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ABSTRACT

The preliminary results of potentiometric titrations of solutions

of plutonium (III) chloride, lanthanum chloride and aluminum chloride

are presented. It is demonstrated that both plutonium end lanthanum

form fibasia saltsa with the generalized empirical formula

~(OH)205C10.5.

The effect of oxygen on the course of a titration involving

plutonium is demonstrated and disoussed.
.

Values for the ion conduotmce of plutonium (III) ion are pre-

sented~
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I. INTRODUCTION

This study of

by potentiometrio

the behavior of the plutonium (III) ion as revealed

titrations with base and acid has been undertaken to

increase the general understanding of the chemistry of plutonium and

to compare the behavior of the plutonium (III) ion with other similar

ions. The study is in progress at the present times and this report .

summarizes work already

liminary studies of the

cipitation of aluminum

completed. Included in the report are pre-

potentiometrio ourves obtained in the pre-

lanthanum, and “plutonium (III) ions with

sodium hydroxides together with related conductimetrio data.

II. EXPERIMENTAL

A. Materials -All materials used in the preparation of 0.1 N

solutions were either Mallinokrodt or Merck purified ohemioals whioh

meet the A.c.SO specifications for malwical grade reagents. Oxygen

was excluded from these solutions by preparing them from water boiled

and oooled under helium and storing them under a helium atmosphere

that had had oxygen removed by alkaline pyrogallol. ‘fhe 0.0347 M

aluminum sulfate solution was prepared from potassium aluminum sul-
1 I I
I fate. A 0.0349 M lanthanum chloride solution was prepared from
I J

lanthanum ohloride which contained no other rare earth detectable by

Is spectroscopic analysis. Both of these solutions were 0.0488 M in
1

1

hydrochloric acid, and 10.00 ml samples were diluted as described
I

I
*below for the titrations.
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Solutions of plutonium were prepared from the metal which was

99.% pure as determined by spectrographic analysis. The oxide coat-

ing was removed from eaoh plutonium lump with a wire brush just prior

to dissolving in strong hydrochloric said. The metal dissolved to

give a olear blue solution of plutonium (III) ohloride in whioh the

absorption bands of the higher oxidation states oould not be detected

with the speutrophotometer.

Solid PuCla.6~0 was prepared from solutions containing excess

hydrochloric acid by vacuum distillation at 25°C in the evaporator

shown in Figure 1. A sample of the solid compound prepared in this

manner was weighed, the chloride determined gravimetrically~ and from

the original weight of the metal, the composition of the solid was

found to be 52.1% plutonium, 23.1% chlorides ad 24.9% water as tom==

pared with the respective calculated values of 52.7%, 23.46$, and

23.84$. After such evaporations the solid was found to contain no

free acid detectable by titration with base (note the original steep

rise in the curves of Figure 5).

A solution of plutonium (IV) as the ohloride

an acid solution of plutonium (III) chloride. A

was prepared from

green precipitate of

plutonium (TV) hydrated oxide was obtained by =Aowly adding sodium

hydroxide solution to an acid solution of plutonium (III) chloride

through which oxygen was bubbled simultaneously. The precipitate was

centrifuged from the solutions washed$ and then dissolved in a shall

excess of boiling concentrated hydrochloric acide

5
- UNC[AS51FIE)-..---- -.
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Figure 1
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B. Apparatus - ‘rwo titration vessels were used. One iS shown ~

Figure 1 and consists of the closed standard taper joint used in oon-

junotion with the evaporator together with a suitable cap which sup-

ports the electrodes. The solutions were stirred magnetically~ After

necessary electrodes were inserteds the solid samples of PuC13.6+0

prepared in this container were dissolved in 65.0 ml of water and

titrated. In the case of the other salts, 10.W ml samples of the

standard solutions were pipetted into the vessel and diluted to 65 mle

Air was rigorously excluded from the titration vessel by a continuous

flow of purified helium or hydrogen.

The second titration vessel was conical in shape and is shown in

Figure 2. Solutions titrated in this vessel were diluted to 180ml

initially and were stirred by continuously bubbling hydrogen through

the system as indicated. This vessel was fitted with three independ-

ent electrical circuits for measuring the pH$ both by glass and hydro-

gen electrodes as well as the electrical conductivity. The multiPle

switch shown in Figure 2 isolated all of the electrodes except the two

used for a single measurement. The calomel electrodes with saturated

potassium chloride were used for reference with both

glass ●lectrodes.

