chloride is cu.rre.n.tly ).lSf:d in 
some proce·sses for the:. d~contamfnat"ion 
of. radioact.i.vewaste water. The pres!'!nce 
of calcium ion'~ ·an iori commo"n to hydroxy
apatite, may be expected to decrease the 
solubility of this material, and, since 
the phenomena of. solubility and adsorp
tion are primarily surface phenomena, to 
influence the adsorption of plutonium by 
bone char. The adsorption of plutonium 
(IV) polymer by bone char in the pres
ence of calcium was therefore examined. 
This examination has led to the dis
covery of a curious effect which calcium 
has on the adsorption behavior of bone 
char. The presence of excess calcium 
ions in the bone char-water system appears 
to increase the pH of maximum plutonium 
(IV) polymer ·adsorption from about pH 7. 3 
to a higher pH value. In the presence of 
O.OlM calcium, the pH of maximum polymer 
adsorption is about 9. Figure 20 and 
21 illustrate this effect. It may be ob
served that, while the pH·of maximum ad
sorption is increased to about 9 by the 
presence of O.OlM calcium chloride, the 
extent of polymer does not appear to be 
appreciably affected by the presence of 
the calcium. 

The observation that calcium affects the 
pH of maximum polymer adsorption suggests 
that phosphate ions·, another species 
common to hydroxyapatite, may also 
affect the maximum adsorption pH. This 
appears to be the case, as the pH of 
maximum adsorption of polymer hy commer
cial bone char is increased by the pres
ence of O.OlM phosphate in the bone char
water-polymer system. In this case, how
ever, the pH shift·is less pronounced, 
i.e., the pH of maximum adsorption in the 
presence of O.OlM phosphate appears to 
be near 8. The origin or mechanisms of 
the common ion effect uporr.th~. adsorption 
of polymer by bone char is not known,- but 
two illustrations of this effect are 
shown in Figures 22. and 23. 

Portions of calcium chloride solution 
were added to 1-g samp~es of .bone char in 
100 ml of water containin~ a trace of 
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plutonium(IV) polymer. It was not antici
pated that ~he· a'ddit":i:.on ·Of the "calcii.mi ... 
would decrease the pH of the bone char
water ~ystem, although this did occur, as 
shown in Figures 24 and 25. (Numbers on 
Figures 24 and 25 represent the measured 
pH values of the aqueous systems after 
equilibration for about one week.) What 
is more interesting, however, is that the 
adsorption of polymer by bone char in the 
presence of: excess calcium (unbuffered, 
as might occur iri a calcium-bearing waste 
atrcam passing throu.CJh rt r.nlumn of bone 
char) appears to be maximized near pH . 
6.8 at a calcium concentration of about 
0.02M. Hence, the removal of polymeric 
plutonium (I'il) by bone char depends upon 
both the pH~ and upon the calciUm concen
tration. 

Figure 26 indicates the adsorption of plu
tonium(IV) polymer by bone char in·the 
presence of;various calcium concentra
tions. A sinall amount or' ethylenediamine 
hydrochloride was added to buffer the. 
system. Although buffering was not per
fect, as in~icated by the slight progre.s
sion of the· solution'· :pH with, ~increasing··· 
calcium concentration·, a smali concentra
tion of calcium appears to benefit the 
adsorption of plutonium by commercial bone 
char. This adsorption:· i's probably 'not 

,.. ',. ,·~. 

::;. ··: 
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200 ·' = 16,305 dis/min/500;\. 
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FIGURE 23 - Adsorption of plutonium(IV) 
polymer by bone char in the presence of 
O.Ol!i KH2P04. 

linear with increasing calcium concentra
fion above about 0. 02M ·as indicated by 
Figure 26, and the calcium concentration 
at maximum polymer adsorption remains to 
be determined. 

ADSORPTION OF HEXAVALENT PLUTONIUM BY 
BONE CHAR AS A FUNCTION OF pH 

It has been demonstrated that a pH value 
near 7 maximizes the adsorption of plu
tonium(IV) polymer on bone char. It 
therefore seemed appropriate to examine 
the behavior of another plutonium oxida
tion state with samples of commercial 
bone char. Examination of a plutonium 
potential-pH diagram 34

•
35 suggests that, 

after tetravalent plutonium polymer, 
some form of hexavalent or pentavalent 
plutonium may be the most likely form 
'of soluble plutonium to occur in neutral 
or alkaline waste solutions. The adsorp
tion behavior of hexavalent plutonium 
was examined in the same manner a!:; ·used 
for studying the adsorption of plutoniwn 
(IV) polymer by samples of bone char. It 

