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Speciation of thorium in phosphate-containing solutions
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Abstract

The equilibrium between thorium orthophosphate (Thy(PO,),), labelled with the radioactive thorium isotope
#7Th, and phosphate-containing solutions has been investigated as a function of pH and total concentration of
phosphate groups (5 <[pH]<9; 0<cpo, <1.5 mol 171). Since Thy(PO,), is a very insoluble compound, even in
relatively concentrated phosphoric media, *’Th has been detected in solutions near neutrality only for cpo,>0.1
mol 171, Under these conditions, the thorium concentration has been measured after ultrafiltration (cutting size
of the species at 5 nm) by vy-ray spectroscopy in the range 107°~107° mol 17*. The solubility curves, ¢, vs. pH
value at constant cpo, and O, vs. cpo, at constant pH, lead to the determination of the prevailing species in the
solutions: at a pH of 6-7, [ThO(HPO,),(H,PO,)]’~ and [ThO(HPO,);(H,PO,),]* are the presumed complex
forms of thorium for 0.3 <cpo,<0.8 mol 17! and 0.8 <cpo, <1.5 mol 17! respectively.

1. Introduction

The speciation of heavy elements in aqueous media
near neutrality is particularly difficult, owing to the
competition between hydrolysis and complexation, which
is at a maximum for the tetravalent state. In non-
complexing media, hydrolysed species are often very
sorbable and can generate colloid or pseudocolloids,
depending upon their concentration. Different species
which result from complexation can coexist in the ranges
of pH values and concentrations of complexing reagent
under investigation. Moreover, at very low metal con-
centrations, these species depend only on the concen-
trations of the various complexing anionic species. These
in turn depend on the ionic strength and the dissociation
constants of the complexing reagent, which are more
or less known, as in the case of phosphoric acid. An
additional experimental difficulty arises from the ne-
cessity to maintain the pH at a predetermined constant
value.

When the element is present in solution at a con-
centration such that conventional methods cannot be
used, the only available methods for speciation are
transport and partition methods. Transport methods
cannot be used easily however [1]. Among the partition
methods, solvent extraction from chelates is well mod-
eled but its application is essentially limited to acidic
media, in order to avoid the presence of chelates in
the aqueous solutions [1}. The distribution between a
solid phase and a solution appears to be a possible
method to investigate in media of pH around 7, when
the solid compound is not very soluble in the solutions

under consideration. This is the case for thorium or-
thophosphate (Th,;(PO,),), as has been shown in pre-
vious work [2]. Consequently, it was interesting to
attempt the identification of thorium complexes with
some phosphate anions, from solubility measurements
of Th,;(PO,), in phosphoric media.

Very few data on these complexes can be found in
the literature [3-5], and the thermodynamical constants
collected by Wagman et al. [6] are the same as those
reported in the second edition of the book of Sillén
and Martell [7]. The main reasons for this lack of
information are related to the above-mentioned ex-
perimental difficulties: a limited number of available
methods, and the competition between hydrolysis and
complex formation, which is described in a previous
paper [2, 8].

2. Experimental details

About 50 mg Th,(PO,), were produced from a mixture
of thorium nitrate and phosphoric acid (5 mol 17Y),
leading to the correct stoichiometric proportion of
thorium over phosphorus, i.e. 3/4. Radioactive ?*’Th
was introduced (in the form of a nitrate) into this liquid
mixture and the mixture was rapidly homogenized before
it gelled. The thermal treatment detailed in ref. 8 was
then applied to obtain the high temperature form (1400
°C) of Thy(PO,),. Finally, the powder was weighed,
counted and washed three times with water, in order
to eliminate the finest particles.
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**'Th (Ty,=18.7 days) was prepared from a stock
solution of ?*’Ac, according to the purification method
given in ref. 9. It was used in the present study only
as a vy emitter (236 and 256 keV), since the separation
from its daughter *’Ra (T, =11.4 days, a, y), involving
solvent extraction, prevents the production of « sources.
In fact, the above separation, which cannot be avoided
[2], is more difficult to achieve in phosphoric media,
as a result of the strong complexing power of phosphate
groups. We have used the extraction of thorium by di-
(2 ethylhexyl)phosphoric acid in benzene, according to
the results published by Elyahyaoui et al. [10]. *Ra,
which was extracted with the 2*’Th, was removed from
the organic solution by two successive washes with
HNO; (1 mol 17%).