Auxiliary apparatus for measuring potentials and

standard and incorporated no novel features.

c. Experimental ~ocedure - In a representative—... . -—

the hydrogen and

conductivity was

titration, the

titration vessel was flushed well with purified hydrogen or heliums

. ..-
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a~d air free water was added. Next, the sample to 3e titrated was

added as a known volume of standard solution except in those cases irL-

volving plutonium. Standard Solutions of plutonium (III) were found

to be lQ% oxidized in one week at a pH of 4 in en atmosphere as free

from oxygen as could be produced. Because Of this the pl’~tonium

chloride solutions were prepared from solid PuC13.6~0 immediately

before the titration. The plutonium metal samples used in the pre-

paration of the individual sanq?les of plutonium ohloride weighed be-

tween 0.1 and 0.15 g each. While titrating, the base or acid was

added dropwise and at least five minutes were allowed before the pH

was read. The reaction did not reach equilibrium in this tinw as is

indicated by the titration curves shown in Figure 5 and disaussed

later; therefore, longer periods were frequently used.

1110 RESULTSAND DISCUSSION

A. Aluminum !l!itrations - The reliability of the equipment was

tested by a series of titrations of 180ml. samples of 1.93 x 10+ Id

potassium aluminum sulfate solution 2.71 x 10+ M ~ h@rochlorio acid.

The solutions were titrated with 0.0986 M sodiumhydroxide solutions.

The graphs of the data obtained in such a titration are shown in

Figure 3. The pH meter with the glass and saturated calomel electrodes

was adjusted with a pH = 4.CO buffer solution for these titrations.

Values for the.pH were ealoulated from E.?LF. measurements ~de

with the hydrogen electrodes taking into account the partial pressure

of hydrogen in the system at the time of the titration.
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The first break in the titration curve of aluminum (see Figure 3)

3.s at the theoretical, free-aoid end point. The pH at the mid-point

of the precipitation plateau is 4035~ The second break, indioathg

the end of the precipitation, is not sharp, but precipitation does

appear to have been completed before 3.0 equivalents of base per mole

of aluminum had been added. The point of inflection appears to fall

only slightly above the point at which 2.5 equivalents of base had

been added. There follows a second plateau with a rather steep slope

which has a mid-point at a pH of about 9.2 (as determined from the

hydrogen electrode potential) w!!ere the precipitate is presumably

dissolving to form the aluminate ion. A break in the curve occurs at

approximately 308 equivalents. The precipitate was completely di6-

solved by the time 4.0 equivalents of base were added. Back titration

with approximately 0.1 M hydrochloric acid shows breaks corresponding

exactly to those just described; however~ the plateaus were about 0.1

pH unit lower than in the previous instance, indicating that equili-

brium had not been established.

The curve showing the specific conductivity of the solution dur-

ing the titration ~hows a distinct break at the free acid end point in

both the titration with base and with acid. The exact position of the

breaks at about 2.5 equivalents of base per mole of aluminum is less

well defined, and the break which might be expected at 4.0 equivalents

possibly occurs

rather obscure.

somewhat before tlnis point, the exact position being
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A titration curve such as this is very difficult to interpret ex-

oept in a very general way. There is a suggestion that a basio salt

may have formed during the titration with bases but it would be diffi-

cult to assign a definite formula to such a compound from the data

available. No attempt will be made to oalculate a volubility produot

since both sulfate and chloride ions were present in the solution.

Electrometric titrations and precipitation studies of the aluminum

ion (1-21) are extensively treated in the literature. .The titration

ourves obtained by various investigators show wide variations in be-

havior, particularly in the ~aluminate region~ of the ourve. There

5.s no agreement as to whether the precipitated aluminum hydroxide dis-

solves to form an aluminate ion or is simply peptized (12)s although

there is good evidenoe for the latter. It has been recognized that

the fact that less than three equiva~ents of base are required per

mole of aluminum ion suggests basic salt formation (5S 7., 19)S and

it has been found that the number of equivalents required depends ok

the particular anion associated with the aluminum (7$ 12s 19). Values

found by various investigators for the number of equivalents of hydrox-

ide zon required per mole of aluminum vary from about 2.3 to 3.0.