·was quickly apparent, however, that 
hexavalent plutonium behaved in a manner 

.. ·strikingly different from tetravalent 
plutonium. ·six experiments revealed that 
this behavior is erratic and not subject 
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to.easy interpretation. Figure 27 shows 
the steady state count rate per minute of · 
half ml samples of a solution of hexaval-. 
ent plutonium that was allowed to equili
brate with bone char for about one week 
(Figures 27, 28 and 29 each contain the 
results of two experiments). The data 
appear even more scattered that those 
data obtained from studies with pluton
ium(IV) polymer, and only suggest the 
possibility of a minimum count rate near 
pH 9. Solutions containing higher ini
tial concentrations of hexavalent pluton
ium also contained higher equilibrium con
centrations of plutonium, in this manner 
they are similar to solutions of plu
tonium (IV) polymer.. This appears to be the 
the only unambiguous conclusion that can 
be.drawn from Figures 27-29. In each ex
periment, a maximum in the ~c;iso:rption of 
the plutonium near pH 9 is suggested. (A 
maximum in the adsorption of plutonium 
corresponds t.o a minimum in the steu.dy 
state count rate.) Unfortunately, this 
minimum cannot be unambiguously assigned 
because of the considerable, and s'urpris
ing, scatter in the data. Figures 27 and 
28 contain dashed lines which are drawn to 
illustrate the suggested minima in the 
plutonium concentration near pH 9. 
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FIGURE 27 - Adsorption of hexavalent plu
tonium by bone char in ethylenediamin~.= 
ammonia buffer. 
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FIGURE 29 - Adsorption of hexavalent plu
tonium by bone char in ethylenediamine -
ammonia buffer. 

These lines are visual aids· drawn only to 
illustrate thi·s ·suggested minimum. Fig
ure 29 contains no such lines because the 
data are too scattered to suggest this 
minimum unambiguously. Careful e~amina
tion of Figures 27-29 also suggests the 
possibility of another adsorption maxi
mum near pH 7, but this possible maximum 
in the adsorption is not emphasized with 
dashed lines. 

It is of interest .. to speculate on the 
pronounced .differen~e in the behavior of 
these two different oxidation states of 
plutonium. In comparison to hexavalent 
plutonium·,· the polymer is re·latively 
"inert"; that is, many reactio.ns of the 
palmer, such as depolymerization to 
Pu" catiot1s·, oxidation, or reduction, 
are generally slow except under extreme 
conditions. The polymer, so far as is 
known, forms no "complexes" such as might 
be formed by simple plutonium cations. 
Hexavalent plutonium, in contrast, forms 
a wide variety of complexes, .and is quite 
reactive as an oxidizing agent. That is, 
there are many circumstances under which 
hexavalent plutohium is subject to facile 
reduction to the pentavalent,. tetravalent, 
or trivalent oxidation states. 
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The general problem of·the equilibrium 
distribution of valence states of plu
tonium may be solved in terms of the 
plutonium ion alpha co.efficients and two 
other variables such as solution pH and 
redox potential. The potential behavior 
of solutions in contact with bone char 
has been examined above. Although nothing 
is known about the plutonium alpha co
efficients which are appropriate for the 
bone char-water system, it may neverthe
less be instructive to examine the be
havior of valence state distributions at 
the pH and potential values of such sys
tems assuming no complexation. Computa
tions can be made that yield a model of 
the equilibrium valence state distribu
tion of the uncomplexed plutonium as well 
as the molar concentration of all of the 
soluble plutonium. 

The equilibrium valence state distribu
~ion of plutonium (neglecting complexa
tion), as well as the total molar solubil
ity of the plutonium, in a solution of 
pH 7 at selected values o~ the oxidation 
potential of the solution is shown in 
Table 3. Table 4 shows the plutonium 
valence state distribution, and the total 
molar solubility of the plutonium for a 
solution at pH 9 for selected values of 
the solution oxidation potential. It 
may be seen from Tables 3 and 4 that 
pentavalent plutonium is the species 
which is predominant throughout most of 
the potential values typical of the bone 
char-water system at pH 7, and always the 
predominant species at pH 9 for similar 
potential values. These tables, of course, 
neglect all complexation of the various 
plutonium ions as well as the hydrolysis 
of plutonium species with the exception 
of PuOH 3 +. Complexation of the various 
plutonium ions in the bone cha:c-water 
system is no doubt very important, but 
it is not considered in Tables 3 and 4 
because there .is no information on the 
nature of the complexes, especially the 
complexes with organic material derived 
from partially decomposed bone marrow, 
which may be ·formed by.the plutonium in 
the bone char-water system in neutral or 
mildly alkaline circumstances. Tables 3 
and 4 also indicate that large concentra
tions of hexavalent plutonium, such as 
introduced to the bone char-water system 
for equilibrium studies, may be easily 
reduced. This reduction, as indicated 
by the val~es for the equilibrium molar 
solubility of the plutonium, yields con-
centrations less than initial concentra
tions of plutonium used in the 
equilibration experiments, so that the 
reduction of hexavalent plutonium by bone 
char results primarily in hydrous 
plutonium (IV). oxide particles, i.e., 
polymeric plutonium(IV). 



