1990

M. BOBTELSKY AND B. GrRAUS

Vol. 77

[CONTRIBUTION FROM THE DEPARTMENT OF INORGANIC AND ANALYTICAL CHEMISTRY, HEBREW UNIVERSITY]

Cerous Citrate Complexes, their Composition, Structure and Behavior

By M. BoBTELSKY AND B. GRrRAUS

REece1veED OCTOBER 1, 1054

The phenomena observed in this investigation may be accounted for as follows: a soluble anion complex of the composition

[CeCiy]3~ (pH ~6.0) is formed in water and in 509, alcoholic solutions.

[CesCis]3~ (pH ~5.5) is formed in water solution.

formed at =pH 9.5.

Another soluble anion complex of the composition

C [CeCiy]3~ and [Ce,Ci;] -~ are precipitated quantitatively by cerous ion
forming the insoluble [CeCi]% which is dissolved by sodium hydroxide giving the soluble anion [CeCi’]: -

[CeaCiy'0™ is

By addition of cerous ion to the latter, [Ce;Ci;’]3~ (or [CeCi’]!™) is obtained, which precipitates by

addition of one more cerous ion, as [Ce Ci;’]? or Ce[CeCi’]2" (pH ~7.0).

The citrate complexes of the rare earth elements
are used for the separation of these elements from
one another.®? Indication of the existence of
several complex compounds in solutions which
contain sodium citrate and LaCl; or NdACl; has
been presented.! However, knowledge of the
composition, structure and stability of the various
citrate complexes of the rare earths, especially at
high pH’s, is incomplete. Our study of cerous
was extended to basic, neutral and acid solutions.
An extensive use was made of the ‘“‘heterometric”
method* (= photometric measurements of sus-
pension) which was developed in the past few
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Fig, 1.—1, 5 cc. 0.1 M Ce(NQG;); + 15 ce. H,O + x cc.
02 M N8.3Ci; 2, 5 ce. 0.05 M Ce(N03)3 + 15 cc. Hzo +
x cc. 0.1 M NasCi; 3, 3 ce. 0.1 M Na,Ci 4+ 17 ce. H.O +
% cc. 0.1 M Ce(NOs)s.
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years by the first author with co-workers. In addi-
tion, other physical methods were used.

It is remarkable that the composition and,
probably, the structure of cerous and thorium
citrate complexes (see report on thorium citrates)
are very similar, although these elements are in
different valency states.

Experimental

Reagents and Solutions.—Standard solutions of cerous
nitrate and of sodium citrate were prepared by weighing
the salts Ce(NQO;);-6H,O (B. D. H. Laboratory Reagent,
low in other rare earths) and Na;CH:;0;-2H,O (C.p. J. T.
Baker Analyzed).

Apparatus and Procedure.—IHeterometric titrations were
carried out using a ‘‘Heterometer’’ constructed by M.
Bobtelsky for the study of reactions in a heterogeneous
system. A description of the Heterometer and the pro-
cedure involved in heterometric titrations has been given
in previous papers.t pH and conductivity titrations (at
25 & 0.1°) were carried out parallel to the heterometric
titrations. Allheterometric and pH titrations were made at
room temperature (18-27°).

Results and Discussion

Heterometric Measurements.—Figures 1 and 2
present the composition and results of titrations of
solutions of cerous nitrate with sodium citrate and
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Fig. 2.—1, 7.5 cc. 0.05 M Ce(NO3); + 2.6 cc. H:O +
10 cc. ale. + x ce. 0.1 M NasCi 509, ale.; 2, 5ce. 0.1 M
Nas;Ci + 5 ce. HiO + 10 ce. ale. + % cc. 0.2 M Ce(NOs);;
3, 5 cc. 0.05 M Ce(NO;)s + 5 ce. H:O + 10 ce. ale. + x cc.
0.1 M Na;Ci 509, ale.; 4, 5cc. 0.1 M Na,Ci 4+ 5 ce. H:O0 4
10 cc. ale. + x cc. 0.05 M Ce(NO;); 50 ale.
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TABLE 1
General composition: a cc. 0.1 M NasCi + b cc. 0.1 M NaOH + (20 — ¢ — b) cc. HiO + X ce. 0.1 M €Ce(NOs)s.