TreadWell & Bonder (15) even found a second plateau beaeen 2.5 md

3.0 presumably indicating the further hydrolysis of the primary pre-

cipitate. ITgshen and Tamminen (22) found a similar situation with

the

the

cupric ion. They found that Cu(OH)105c10e5 first formed ad then

remaining chloride hydrolyzed before the final end point of their

~ ,. .
.=. <-”--—-- ----
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titration. Also they show that if the equations for the volubility

product of Cu(OH)105C~05 and Cu(OH)a are combined then

[OH] = (~~/l@ fill

The symbols %1 and koH are resp~ctively the volubility produot oon-

stants for the basiu salt and hydroxide. Thus the pH at which the

final hydrolysis occurs is controlled by the anion concentration. A

similar equation can be written for aluminum and other ions which pro-

duce a basic salt. It was found

produot calculated for different

not lead to a constant value but

by Britton (11) that the volubility

positions on the titration curve do

show a trend of increasing volubility

produot as precipitation progresses. Davis and Farnham (12) suggest

that the precipitation end point is not sharp beoause of the adsorp-

tion of hydrogen ions from the precipitate suoh that in effect a

buffer is formed. Davis & Farnham (12) found it necessary to remove

their electrodes from the solution while the precipitate was forming

in order to avoid spurious results; however, we experienced no suoh

pronounced effect.

B. Lanthanum Titrations - Because of its similarity to the

plutonium (III) ion, the acid-base titration of lanthanum ion has been

studied. Lanthanum, however, has but o~ne valence state; therefore,

some of the complications whioh result with plutonium are eliminated~

In Figure 4 are shown curves for the potentio~tric and conductimetrio

titration of”a solution 1.94 x 10+ M in lanthanum chloride and

2.71 x 10~ B! in hydrochloric acid. The sodium hydroxide solution

13

q!E!!!@-”
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used in the titration was 0.0986 M; the potential was

both the hydrogen electrode and the glass electrode.

measured with

The first break

in the potentiometric curve appears at the theoretical free acid end

point. In titrations where no excess acid was present, the pH of the

initial lanthanum ohloride solution was about 6.10 The mid-point of

the precipitation plateau occurs at a pH of’ 8.45, and a seeond break

which indicates the complete precipitation of lanthanum appears at

approximately 2.5 equivalents of base per mole of lanthanum ion. It

was found that this break could be induced somewhat earlier by increas-

ing the total chloride ion concentration. For example, in 4.0 1?

sodium chloride solution only 2.2 equivalents of base were needed to

precipitate each mole of lanthanum. A back titration of the hydroxide

with 0.1 M acid shows the same equivalence points; however~ the

plateau which appears in the region where the hydroxide is dissolving

is 0.6 pH unit lower than that found while the precipitate was form-

ing. This indicates that the fifteen minutes al>owed for equilibrium

between reagent additions, while the precipitate was forming, was in-

sufficient.

The conductivity measurements indicate a definite end point

corresponding to the neutralization of the free acids but the end

point indicating complete precipitation of lanthanum ion seems to

occur slightly before the point at which 2.5 equivalents of base have

been added.

ity makes it

The uncertainty hl the values for

impossible to determine whether a

the specific conductiv-

true discrepancy exists
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between the end points determined by

metric methods.

the potentiometric and oonducti-.

Of speaial interest was an attempt to prepare lanthanum hydroxide

free of chloride ion. Dilute lanthanum chloride solution was added

dropwike to a very great excess of vigorously stirred 10N sodium

hydroxide solution. The precipitate was centrifuged from this solution

and the supernatant was replaced by fresh 10 N NaOH. This was re-

peated a number of times at the beginning and was continued at less

frequent intervals for two weeks. At the end of this period the ex-

oess base was washed out by repeated leachings with distilled water.

The precipitate dissolved with 2.4 equivalents of acid per mole of

lanthanum and 2.5 equivalents of base were required to reprecipitate

the same sample, there being no apparent reason for the discrepancy.

This precipitate was analyzed for chloride and approximately the ex-

peoted quantity of chloride ion was found.