The structure of the solid phase contacted with the
solution under investigation (5 ml) was verified from
a blank synthesized under the same conditions. The
X-ray pattern was the same as that published by Laud
and Hummel [11]. After months of immersion in dif-
ferent solutions, the structure conservation was verified
by two different methods. First, for the structure of
the bulk, no change was detected in the X-ray pattern.
Secondly, for the structure at the solid—solution inter-
face, zeta potential measurements, carried out on the
finest Thy(PO,), particles, showed no variation [12].

Batch experiments and counts were carried out as
previously described [8]. Equilibrium at room temper-
ature was verified over periods of time as long as several
weeks. It was fully reached after 8 h. Special attention
was devoted to the separation of the phases. A first
centrifugation was followed by ultrafiltration (Millipore
PLGC filters of 10 000 Daltons) to detect only soluble
species (of size less than 5 nm) in solution. Ultracen-
trifugation (50 000 rev min~* with a Beckman L5-65
apparatus) gave the same results as ultrafiltration.

3. Results

The compositions of the different solutions used in
the present work are given in Table 1. The experiments
were carried out in phosphate buffer solutions (ap-
propriate mixtures of KH,PO, and NaOH) to control
the pH value (pH value of 6, 7 or 8). As a result of
the very low solubility of Th;(PO,),, the total concen-
tration ¢y, of thorium was measured without ambiguity
for a total concentration cpo, of phosphate groups of
at least 0.3 mol 1™ For less concentrated media, the
v detection limit of ?*’Th, which corresponds to about
107° mol 1! for ¢y, is encountered (Fig. 1). In Fig.
1, the experimental values of log ¢, are plotted against
the pH values. For each cpo, value, a distinct curve is
obtained, which shows a broad maximum around pH
7.

TABLE 1. Characteristics (composition, pH and ionic strength
I) of the phosphate buffers used to investigate the solubility
(S=cwm) of Thy(PO,), in phosphoric media

pH [KH,PO,] [NaOH] I CTh

(mol 171) (mol 171) (mol 171) (mol 171)
59 0.30 0.04 0.34 6.8%x107°
6.8 0.30 0.12 0.42 8.5x107°
8.0 0.30 0.25 0.55 9.9x10°°
6.0 0.56 0.085 0.645 5.0x10°8
6.8 0.56 0.22 0.78 6.0x10-8
8.1 0.56 0.46 1.02 2.7x10°8
6.0 0.80 0.04 0.84 14x1077
7.0 0.80 0.32 1.12 1.9x1077
8.0 0.80 0.665 1.465 6.1%x1078
5.8 1.00 0.20 1.20 2.7%x1077
6.9 1.00 0.40 1.40 3.4x1077
7.8 1.00 0.83 1.83 2.7x1077
7.0 1.22 0.63 1.85 6.8%x10°7
6.8 1.50 0.69 2.19 1.5x107°
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Fig. 1. Variation of the total concentration of thorium detected
in solution (from the y-rays of **’Th) vs. the pH value of the
solution, for various phosphate anion concentrations.

The accuracy of the data depends on numerous
factors: the volumes of the samples (Av/v <0.5%), the
weighed amount of powder (Am/m=~1%) and the y
counting, which is the most important (about 6.5%).
The resulting error is estimated to be about 10%.

During the experiments, some important points arose
concerning the ultrafiltration of the solutions and the
formation of colloids and/or aggregates during the es-
tablishment of the equilibrium between the two phases.
The activity remaining on the filter was observed to
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increase somewhat with the time of shaking and with
the pH value of the filtered phosphate solution (between
6 and 8). However, under the worst conditions, gen-
erating a maximum amount of colloids, a linear response
of the filter was verified over the 4 ml of solution to
be filtered.

4, Discussion

To interpret these results, we have to consider the
various chemical equilibria involved in and between
the two-phase system. For this purpose, a symbolic
notation is needed [1]. Since, in general, when using
trace quantities of an element M, we can only determine
the order / and the charge (n—y) of the complex of
M present in the solution, these complexes can be
formulated as M(H,L)H_,“*, with H.L=H,PO,
being the non-dissociated form of the complexing agent,
which can dissociate to give H, L=, ..., I”7. The
formal notation H_, represents yH™ for y <0 or yOH™
for y>0.