Measured cc. cerous

At begin., At end
Curve NaOH, NasCi, of of
no. cc. cc. precip.  precip. Ce:Cis CeCis
(1) 2) (3) (4) (5) (6)

1 3 3.5 3.3 4.5 2.4 1.75
2 5 6 6 7.5 4 3

3 7.5 8 8.4 10 5.3 4

5 5 8 7 9.4 5.3 4

6 3 6 5 7.2 4 3

reverse titrations in water (Fig. 1) and 509 alco-
holic solutions (Fig. 2).

In the direct titrations the point of the maximum
optical density lies at the molar ratio of 1[{Ce]: 1]{Ci]
(= [Ce-Cil,). On further addition of citrate the
precipitate redissolves at the approximate ratio of
2[Ce]:3[Ci] (= [CesCi3]3) (in water) or 1[Ce]:2-
[Ci] (= [CeCi]*~) (in 509, alcohol). In the
reverse titrations (Fig. 1, curve 3 and Fig. 2,
curves 2 and 4) the same molar ratios are obtained
at the points of initial precipitation. On examin-
ing the branch of solution in curve 1 (Fig. 2), we
find a break at about the molar ratio of 2[Ce]:3[Ci]
which indicates that an intermediate compound
(= [CeCi3]*~) may be formed before the final
soluble complex [CeCi;]®~ is obtained.

The different molar ratios at which the initial
precipitation occurs in water and in 509, alcoholic
solution may be explained by the different solu-
bility products of the same compounds in each of
the solvents. In 509, alcoholic solution both
[CesCiz]*~ (as NagCeyCis) and [CeCi)]%, are in-
soluble, while in water solution only the latter is
insoluble.

Whether the insoluble salts Ce[CeCi;] and
Ce[Ce;Ci3] both exist cannot be determined
definitely, since they have the same empirical
formula [CeCi],.

Experiments were carried out (Fig. 3) to study
the behavior of the compounds ([CeCi], | and
[Ce;Ciz]*— 1) obtained toward alkali. Curve 2
shows that the addition of sodium hydroxide has
no perceptible influence on the soluble anion com-
plex [Ce,Cis]3—. A suspension of [CeCi]’, (curve 1)
is completely redissolved by sodium hydroxide at
the molar ratio of < 1[OH~]:1[Ci] (or £ 1[OH"]:
1[Ce]), probably by the neutralization of one hy-
drogen ion per omne citrate. (The pH titration
(Fig. 5) shows that the possibility of the precipita-
tion of cerous hydroxide is excluded.)

A series of titrations were carried out by the
addition of Ce(NOs); to alkaline citrate solutions
(Table I). In all titrations the optical density
remained unchanged at first. At a certain point
which was close to the molar ratio of 1[Ce]:1[Ci]
an initial precipitation occurred. The density
rose steeply and linearly until the first maximum
density point was reached. On further addition
of cerous a horizontal density line was obtained.

Stoichiometric calculations were made for the
partial reactions proceeding in solution and the
results are compiled in Table I. The calculations
were made on the basis of the reactions which occur
before and during the precipitation. As the table
shows, the amount of cerous required in every

Caled. ce. cerous soluble as

Caled. ce. cerous as insoluble
CeCi Ce¢Ciu(’1(-)+3 CeCi

CeCi’ + CesCis
7 (8) (9)

0.33 = 3.33 3.25 3.5 4+ 0.6 =45
0.7=5.7 5.5 6 6.7+ 1=77
+0.3=7.8 7.25 8 10+ 0.5 =10.5
2 =7 6.5 8 6.7+ 3 =97
2=5 4.5 6 7

titration to obtain the maximum optical density
(= complete precipitation) agrees without any
exception with the calculated sum of the partial
reactions (compare columns 4 and 10). In addi-
tion, if we compare the amounts of cerous meas-
ured at the beginning of the precipitation to those
calculated on the assumption that [CeCi’]'— +
[Ce;,Cis]3~ (CYY = Ci*~ minus one hydrogen) are
obtained in the solution (compare columns 3 and 7),
we see that they are in close agreement. The re-
sults are entirely different if we assume that no
neutralization of Ci to Ci’ occurs in solution (com-
pare column 3 with columns 5 or 6).
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Fig. 3.—1, 3 cc. 0.1 M Ce(NO;); + 3 cc. 0.1 M Na,Ci +
14 cc. HyO + x cc. 0.1 M NaOH (red filter); 2,3 cc. 0.1 M
Ce(NOs); + 5¢c. 0.1 M NaCi + 12 ¢ce, HO + x¢c. 0.1 M
NaOH (red filter).