The oomplete precipitation of lanthanum with less than the

theoretical equivalents of base suggests the formation of a basic salt,

and the titration curves indioate that the composition of the precipi-

tate can be represented by the empirical formulas k(OH)2a5Cloe50

Furthermore, since vigorous treatment with sodium hydroxide does not

further hydrolyze the precipitate, it is evidently a rather stable

speoies. Britton (7) titrated 0.0133 N lanthanum nitrate and found an

equivalence point indicating a compound of the typa ~(OH)2e6(l?03)0040

I I

16
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It is impossible to make use of the slope of the speoific con-

ductivity curve as an aid in determining what chemical species are

present in solution because of the great effect on the conductivity of

the potassium ohloride solution which may have lea~d into the titra-

tion vessel from the saturated salt

cell.

From the empirical formula for

bridge leading to the calomel half-

the precipitated basic salt, the

volubility product expression can be written:

From this expression and an arbitrary value for the pHg the cal-

culated curve of Figure 4 was obtained. The pH of the solution does

not rise as rapidly in the initial stage of the titration as the

theoretical curve wuuld predict. However, it is not unreasonable to

assume that the shape of the curve in this region is controlled by the

hydrolysis of the lanthanum ion according to one or more of the

following equations

La++++H&o+LaoH?++H+

LaO@+~O+ La(OH)$+ @

That the curve rises somewhat more rapidly than is predicted in

the final stage of the titration could be explained as buffering action

(1.2) due to the adsorption of hydrogen ions by the precipitate.
.

If an intermediate value of 8.2 is assumed for the pH of the

solution at

ity product

I

the mid-point of

constant for the

the titration, the value of

basic salt, using the molar

the solubil-

concentrations
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of the lanthanum and chloride ions

is 2.5 x 10-19.

C. Plutonium Titrations - In

and the activity of the hydroxyl ion$

Figure 5 are shown typical curves

for the potentionetric and conductimetrio titration tvith 0.0986 M

sodium hydroxide of a 65 ml. solution 7.34 x 104 molar in plutonium

(III) chloride. Potentials for this particular ourve were determined

with the glass electrode. From this curve the end point of the titra-

tion is subject to no uncertainty. Both the conductimetric and

potentiometric methods indicate a definite end point at 2.50 equiva-

lents of base per mole of plutonium, corresponding to the formation

of a basic salt havin& an empirical formulas PU(OH)205C1005. Analysis

of both the precipitate and solution for chloride ion gives a matertal

balance corresponding to this formula. As in the case of lanthanum

and aluminum the back titration with hydrochloric acid confirms the

end points but indicates a laclc of equilibrium during the precipita-

tion and dissolving of the basic salt. The drift toward an inter-

mediate value of pH is indicated on the curve at an 0~/$u* ratio of

1.5 by successive points obtained at five minute intervals. The

theoretical curvej shown in Figure 5, was calculated by means of the

sol~bility product expression.

K*P = [p@ h1205El””’
It was assumed that 7.32 represents the true equilibrium value of the

pH at the mid-point of

of the actual curve is

the titration. It may be noted that the Shtipo

in much better a&reement with the theoretical

18
//:.
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curve for plutonium than for lanthanum. Furthermore it seems pro-

bable that if sufficient time were allowed for equilibrium to be

established, the experimental curve would parallel the theoretical

curve over virtually its entire length. The volubility product for

PU(OH)2.5C1005 corresponding to the theoretical curve is 9.1 x 10-21

in whioh the molar concentrations of plutonium and chloride ions and

the activity of the hydroxyl ions are employed.

In order to obtain a titration curve such as is

5, it 5.s necessary to ri~orously exclude oxygen from

Oxygen readily oxidizes plutonium (III) to plutonium

shown in Figure

the syste%

(IV) in basic

solutions. In order to completely remove oxygen from the hydrogen

used with the hydrogen electrode in the potentiometric titrations or

from the helium or hydrogen used as an inert atmosphere over the

solutions, it was necessary to bubble the gas through three consecu-

tive solutions of chromous chloride and one solution of alkaline

pyrogallol (followed by a sulfuric acid wash, a distilled water wash,

and a liquid nitrogen trap to remove moisture) and finally to pass

it over activated charcoal at liquid nitrogen temperature.

About three moles of gas are used with the hydrogen electrode

during the course of a titration; consequently, in order that there

be no detectable oxidation the oxygen

about 0.5 ppm. In Figure 6 are shown

tions with base and acid in which the

content must be reduced to

curves for successive titra-

hydrogen electrode was employed,

but the hydrogen was purified by passing it through the chromous

I I 19 _ _.:--
*
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chloride

be noted

and pyrogallol solutions Only. The progressive oxidation can

with each successive cyole. In additions the appearance of

the green colloidal plutonium (IV) in the solution was quite apparent.