Table 3 

VALENCE STATE DISTRIBUTION A~ID TOTAL SOLUBLE PLUTONIUM (M) 
AS A FUNCTION OF SOLUTION POTENTIAL (EMF) AT pH 7 -

(Complexation neglected; Ksp of Pu(OH) 4 taken as lo- 56 .) 

Total 
EMF Plutonilim (III) Plutonium (IV) Plutonium(V) Plutonium (VI) Plutonium 

O.lOOE+OO L OOOE+OO 0.360E-09 O.lOlE-04 O.l59E-18 0.833E-13 
O.l40E+OO l. OOOE+OO O.l71E-08 0.226E-03 O.l70E-16 O.l76E-13 
O.l80E+OO 0.995E+OO Q.807E-08 0.507E-02 O.lSlE-14 0.372E-14 
0.220E+OO 0.897E+OO 0.34SE-07 0. !'03E+OO O.l74E-12 0.869E-15 
0.260E+OO 0.279E+OO Q.SlOE-07 0.721E+00 0. 571E-ll 0.588E-15 
0.300E+OO O.l69E-Ol O.l47E-07 0.983E+00 0.374E-10 0.205E-14 
0.340E+OO 0."765E-03 Q.314E-08 0.999E+00 O.lSlE-09 0.9SSE-14 
0.380E+OO Q.340E-04 ·0.663E-09 l. OOOE+OO 0.857E-09 0.453E-13 
0.420E+OO O.lSlE-05 Q.l40E-09 l. OOOE+OO 0.407E-08 0.215E-l2 
0.460E+OO 0. 6 72E::.Q 7 Q.295E-10 O.lOOE+Ol O.l93E-07 O.l02E-ll 
O.SOOE+OO 0.299E-08 Q. 621E-ll O.lOOE+Ol 0.915E-07 0.483E-ll 

Table 4 

VALENCE STATE DISTRIBUTION AND TOTAL SOLUBLE PLUTONIUM (M). 
AS A FUNCTION OF SOLUTION 

(Complexation neglected; K Sp 

EMF Plutonium (III) Plutonium(IV) 

O.lOOE+OO . O. 994E-03 0.358E-10 
O.l40E+OO 0.442E-04 O. 755E-ll 
0.180E+OO O.l96E-05 O.l59E-ll 
0.220E+OO Q.873E-07 0.336E-12 
0.260E+OO 0.388E-OS· 0.708E-13 
0.300E+OO 0 .172E-09 Q.l49E-13 
0.340E+OO 0. 7.6 6E-: ll O. 314E-l4 
0.380E+OO 0.340E-12 Q.663E-15 
0.420E+OO O.l51E-13 0 .l40E-15 
0.460E+OO 0.672E-15 0.295E-16 
Q.SOOE+OO 0.299E-l6 0.621E-17 

At the higher· EMF values, where plutonium 
(V) predominates, the solubility of the 
plutonium is approximately independent of 
acidity: 

Pu(OH)~ Puo.t +2HOH + .e: (5) 

Typically, the.initial concentration of 
the plutonium in bone char experiments is 
about 20,000 dis/min/SOOA. Also, the 
final concentration is about .2·0 dis/min/ 
SODA. Thus the final steady state concen
tra.tion is not likely· to be more than about 
3E-12M, which is a value that approximates 
tnose-solubility values calculated in 
Tables 3 and 4 for various conditions of 
pH and potential. What is more ·interest
ing, however, is the observation that cal
culation suggests the equilibrium concen
tration of soluble plutonium.to be much 
less than the initial concentration; and 
that this reduction in solubility occurs 
through the formation of plutonium(IV) 

POTENTIAL (EMF) AT pH 9 -
of Pu(OH)4 taken as lo-·5 6 .) 