The reactions which occur in neutral and basic
solutions may be accounted for as follows: in
neutral solutions of cerous, which contain a suffi-
cient quantity of sodium citrate, the soluble anion
complex [CeyCi;]3~ is quantitatively formed accord-
ing to the reaction (1)

2Ce?* + 3Ci3~ T [Ce,Cis]*— 1 (1)
The anion complex may then be transformed by

further addition of sodium citrate into the soluble
anion complex [CeCi;]*~ according to reaction (1la)

[Ce:Cig] 3~ + Cit~ == 2[CeCly]s~ (la)

In water solution [Ce;Ci3]3— is quantitatively
precipitated by the addition of cerous according to
reaction (2)

[Ce,Ciz]3~ + Cest “<___> [CeCi]% § (or Ce[Ce:Cis] {) (2)
On the addition of cerous to a solution which con-



1992

tains sodium citrate and sufficient NaOH, the
partial reactions which occur may be summarized in
one reaction as
Ce3* + Ci3~ + OH- —> [CeCi’]'"t + H,O (3)
(Actually as the pH curve (Fig. 5, curve 1) shows,
this reaction proceeds at least in two stages as
2Ce®* + 3Ci*~ 4+ 30H~ >
[CEQCislls-T + 3H:0 (38.)
[CesCi3’]8~ 4+ Ce3* <’:—>
3[CeCi’*~1 (or [Ce;Cis']3-%) (3b)
If free sodium citrate remains in solution the ex-
cess cerous reacts with the citrate according to

equation 1. When these reactions are completed,
a further addition of cerous precipitates the salts
7 -
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Fig. 4.—1, 3 cc. 0.1 M Na;Ci + 17 ce. H:O 4+ x cc. 0.1 A
Ce(NOs)s; 2, 5cc. 0.1 M Ce(NO;); + 15 ce. HO + x ce.
0.2 M Na;Ci.
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Fig. 5.—1, 6 cc. 0.1 M Na;Ci 4+ 5 cc. 0.1 M NaOH +
9ce. HeO 4+ xcc. 0.1 M Ce(NO;)s; 2,5cc.0.1 M Ce(NO3)s +
6 cc. 0.2 M NazCi + 9 ce. H:O + % cc. 0.2 M NaOH.
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[CeCi]", { and [CesCiy’]° | according to reactions
(2) and the following

[CesCis’]*~t + Cedt —> [Ce,Cif]%) (4)

pH Measurements.—Figures 4 (neutral solution)
and 5 (basic solutions) show the composition and
results of pH titrations which are parallel to the
heterometric titrations. The cerous jon, when
added to a neutral citrate solution (Fig. 4, curve 1)
gives two pH inflection points at pH 2 6.0 (= 1-
[Ce]:2[Ci]) and at pH < 4.5 (= 1[Ce]:1[Ci]).
Sodium citrate when added to cerous solution
(curve 2) gives one clear pH inflection point at
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Fig. 6.—1, 5 cc. 0.1 M NasCi + 45 cc. H:O + xcc. 0.2 M
Ce(NO;)s; 2, 5cc. 0.1 M Ce(NO3); + 45 ce. HO + x cc.
0.5 M Na3Ci; 3, 5ce. 0.1 M NasCi + 20 ce. HiO + 25 ce.
ale. + x ce. 0.2 M Ce(NO3);; 4, 5 ce. 0.1 M Ce(NOzh: +
20 ce. H:O + 25 ce. ale. + % cc. 0.5 M NayCi.
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Fig. 7.—1, 5 cc. 0.1 M Ce(NQOs); + 6 cc. 0.2 M Na;Ci +
39 cc. HoO + x cc. 0.5 M NaOH; 2, 6.cc. 0.1 M Na,Ci +
5 ce. 0.1 M NaOH + 39 cc. H.O + x cc. 0.2 11 Ce(NOy):.
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pH ~ 5.0 (1{Cel:1[Ci]). Another pH inflection
point may exist at pH ~ 6.5 (= 1[Ce]:2[Ci]).