It was also demonstrated that activated charcoal alone was instificient

to purify the hydrogen. It is interesting to note that 1) the precipi-

tation end point has been unaffected by the progressive oxidation to

plutonium (IV), indicating that the half mole of ohloride $on per mle

of plutonium combined in the precipitate with plutonium (III) is also

retained by plutonium (IV) in basio solution and 2) the colloidal

plutonium (IV) formed as a result of oxidation is not redissolved at

a pH as low as approximately 3~5~

In Figure 7 is shuwn a titration curve for plutonium in the pre-

sence of Ulimitedw oxygen, i.e~s an effort was made to saturate the

plutonium solution with oxygen previous to the titration, but ad-

ditional oxygen was excluded. The glass eleotrode was used to measure

the pH in this case. The oxidation of plutonium (III) by oxygen at R

pH Slightly above 4.O iS app=ent. Figure 7 also shows a similar

titration in which oxygen was bubbled through the solution continu-

ously during the titration. The plateau with a mid-point at a pH of

approximately 4.4 evidently corresponds to the minimum pH at which

oxygen will readily oxidize plutonium (III) under

the experiment. The pH tended to drift with time

Also included in Figure 7 is a ourve for the

the conditions of

toward lower values.

titration of a

solution of plutonium (IV) chloride. The solution was prepared by

21 _ ..--; f-.
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evaporating to dryness at 25°C a solution of the ohloride in excess

acid and dissolving the residue in water~ The titration resulted, of’

oourse, in the formation of green polymer, but the equivalence point

indicates that a relatively large amount of chloride ion 5.sassociated

with the colloid.

The oxidation of plutonium (III) in a basio solution from whioh

oxygen had been excluded was investigated~ Tests were made in whioh

samples of plutonium (III) ohloride were dissolved in air free water

in bulbs from whioh air was exoluded. After boiling these solutions

under vacuum at 250C by pumping out the vapor for several minutes~

enough air free sodium hydroxide was added to raise the pH to a defin-

ite value predetermined by titration of other samples. After one

hundred hours about 15% of the plutonium had oxidized at a pH of

either 7 or 10.

the water but is

ity.

This oxidation probably results from reaction with

complicated by the oxidation due to the alpha activ-

Curves for the titration of solutions of plutonium (III) ohloride
I

and perchlorate given by Kraus and Dam (23) indioate that their re-

sults may have been oomplioated by excessive oxidation.1

IV. SPECIFIC CONDUCTANCE OF PuC>I

The oell constant for the oylindri’calconductivity cell (See

Figure 2) was found by using standard potassium ohloride solutions.

Plutonium (111) ohloride was then prepared
I

in hydroohlorio aoid and vaouum drying the

I I
1

I

24

by dissolving the metal

oompound formed at 25°C0
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This solid was used to prepare solutions of known

UNCLASSIFIED

concentration.

Table 1 shows the equivalent conductance of plutonium (111) ohloride

in reciprocal ohms as calculated from the observed electrical resist-

ance and the cell constant. These values are probably accurate to

about 4$.

Temp.

50C

10
15

18
20
25

30
40
50

Table 1

Equivalent Electrical Conductance of PuCla

(Mhos)

Pucl= Molarity

0.CQ50 M 0.0080 0.0100

72 69 70
83 80 80
95 91 91

103 97 98
107 102 102
1.20 113 114

1.32 127 126
160 153 152
191 181 180

000200

66
75
85

91
96
106

117
141
167

A graph of the equivalent conductance versus the square root of

the normality was extrapolated to infinite dilution using the same

rate of change of slope as obtained from the literature (24) for

lanthanum chloride. The ion conductance of the ohloride ion was sub-

tracted from the value so obtained to give the ion conductance of

plutonium (III). This was repeated at several temperatures. The

extrapolation cannot be considered to be highly accurate because of

the lack of values at low concentrations. However, in Table 2 are

25 ‘
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tabulated the values obtained in reoiprooal ohms oompared to those of

lfi k(III) (25).

Table 2

Ion Conduotanoes of La(III) and Pu(III) Ions

(Mhos)

Temperature 1/3 La(III) l/t Pu(III)

180c 61 40

25 72 67

50 119 146
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