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The complex compounds which exist in heterogeneous as well as homogeneous systems of thorium and citrate in acid,

neutral and alkaline solutions were studied. The phenomena observed may be accounted for as follows.
of the composition [ThyCi;] is formed in water solution (pH ~3.0).

position [ThCi,] is obtained (pH ~3.0).
in an excess of sodium citrate.
soluble [ThCil, is soluble in sodium hydroxide (pH ~8.0).

Citrate complexes of the rare earths have been
studied in recent vears, especially in connection
with the various methods used to separate these
elements from one another, either in analytical or
in commercial quantities.! The properties of these
complexes, however, have not been fully investi-
gated. It was therefore our purpose to study the
above complexes without reference to their applica-
tion to special branches of chemistry, but rather
as a continuation of our studies of the complexes
of oxyacids.? In this study of thorium all calcula-
tions were based on molar ratios of thorium to
citrate. With the help of ‘“heterometric”’® and
other physico-chemical measurements we were able
to determine the solubility, composition and be-
havior of the various compounds existing in the
solid state and in solution.

As the following experimental material shows, the
reactions taking place between thorium and citrate
in solution are the result of the formation of only a
few complex compounds. Special attention was
given to the influence of alkali on these coniplexes.
In all cases, equations were formulated which
conform with the stoichiometric course of thc
reactions measured.

Experimental

Reagents and Solutions.—The stock solutions of thorium
nitrate and sodium citrate used throughout this investiga-
tion were prepared by welghing the salts Th(NO;)+4H.0
(Baker C.p.) and Na3;C¢H;0;-2H.0 (Baker C.r. Analyzed).
Solutions of the required concentratous were then preparcd
from the stock solutions by dilution.
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A soluble complex
In 509 alcoholic solution a soluble complex of the com-

The iusoluble compound has the composition [ThCil], and is soluble quantitatively
At high pH'’s, the soluble [ThyCi;] is probably transformed into [Th,Ci’;]¢~.

The in-

Apparatus and Procedure.—The apparatus used and the
procedure followed were the same as in a previous report.4
The heterometric measurements were carried out at room
temperature (18-27°).

Results and Discussion

Heterometric Measurements.—Figures 1 and 2
show the composition and results of heterometric
titrations carried out in water solution. At first a
saturated solution is obtained, following which a
difficultly soluble salt of the empirical composition
[ThCil, | is precipitated (Fig. 1, curves 1 and 2).
The first point of maximum density is reached ex-
actly at the molar ratio of 1[Th]:1[Ci]. The
complete redissolving of the precipitate is obtained
in both cases exactly at the molar ratio of 2[Th]:
3[Ci] (= [TheCiz]). In the reverse titrations
(Fig. 2), the point of initial precipitation lies at the
molar ratio of 2[Th]:3[Ci], and the first maximum
point at 1[Th]:1[Ci] (= [ThCi]). The latter
mav be formulated as Th[Th,Ci;] |. This salt
dissolves slowly in excess thorium. The nature of
the last reaction is not clear.

Similar titrations were carried out in 509, alco-
liolic solution (Figs. 3 and 4). The first maximum
density point is reached at the molar ratio of
1{Th]:1[C1]. The point of complete redissolving
is obtained i1 curves 2 and 3 by extrapolation at the
approximate ratio 1[Th]:2[Ci]. In the reverse
titrations (Fig. 4 in all four cases, the point of
initial precipitation lies at the molar ratio of
1{Th]:2[Ci] (= [ThCi:]) and the first maximum
point at the ratio of 1[Th]: 1[Ci] (= Th[ThCi.]]).
An excess of thoriun is of no further influence.

As to the critical points obtained in the figures
(the points of initial and maxémum precipitation
and the point of complete solution) the following
may be said: the first maximum point is always
associated with a reaction involving precipitation
which is completed at this point. In many cases
this point may even be used as an analytical end-
point.®* The point of complete solution corre-
sponds here to the point of initial precipitation in the
reverse titrations. These points, which are in-
dependent of the concentrations of the reactants,
indicate the end of complex formation.

The differences in the nature of the curves ob-
tained (i.e., between Figs. 1 and 2, and between
Figs. 3 and 4) are caused partly by the difference in
medium and by the slight solubility of [ThCi],
in excess thorium.

The different molar ratios at which the initial
precipitation occurs in the two solvents may be
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Fig. 1.—(1) 2 cc. 0.1 M Th(NO;)s + 8 cc. H:O + x cc.
0.1 M NazCi; (2) 4 cc. 0.1 M Th(NO;)s + 16 cc. H:O + «
cc. 0.1 M Na;Ci.
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Fig. 2.—(1) 6 cc. 0.1 3 NasCi + 14 cc. H,O + xcc. 0.1 M
Th{NO;)s; (2) 6 ce. 0.05 M NagCi + 14 cc. H,O + x cc. 0.05
M Th(NO;)s; (3) 3 cc. 0.05 M NagCi + 17 cc. H;O + x cc.
0.05 M Th(NO;),.

explained by the different solubilities of the prod-
ucts obtained. The reactions which take place
in the solution may be formulated as