Total 
Plutonium(V) Plutonium (VI) Plutonium 

0.999E+OO O.lSSE-13 0.838E-18 · 
l.OOOE+OO 0.752E-13 0.397E-17 
l. OOOE+OO 0.357E-12 O.l88E-16 
O.lOOE+Ol O.l69E-ll 0.894E-l6 
O.lOOE+Ol 0. 803E-ll 0.424E-15 
O.lOOE+Ol 0.381E-l0 0.201E-14 
O.lOOE+Ol O.lSlE-09 0.954E-14 
O.lOOE+Ol 0.857E-09 0.453E-13 
O.lOOE+Ol o.·4o7E-oa 0.215E-:-12 
O.lOOE+Ol O.l93E-07 0.102E-ll 
O.lOOE+Ol 0.915E-07 0.483E-ll 

polymer. Hence, in the bone char-water 
system, most of the initial plutonium(VI) 
is reduced to polymer. But the nature · 
of plutonium polymer is highly de
pendent upon the conditions of formation, 
at least in experimental systems 
studied so far, and there is no reason to 
suppose that the properties of the poly
mer (such as size, charge, molecular 
weight, and degree of hydration) prepared 
by bone char reduction should not also 
depend upon the par.ticulars of the reduc
ing environment, such as potential and 
pH. Measurement of the adsorption of 
hexavalent plutonium upon bone char thus 
represents the measurement of more than 
one phenomenon: the intrinsic adsorption 
behavior of hexavalent plutonium on bone 
char, the intrinsic behavior of pentaval
ent plutonium upon bone char, the intrin
sic behavior of the adsorption of com
plexes of plutonium(V) and plutonium(VI), 
and the intrinsic behavior of plutonium(IV) 
polymer upon bone char. 
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It seems very likely that the last param
eter is a function of the type of colloi
dal polymeric particles produced, and is 
thus a function of potential, pH, and per
haps, ionic strength. 

Hexavalent plutonium prepared as de
scribed on page 10 does not appear to be 
strongly adsorbed by glass. During the 
course of a month, a solution at pH 6.60 

(containing originally 13,111 dis/min/ 
500A) decreased at most to 12,740 dis/ 
min/500A. Similar behavior was shown 
by solutions of pH 6.90, 7.20, 7.67, 8.05, 
8.52, and 8.92. Since +2 standard de
viations in this count rate is about 
±230 dis/min, this represents little ad
sorption. However, solutions of pluton
ium(VI) at pH values of 9.23, 9.58, and 
9.92 showed slightly more adsorption. 

Adsorption Isotherms of Bone Char with Uranium and Piutonium 

THE NATURE OF ADSORPTION ISOTHERMS 
REPRESENTING THE LOADING OF BONE CHAR 
WITH URANIUM AND PLUTONIUM 

At a given temperature and pH, the ad
sorption isotherm is the relationship be
tween the amount of a substance adsorbed 
by a substrate and the concentration of 
the unadsorbed substance in the surround
ing solution. For a radioactive isotope 
adsorption isotherm, the residual activ
ity in the aqueous solution is usually 
plotted as abscissa, and the activity ad
sorbed per gram of substrate as ordinate. 
The line connecting points plotted in 
this manner is called the adsorption iso
therm, and the ordinate of any point on 
the isotherm is the adsorptive capacity 
of the substrate for the dissolved sub
stance. For use in characterizing the 
behavior of very dilute radioisotopes, 

. it is common to plot the coordinates of 
the adsorption isotherm on logarithmic 
scales, as this treatment usually yields 
an isotherm which is well approximated 
by a straight line. Of several possible 
isotherm equations, one of the most use
ful is the Freundlich equation which re
lates the concentration of the unadsorbed 
substance with remains dissolved in the 
solution to the amount of substance ad-

. sorbed per unit weight of substrate. The 
Freundlich isotherm is given in Equation 

: 6: 

x/m =. kC lfn 

where, in the case of radioisotopes, 

x = amount of activity adsorbed 

m weight.of bone char 

C = concentration of ~nadsorbed 
activity which remains in 
solution. 

(6) 

"k" and "n" are constants characteristic 
of the particular adsorption system. ·In 
logarithmic form, the isotherm equation 
may be rewritten as 

log (x/m) = log (k) + (1/n) (log (C) (7) 
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in which (1/n) represents the slope of 
portions of Equation 7 which are well 
approximated by a straight line. From 
the study of adsorption isotherms, it can 
often be determined whether a desired de
gree of decontamination of radioactive 
liquids can be effected by adsorption 
alone. Adsorption isotherms may also be 
used to study the effects of pH and tem
perature on the adsorption of radioiso
topes. Ideally, adsorption isotherms 
plotted in the manner of .Equation 7 are 
straight lines, but real adsorption sys
tems frequently deviate from this ideal. 
Data sets which contain intrinsic scatter 
may be fitted to the form of Equation 7 . 
by techniques such as the method of least 
squares. The preparation of useful ad
sorption isotherm usually requires strict 
attention to experimental details. 