The changes in pH in the presence of sodium
hydroxide (compare Figs. 3 and 4), are presented in
Fig. 5. In curve 1, from the beginning (pH ~
11.7) the pH falls and two inflection points are
obtained; the upper one lies at pH ~ 9.5 at the
molar ratio of 2[Ce]:3[OH~] (= [Ce:,Ci;’]~) and
the lower at pH ~ 6.7. The latter occurs at a
point when all the citrate is precipitated either as
[CesCis’']® or [CeCil’, (equal to the calculated
sum of both). Curve 2 shows the results of a
titration of the anion complex with sodium hy-
droxide. The initial pH (= 6.7) rises and a pH
inflection point occurs at pH ~ 9.5 at which point
the complex [Ce,Cis’ ]~ is quantitatively obtained.
The anion complex which is neutralized by NaOH
behaves like a weak monobasic acid (pK = 8.1).

Conductometric Titrations.—Titrations both in
neutral (Fig. 6) and basic (Fig. 7) solutions were
carried out. In the former, breaks were obtained
at the molar ratio of 1[Ce]:2[Ci] and 1[Ce]:1[Ci]
(curve 1). On the addition of NaOH to the anion
complex (Fig. 7, curve 1) only one break occurs at
the molar ratio of 2[Ce]:3[OH~] (= [CeCis']7).
On the addition of cerous to an alkaline citrate solu-
tion (curve 2) the conductivity falls linearly since
sodium hydroxide is used up at this stage. The
first break occurs at the point of the quantitative
formation of [Ce,Ci3’]®*—. This second break is
obtained at the end of the precipitation of
[CesCis’]° + [Ce Ci]0,.

All these results show that in alkaline solution
two complexes exist: omne is probably [Ce,Cis' P~
and the other has the empirical composition
[CeCi’],»~. [CeCi’]?tis either a monomer or it
may be formulated as [Cee,Cla 13-4, [CeCi’'] may
be obtained from a suspension of [CeCil, } by the
addition of one equivalent of NaOH per one [CeCi].

Now we turn to the different snsoluble compounds
which exist in weakly basic, neutral or weakly acid
solutions. On addition of cerous to the solutions
containing the complexes [Ce;Ci;’*~ or [Ce Ci’]l—,
[CexCis]*~ or [CeCi]*—, insoluble compounds
which may be represented as the salts of the above
anion complexes are formed. [Ce;Ciy']*— gives
(in weakly alkaline solution) an insoluble com-
pound of the empirical composition [CesCis']{ .
[CesCis)?~ and [CeCi;]*~ give at pH 2 7 an
insoluble compound of the empirical composition
[CeCil, | . The latter is either a mono or poly-
mer. Both possibilities may exist depending on
the pH and the experimental conditions during the
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precipitation. In neutral or weak hasic solutions,
the polymer may be obtained, while in more acidic
solutions the regular salt, which is a monomer, is
obtained.

We will now consider the possible structures of
the above compounds. None of the structures
presented below can alone satisfactorily solve all the
problems which arise in connection with the forma-
tion of the compounds obtained. It must be
assumed that any single structure may, under
appropriate conditions, easily be transformed into
the other.

The different compounds obtained may be
formulated in the following way

coo 00C coo 00C
Seed ] [ deed ]
COH “HOC COH” “HOC
CH2 CIH2 ?Hg CH2 CHz CH2 CH2 CHz
COO COO  COO COO  COO COO coo\cc;o
e
[Ce?’] [CesCia]3- ce
|
Coo 00C-H,C, | O
L “>Ce 2\ OH O
00C H,CA—C——C
I CH,COO 11
— coo OOCH,C CO—COo0
CHzCOOI \m/ AN
Il or [
[CeCi] 1 b Noocc /N
00 00C cod cod
T >ced ] | SHC00 00C CH, CH,
co oc N/
CH,c00” T ~0C——o
?Hg ?Hz CH2 CH2 [Ce3Ci3’]3‘
v
C00 COO  COO COO
N/
Ce
[CesCiy']5- N
O0OC-H,C. O O
>—c—¢
00C-H;C
v

If we compare the composition and structures of
cerous and thorium citrates we find striking simi-
larities between them. The different valencies of
the cations seems to be of no decisive influence,
since their radii are approximately the same size.
Generally the thorium complexes are obtained at
lower pH’s.
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