Th + Ci => ThCi (1)
ThCi + Ci Z=> ThCi, (2)
ThCi: + ThCi > [ThCis] (3)
ThCi; + Th ~—> [ThCil. (4)

{Th,Cis] + Th —> [ThCi], (5)
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Fig. 3.—(1) 4 cc. 0.1 M Th(NO;)s + 1 cc. H:O + 5 cc.
alc. + x cc. 0.1 M Na;Ci 509 alc.; (2)2cc. 0.1 M Th(NOy),
+ 8 cc. HO + 5 cc. ale. + x cc. 0.1 M NazCi 509, alc.;
(3)5cc. 0.05 M Th(NO;)e + 5cc. HyO 4 10 cc. ale. + % cc.
0.1 M Na;Ci 509, alc.
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Fig. 4—(1) 2 cc. 0.1 M NazCi 4+ 3 cc. HyO + 5cc. ale. +
x cc, 0.1 M Th(NO;)s 509, alc.; (2) 4 cc. 0.1 M Na;Ci + 6
cc. H:O 4 10 cc. ale. 4+ x cc. 0.1 M Th(NO;), 509, alc.; (3)
5cec. 0.1 M NazCi + 5 cc. H:O 4+ 10 cc. ale. + x cc. 0.05 M
Th(NO;)s 50% alc.; (4) §cc. 0.05 M Na;Ci + 5 ce. H:O +
10 cc. ale. 4+ x cc. 0.05 M Th(NO;)s 50% alc.

These equations of course constitute a working
hypothesis only, and are not necessarilv the only
ones which can explain the observed facts.

What occurs subsequently depends on the solu-
bility of the different products in the particular
solvent used. In 509, alcohol the reaction may
stop with the formation of [ThCi:] and the precipi-
tation of an insoluble compound which follows.
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On the other hand, in water solution a further re-
action occurs, and only after the complete forma-
tion of [ThyCi;] is an insoluble compound formed.
The behavior of the compounds obtained, and
especially of [ThCil, | , toward alkali, is as follows:
the addition of sodium hydroxide (even a concen-
trated solution) to the soluble citrate complex has
no measurable effect. The addition of sodium
hydroxide solution has no effect on the density of
a suspension of [ThCi], | until approximately one
equivalent of hydroxide per mole of citrate or
thorium has been added. An excess of sodium
hydroxide dissolves the precipitate rapidly. Am-
monia has the same effect as sodium hydroxide.

TABLE [

General composition: a cc, 0.1 M NasCi 4 b cc. 0.1 M
NaOH + (20 — @ — b) cc. H:O 4 x cc. 0.1 M Th(NOs)

Addn1

Th for

Thorium pptn.of
meastured, Soluble thorium, cc., Th-

cc. calculated as {Ths-
At At Th. Th- Thy- Th- Ci’s]

begin end Ci’ Ci’ Ci"s Ci’t 4 Th-

Naj. Na- of of -+ -+ -+ {Tha-
Ci, OH, pre. pre- (4) — Ths- Th- Tha- Th. Cis],
ce. cc. cip, cip. (3) Cin Ciz Cis Cis cc.
m @ 3 @4 & (© (7) (8) 9 (10)
3 3 2.25 3.25 1.0 8.0 3.0 2.0 1.5 1.0
6 3 4.2 6.0 1.8 50 4.5 4.0 3.0 2.0
5 5 8.75 5.5 1.75 5.0 5.0 3.3 2.5 1.7
5 4 8.6 5.2 1.6 4.7 4.5 3.3 2.5 1.7
5 3 8.6 5.2 1.6 4.3 4.0 3.3 2.5 1.7
4 4 3.0 44 1.4 4.0 4.0 2.7 2.0 1.3
4 2 2.8 4.1 1.3 338 3.0 2.7 2.0 1.3
5 3 2.5 4.75 2.25 4.3 4.0 3.3 2.5 1.7
6 3 2,5 5.8 3.3 50 4.5 4.0 3.0 2.0

A series of titrations were carried out by the
addition of Th(NOj;); to mixtures of citrate and
sodium hydroxide. In all cases, a clear solution
is obtained first. At a certain point, which de-
pends on the composition, an initial precipitation
occurs and the density rises until the first maxi-
mum point; it then remains constant. Stoichio-
metric calculations were made, on the basis of these
two critical points, for the reactions which may
occur in solution, and the results are compiled in
Table I. These calculations are based on the
assumption that the sodium hydroxide acts on the
thorium citrate complex, resulting in a soluble
citrate complex compound in which the hydrogen
of the hydroxy group is quantitatively neutralized
(= Ci’). The free citrate remaining in solution
then forms, on further addition of thorium, the
regular soluble complex without the participation
of sodium hydroxide. If we compare the measured
values with those calculated, we find that it is the
values of columns 3 and 8, and again those of
columns 5 and 10, which are in closest agreement.
This means that in strongly alkaline solutions
either the complex [TheCi;] or [ThyCis’] is present.
The assumption that a soluble compound [ThCi’]
exists in solution is not confirmed by the results of
our calculations. The final precipitate (compare
columns 5 and 10) is the thorium salt [ThCi],
(= Th[ThyCis] or Th[Th,Ci;’]). Only in the
presence of 509, alcohol is the complex [ThCi,]
or [ThCiy’] detected, which, on the further addition
of thorium, results in an insoluble salt [ThCil,.
Although these titrations do not prove that the
citrate is transformed by neutralization to Ci’ in the
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presence of sodium hydroxide, the pH curve (see
Fig. 5, curve 1) shows that such a neutralization
does indeed occur in these solutions.