The performance of a solid sorption agent 
in treating a liquid depends upon four 
factors: stoichiometric capacity of the 
solid, equilibrium behavior (a factor 
which limits the.attainment of complete 
stoichiometric loading) , kinetics of ad
sorption (-a slow rate of adsorption is 
deleterious to optimizing the performance 
of an adsorption system), and process 
arrangement. It sometimes happens that 
the realizable adsorption capacity of an 
adsorbent has a value which is n.early 
constant in many different situations. 
In other cases, the effective capacity 
of the adsorbent varies with solute con
centration, and must be determined from 
the equilibrium behavior of the adsorbent 
under various circumstances. 

The adsorption isotherm intercept (the 
value of "k") is an approximate indicator 
of sorption capacity, and the isotherm 
slope, 1/n, of adsorption affinity. Ex
perimental adsorption data often follows 
the Freundlich equation over moderate 
ranges of concentration. The Freundlich 
equation does not reduce to a linear ad
sorption expression at very low concentra
tions of adsorbing species as does the 
Langmuir isotherm, nor does it agree well 
with the Langmuir equation at high con
centrations, since "n" must reach some 



limiting value when the surface of the 
adsorbent is fully covered. Generally, 
"k" and "n" decrease with increa~ing 
complexity of the waste water. High 
values of "k" and "n" i-ndicate high 
adsorption throughout the concentration 
range studied; conversely, low values of 
these parameters indicate low adsorption. 
A low value of "n" (the slope of the iso
therm, 1/n, has a high value~ lndicates 
high adsorption of the .so-lute ··at high 
solute concentrations and poor adsorp-· 
tion of the solute a.t low. solute con-
centrations. · 

PROCEDURES USED IN THE DETeRMINATION OF 
ADSORPTION ISOTHERMS 

Samples of commercial bone char were 
ground until the average size of the 
bone char particles was less than 75 
microns. Samples of this bone char were 
weighed and transferred to volumetric 
flasks containing 100 ml of a buffered 
solution. Buffering agents used were 
ammonia and-acetate salts in order to 
keep the pH between 7 and 10. The radio
isotope solutions initially contained 
20,000-50.,000 dis/min/ml alpha activity. 
Some radioactivity adsorbed onto the 
walls of the gla'ss volumetric flasks. 
However, correction was made for this by 
running a blank flask (or control flask) 
with each experiment. Adsorption onto 
glass walls of the volumetric flasks was 
affected by solution pH and the valence 
state of. the radioisotope. Flasks were 
shaken for 72 hours with a mechanical 
shaker. After this time, samples were 
taken from the flasks, which also con
tained variable a.mounts .of bone ·char, 
and counted for. alpha activity using. a 
scintillation counter. 

. . . . '; .. ~ 
-The. uranium used in these experiments was 
either,uranium-233 or uranium.,.234. The 
uranium:..234 also contained 0.37% uran
ium-232 as well as trace quqntities o.f 
radiuni-224, radon-220, thorium-228, and 
plutonium-239. The uranium-233 contained 
99.63% uranium-233, 0.33% uranium-234, 
0.04% uranium-238 and a trace of thorium-
232. The plutdnium-238 contained 79.9% 
plutonium-238, with the balance of the 
plutonium present ·as other isotopes c 
p~incipally plutonium-239. The pluton~ 
ium(VI) was prepared py a standard .tech
nique described earlier (page 10) , while 
the plutonium(IV) polymer was a portion 
of the polymer prepared by peptization 
of tetravalent plutonium hydroxide de~ 
scribed .earlier. (page l.O.J. : 

. ;·: ·. 

ADSORPTION OF URANIUM BY BONE CHAR 

Experiments were performed to determine 
the change in the adsorption effective
ness of bone char. with respect to uran
ium as a function of pH. Since bone char 
tends to be slightly soluble at pH values 
below 7, the pH values chosen were 10, 8, 
and 7. The various isotherms generated 
are shown in Figures 30, 31, and 32. 
The isotherm at pH 10 was run with uran
ium-234; whereas the isotherms at pH 8 
and 7 were run using uranium-233. 

'rn order to compare the various results, 
the data at pH 10 (using uranium-234) was 
normalized to uranium-233 data by multi
plying the data by the ratios of their 
respective half-lives (Figure 33). 

dis/min/ml 234u x 2.47 x lOsY£ 
L 59 x lOSyr 

dis/min/ml 2 3 3 U 

The following isotherm equations 

pH 7: X 

m 

~ 
m 

pH 8: 

pH 10: ~ = 18.6 clo2l 
m 

(normalized to 
uranium-233) · 

were derived by fitting the Freundlich 
equation (Equation 6) to the data. 

It can be seen from Figures 30-33 that 
pH 10 treatment is better for a batch
type operation since the capacity is 
greater at equilibrium effluent·concen
trations. Treatment at pH 7 is better 
for bone char-column operation since the 
capacity ·is greater in equilibrium with 
a typical influent at column exhaustion. 
Treatment at pH 8 falls in between the 
pH 7 and pH 10 treatments. Bone char at 
pH 10 has a higher adsorption capacity, 
at low concentrations, than at pH 8 and 
pH 7. However, at high concentrations: 
the adsorption capacity is highest at 
pH 7. Also, the adsorption affinity is 
much higher at pH 7 than at pH 8 and 
pH 10. 

In order to make farther comparisons be
tween the pH 7, pH 8, and pH 10 adsorp
tion characteristics of bone char, the 
various equilibrium distribution co
efficients, Kd, were determined using 
the three fitted Freundlich equations 
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FIGURE· 3.0 Adsorption of uranium onto 
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FIGURE 32 - Adsorption of uranium onto 
bone char at pH 7. 
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FIGURE 31 Adsorption of uranium onto 
bone char at.PH.8. 
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FIGURE 33 - Comp~rison of adsorption of 
uraniu~ onto bone char ~t various pH 
values. 



(that is, extrapolate.d from data). ·The·· 
Kct valQes are defined as follows:· 

Conc~ntratio~ of~ 233 u 
adsorbed onto borte char 
•Concentrat~on residual 
activitt ( 2 .33 U) i~ liquid 

x/m 
Kct =-co· 

The values of concentrations used. iri .the 
ext~apal~tions rang~~ ~ro~ l to ~00 ·
dis/minlml uranium-233, 'which is equiva,.:.· 
lent to·2.25 x 10- 10 gram mole/liter to· 
1.1 x 10- 7 gram mol~/liter. The Kd ~alues 
were them· plotted versus res'idual concen
tration (that is, ~he. doneeniration iri 
equilibrium with the bone char) of uran
ium to .. determine . the effect of. pH OJ;l the 
distribution coefficients <•ee Fig~res 
34 and 35). As can be seeri, the stee~
est slope occurs at PH 7. ~t low valu~s 
of c',- higher ·i<ct values occur at pH 10. · 
Fi'gure · 33 is similar· to Figure 32. ·How
ever, it is easier to visualize the be
havior of uranium wl'lE\!ri· one lo'oks ·at . 
Figur~s ·34 and 35. 'Two pos~ible mechan
isms could cause this behavior. The 
first possible mechanism is ~hat of 
polymer formation, s1nce uranium·may have 
the following forms in alkaline or 
neutral solutions: 

100 
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0.5 

0.1 

• pH 7 
• pH 8 
"" pH 10 

5 10 

5 10 500 100'0 
C 'residual activity-dis/min/mil 

FIGURE 34 - Comparison of the distribu- · 
tion coefficient (Kd) with concentration 
(C) at various pH values. 
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FIGURE 35 ~ Comparisbn hf the distribution coefficient (Kd) with loading of 
the sorbent (x/m) at various pH values. 
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(1) UOz z+ 

(2) (UOz) 2 (OH) 2 2+ (Dimer) 

(3) (UOz)3 (OH)s+ (Trimer) 

As the pH of the solution is increased, . 
the formation of dimeric and trimeric · 
species occurs more readily. The·mechan
ism of uranium·removal by the bone char 
is ·thought to be chemis·orpt,ton, so that 
at pH 10, ·where dimers and trimers .exist, 
more uranium may be removed per reactive 
site on the surface of the bone char par
ticles. Therefore, high Kd values ar~ 
apparent at pH 10 and the change in Kd 
with C is not as drastic as at pH 7. · 
This is because the uranium is primarily 
in the trimeric form at pH 10, whereas at 
pH 7 it also exists as ~imers and on
associated species. The distribution of 
uranium species at pH 7 is more sensitive 
to total uranium concentration than at 
pH io. ~t pH 7, Kd values are quite lo~, 
compa.red to pH 10, and K d changes very 
rapj.dly with C, indicative of polymer 
formation. 

Th~ seC::ond possible adsorption mechanis~ 
is that of complex ·formation. Since the 
commercial bone char is relatively im
pure, .a. number of possible ~omplexing · 
agents .. may be. dissolved from the bone 
char. These include phosphate and car
bonate ions, and many other species that 
may be derived .from .partially decomposed 
animal matt'er. · Kd is defined as the 
ratio of.uranium adsorbed by the bone 
char to the concentration q.f .uranium in 
the aqueous phase· 

Kd = cuo~+> adsorbed/ cuo~+> liquid> 

If complexing agents are presen·t, however, 

Kd = Sorbed uranium/ (Uo~+ + U*) ·, 

where U* is complexed uranium. Since the 
solubility of bone char decreases with 
increasing .pH, fewer complexing agents 
may be·derived from the bone char at high 
pH values than at low pH values. Hence, 
the degree of complexation of the uran
ium decreases with increasing pH. Since 
complexation of .uranium interferes with 
the adsorption of uranium by bone char, 
Kd.values decrease with decreasing pH. 