pH Measurements.—On the gradual addition of
sodium citrate to the thorium solution the pH
decreases until a complete precipitation of the
[ThCi}, is obtained at pH ~ 1.8. On continued
addition of citrate, the salt [ThCi], dissolves,
giving [ThyCi;], and the pH rises somewhat (pH ~
3). Excesssodiumcitrateactsasabuffer and the pH
rises slowly. Figure 5 shows pH titrations carried
out in the presence of sodium hydroxide. Curve 1
shows a titration of a solution containing the
complex [ThyCi;] (and free sodium citrate). This
curve, recalling a regular curve of neutralization
of an acid, is very instructive. The inflection
occurs at pH ~ 8. For complete neutralization
1.5 equivalents of sodium hydroxide per atom of
thorium, or 3 equivalents per 2 atoms of thorium
are required. The reaction occurring in solution
may be written as

Th,Ci; + 30H~ = ThyCis + 3H:0 (6)

The complex [ThyCi;] behaves as an acid (e.g.,
acetic acid) with a pK = 4.6. The result obtained
is of special interest in that the solution contains
thorium and citrate in the proportion 1[Th]:2[Ci],
while the complex obtained has a composition
2[Th]:3[Ci] (= [ThyCiy’]). During the neu-
tralization of [ThyCi;] to [TheCiy’], the pH of the
solution increases from 4 to 8.

Curve 2 is a plot of results of a pH titration of a
water suspension of [ThCi), with sodium hydroxide
solution. The titration of the heterogeneous
system proceeds slowly, and the pH values for the
latter part of the curve are obtained only after
waiting a considerable time, while the precipitate
is dissolving, for the readings to become constant.
The curve shows two pH inflection points. The
first point occurs at pH > 4.0, after one equivalent
of sodium hydroxide has been added per mole of
thorium citrate. On further addition of hydroxide,
the suspension gradually redissolves, and a clear
solution is obtained after approximately a second
equivalent of hydroxide has been added. The
second pH inflection then occurs at pH ~ 7.5.
Although the results of curve 2 are more compli-
cated, it is interesting to note that the higher pH
inflection points in both curves lie at nearly the
same pH (7.5-8).

Conductometric Measurements.—Figure 6 shows
the results of the reactions between thorium and
citrate (which as far as we know have not been in-
vestigated conductometrically). The results ob-
tained are interesting, as they correspond in general
to the heterometric results. The curves show two
critical points, one maximum and one minimum,
at approximately the same molar ratios as in the
heterometric curves. In both titrations, maximum
conductivity is obtained at the point of complete
formation of [ThCi],, corresponding to the point
of lowest pH in such titrations. Similar titrations
were made in 509 alcoholic solutions. The breaks
were obtained at the same molar ratios as in Fig. 6.

On the basis of the experimental results obtained,
the following may be said about the structure of the
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Fig. 5—(1) 5 cc. 0.1 M Th(NOs)s + 10 cc. HiO + 5 cc.
0.2 M NasCi + x cc. 0.1 M NaOH; (2)4cc. 0.1 M Th(NO;)4
+ 4 ce. 0.1 M NasCi 4+ 12 ce. H2O 4+ x cc. 0.1 M NaOH.

different compounds which were established in this
work. The insoluble [ThCil, is most probably a
neutral salt of the composition Th[Th,Ci;]. A
similar salt is obtained with cerous (see subsequent
reports). Therefore, the hypothesis is made that
thorium acts as the trivalent [ThOH3* ion, and
that a complex compound is obtained which may be

formulated as
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Fig. 6.—(1) 5 cc. 0.1 M Th(NOy)s + 45 cc. HyO + x cc.
0.2 M NagCi; (2) 5 ce. 0.1 M Na,Ci 4+ 45 cc. H,O 4+ x cc.

0.2 M Th(NOs)..

The insoluble [ThCi], could then be formulated
as [ThOH] [(ThOH).Ci;], and the anion complex
as [(ThOH).Ciz]*~. Formula I even takes into
consideration the fact that Th,Ci; is composed of
[ThCis] 4+ [ThCi], according to reaction 3.

As to the complex which exists at high pH'’s, we
must conclude on the basis of our previous in-
vestigations (for example, Pb2+, Ce?*, etc.) that
[TheCis’]4~ is a very stable covalent complex (it
is not decomposed even by a considerable excess of
sodium hydroxide), which may be formulated as
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[TheCi%]¢—: | | l
Coo COO COO COO
Th
N
_ o}
00C—H,C\. 0O O
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An equilibrium exists between the above forms,
according to equation 6. Nothing certain can be
said as to the extent to which the free carboxylic

groups (= CH,COO) are hound to the central
thorium atom.
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