ADSORPTION OF PLUTONIUM BY BONE CHAR 

Experiments have been performed to deter
mine the removal effectiveness of bone·. 
char (as determined ·by adsorption .iso
therms) for plutonium as a.function of 
pH. The pH values selected for' study . 
were pH 7 ;. 8 and 10 .. 'The isotherms 
measured at these pH values are shown in 
Figures 36-41. The valence state of the 
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plutonium used in these experiments was 
either hexavalent or tetravalent, as 
noted in the Figures. (The tetravalent 
oxidation state is the polymeric form of 
plutonium.) It can be ~een from Figures 
36-38 that at pH 10 the bone char has a 
relatively low capacity for plutonium(IV) 
at low concentrations (<10 dis/min/ml), 
whereas at pH 7 the bone char has a rela
tively high capacity for tetravalent plu
tonium ~t high concentrations. However, 
at very high concentrations (>190,000 
dis/min/ml), bone char has a higher capac
ity for plutonium(IV) at pH 10 than at · 
pH 7. At intermediate concen~ration 
levels (1000-10,000 dis/min/ml), the 
bo'ne char capacity for plutonium polymer 
adsorption is higher at PH·7 and pH 8. 
Figure 39 shows another method of de
scribing the adsorption of plutonium(IV) 
polymer by bone char. This figure was 
prepared from data collected from solu
tions of constant volume. a.nd bone char 
weight, but with varying amounts of ini
tial plutonium radioactivity. Figure 39 
is not comparable to other figures here
in because it was taken from solutions 
buffered at pH 7.3, and because;the axes 
are not scaled in the same units. Never
theless, Figure 39 indicates the same · 
general adsorption characteristics as in
dicated by previous figures. 
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FIGURE 36 - Adsorption of plutonium(IV) 
· polymer onto bone char at pH 7. 
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FIGURE 37·- Adsorption of plu.tonium(IV) 
onto bone char at pH 8. 

1000 
900 .... 
800 
700 -
600 -

500 1-

400 1-

300 

200 1-

100 

I 

1.0 

• 

I 

·2.0 

Log Initial Plutonium COnc:entration-:(~rbitrary Units· One 
Unit lnitiai Plutonium COncentration -= 4568 dls/min!B00>-1 

FIGURE 39 ~ Apprp;imate:poiymer loadi~g 
isoiherm for 1 g bonQ char ·(pH 7.3, ethy~ 
l~u~didmin~ hydrochloride buffer). 

c. 
E ...... 
<: ·e ...... 
"' .:c 
I 

0 
~ 

u 
"' <: 
0 

ID 

0 
"' E 
;;; 
Q. ..., 
"' ·" 0 
"' ..., 
< ... 
·;: 

u 
~ 

XI:£ 

1000 

Bone Chor 
Adsorption isotherm of Pu 238 (IV) 
pH 10 
Buffer NH3 Initial Pu activity: 52,434 dis/min/ml 
{Corrected lor adsorption onto glassware) 
T:2o•c 
Slope 7.06 

28 Intercept: 6.64 x 10-

1000 10,000 100,000 

C (Residual Activity- dis/min/ml) 

FIGURE 38 - Adsorption of plutonium(IV) 
onto bone char at pH 10. 
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FIGURE 40 - Adsorption of plutonium(VI) 
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FIGURE 41 - Adsorptio·n of plutonium(IV) 
onto bone char at pH B.· 

For adsorption of hexavalent plutonium · 
(Figures 40-42), the pH 7 isotherm shows 
that the bone char has a higher capacity 
at l"ow concentrations of plutonium (VI) . 
However,. for both intermediate concentra
tions an~ high concentrations of hexa
valent plutonium, the isotherm at pH 10 
indicates greater capacity of the bone 
char for plutonium adsorption at pH 10. 

Unless the concentration of the plutonium 
is specified, no definite conclusions. 
about the adsorption mechanism at various 
pH values for various oxidat1onstates of 
plutonium can be made. The· fact that .the 
intercepts and.slopeaof.the adsorption 
isotherms change·rapidly with changing 
pH (see Figure•·43:and 44) causes the. 
isotherms to intersect.. Only if the plu
tonium concentration is specified can the 
besb pH and mode of plutonium removal be 
determined from these isotherms. · 

By comparison of.the adsorption of plu
tonium(IV) and plutonium(VI) at the same 
pH values (Figure 45), it may be seen . 
that tl)e iso.therms. for pH 7 and. pH 10 are 
almost paralle1 in the' ·plutonium concen
tration-range studied. Isotherms for 
plutonium(IV) and plutonium(VI) ~t pH 8 
are· nearly coincident. A"t pH 8, there'
fore, the behavior of plutonium(IV)· and 
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pH values. 
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plutonidm(VIj onto bone char 'at various 
pH values. 

plutoniu~(VI) toward bone char is.quite 
similar. The data at pH 10 indicate that 
for ~ given plutonium(VI) concentration 
the bone char has a much higher capacity 
for plutonium(IV) than for plutonium(VI). 
This change in affinity for the two plu
tonium valence states occurs around pH .8. 

SUMMARY OF ISOTHERM EXPERIMENTS 

These experiments were performed to de
termine the pH dependence of the effec
tiveness of removal of uranium and plu
tonium from aqueous solutions by commer
cial bone char. Since 'bone char tends to 
be slightly soluble at pH values below 
pH 7, the pH values selected for study 
were pH 10, pH 8, and pH 7. The behavior 
of uranium and plutonium adsorption by 
bone char can be modeled using the Freund
lich equation. A summary of the results 
of the various adsorption isotherms is 
shown in Table 5. This.table indicates 
that there is little similarity in the· 
adsorption behavior of uranium and plu
tonium. In all cases, the slopes of the 
uranium adsorption isotherms at various 
pH values were greater than unity. The 
slopes of plutonium adsorption isotherms 
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FIGURE 45 - Comparison of plutonium(IV) 
with plutonium(VI) onto bone char at 
various pH values. 

at pH 7 and pH 8 were less than unity, 
while at pH 10 the slope of the adsorp
tion isotherm was greater than unity for 
both plutonium valence states. 

one reason why comparisons between the 
data relating to uranium or plutonium 
cannot easily be made is that the concen
tration ranges of these two elements dif
fered significantly. Since similar radio
activity levels were used in this study, 
the concentrations of uranium and plu
tonium varied by a factor of 1.8 x 10 3

, 

due to the difference in the specific 
activities of uranium-234 and plutonium-
238. This large difference in the concen
trations of the uranium and plutonium used 
in these studies makes comparisons diffi
cult. 

A secpnd reason why comparisons between 
uranium and plutonium are difficult is 
that, in the case of plutonium, a pre
cipitate of unknown origin was occasion
ally found to form in the experimental 
solutions, suggesting further polymeriza
tion or adsorption of the plutonium on the 
precipitate. This caused large deviations 
from the Freundlich isotherm model of ad
sorption. This is shown by examination 
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Table 5 

RESULTS OF BONE CHAR ADSORPTION ISOTHERMS 

Valence Correlation 
Isotope State !?.!! InterceEt SloEe Coefficient 

,..A 2 3 3u VI 7 0.06 .2. 09 0.999 
2 3 30 VI 8 6.1 1. 45 0.999 
2.3 3u a VI 10 18.6 1. 21 0.999 

2 3.8p~ VI 7 742 0.62 0.955 
238pu. VI 8 62 0.94 0.988 

·2 3 ePu VI 10 1.57xlo- 12 4,7 0.940 

23Bpu IV 7 1503 0.61 0.607 
23Bpu ·Iv 8 535 0.60 0.950 
23Bpu IV 10 6.64xl0- 28 7.06 0.839 

a' Corrected to, 2 3 3u frmn ... 2 ~ ~u data. 

of borrelation coefficients. A correla
tion coeff.icient is a measure of .how 
well a straight line fits ,the qbserved ad
sorption data. The correlation coeffi
cient is usually denoted by the letter 
"r", and is calculated with the follow
ing equation: 

. <1x <1 y 

where <1 2 
y variance of the ~ coordinate 

values 
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cr; variance of the x coordinate 
values 

·X" average x co·or'dinate value· 

y. =. av·erage y coot;dinate ·value 

N = .Number of data ·values·· 

When "r" is +1.0, correlation is said to 
be exact. When r = o, the experimental 
variables are said to be uncorrelated by 
a linear expression. Representation of 
uranium adsorption data is well accom
plished by a linear model because all "r" 
values for uraniumadsorption data ex
ceeded 0.999, and this represents anal
most perfect fit to a straight line model. 
Plutonium(VI) adsorption is not so well 
represented by a straight line, as the· 
values for "r" lay between 0.94 and 0.98 . 
'Adsorption data for plutonium(IV) also 
did not fit the straight line model, as 
indicated bystill lower "r" values. 

.Either the adsorption behavior of plu
tonium(IV) as·a function of plutonium 
concentration at a given pH is not linear 
(as p~otted by Freundlich isotherms ex
pressed in logarithms.), or scatter in · 
data was caused by formation of long
chained polymers. Of these two explana
tions, the latter seems more likely. 
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