With these conventions, the complexation of the aquo
ion M"* =Th*" can be written as

M"* +[H,L — M(H,L)H_,®* +yH*

Under our experimental conditions, the first difficulty
arises from the high concentration of phosphate groups
(L=PO,), which leads to the possible existence of the
dimer (H,L), or H¢L,, as well as complex anionic forms
of this dimer. The equilibrium concentrations of H,L
and HgL, are mutually dependent. Consequently, there
can be ambiguity over the complexes formed; they could
be M(H;L),H_, or M(H(L,),,H_,. We will return to
this point later.

Let us start with the first formulation. In such a
case, the experimenta] data must be analysed as a
function of the independent parameters [H,L.] and [H*],
in order to obtain / and y. This is the classical way,
which proceeds as follows.

The resulting equilibrium of the various equilibria
involving the dissolution of the solid phase and com-
plexation of the aqua ion of thorium, i.e. of

M,L, — 3M** +4L3- for Kso
M** +IH,L —> M(H,L)H®»* +yH*  for K, ,
3H* +L*” — H,L for B,

is given by

1
5 (ML) soiia =

M(H,L)H»+ + (% - I)H3L+ (y—4)H*

Omitting the charges, the solubility of thorium
(S=cm,) can be written as

S=>[M(H;L)H_,]

with the summation extending (here and in the fol-
lowing) over [ and y. In terms of the independent
parameters [H;L] and [H*]=h, S reads as

S= ﬁ3Ksosz, JHGLJE—#p¢=»

and the variations of log S vs. log[H;L] and log & have
respective slopes of

ologsS 4
8 log[H,L} =h=3
élog S
dlogh =4

The derivation gives average values of / and y, which
has been proved mathematically [1].

At this stage, a second difficulty arises. This is related
to the necessity of knowing simultaneously the values
of all the equilibrium constants of the equilibria involving
species coming from H,PO,, at the ionic strengths under
consideration. They are needed to calculate the con-
centration of free H,L at equilibrium. To avoid a rigorous
choice of these constants, we propose choosing the
experimental concentration cpe, instead of [H,PO,] to
obtain the order of the thorium complexes with respect
to the PO, group and their charges. The following
treatment leads to the solution.

The dissociation constants of the complexing agent
are called K, (x=1, 2, 3) for H;L and K, (x=1, 2,
3, 4) for Hgl,. The dimerization constant of HL is
K. It is convenient to introduce the parameters

_IIK,,
. e

For a solution where cp, is maintained at a constant
value, we have

CPO4 = (1 + (111 + a12 + a13)[H3L] + 2K20

X (14 az; + gy +ass + ayy)[H;LP
which can be written as
cpo, =A[H,L]+ B[H;LJ
Thus, in phosphate-containing solutions, [H,L] can be
theoretically deduced, as well as [H¢L,]=K,[H,LJ%,
only if the experimental values of ¢po, and the pH are
known. This also applies for solutions additionally con-

taining very low concentrations of thorium, as is the
present case.
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When dimerization can be neglected, we have

CP04
H,L]= —=
[HL)=
and, in the other cases, we have
~A+(4*+4Bcpo,)
)=~ HBero)

Within the former approximation, and taking into ac-
count the calculations developed in Appendix A, we
have, at constant A

élog S 4
B o =(D— —
8 log cpo, p= 3

and, at constant cpp,, We have

dlog$
dlogh

where € is a corrective factor given by

€= Kll/h + 2K11K12/h2 + 3K11K12K13/h3
1+ Ky /h+ K Ky /WP + Ky, K K R

=== +( - 3¢

or, more simply, this can be written as

_dlogA4
€ dlogh

€ has been estimated both graphically and by cal-
culation (Fig. Al, in Appendix A) to vary from 1.25
(I=03) to 1.4 (I>1) at pH 6; from 1.7 (/=0.3) to 1.8
(I>0.8) at pH 7; and to be around 2 at pH 9. These
approximate values are based on K, values read on
the smoothed curves represented in Fig. 2, which are
drawn from a compilation of literature data. The un-
certainty in these K, values, particularly at high ionic

KA
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; Kypx107
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Fig. 2. Variation of the three dissociation constants of phosphoric
acid Ky, Ky, and K3 vs. the ionic strength 7 (mol 17'). The data
reported on the graph can be found in refs. 7 and 13. The values
of K, are 2x107% (x=1), 25x107% (x=2), 1.6 xX107¢ (x=3)
and 2x107° (x=4) [14]).

strength, does not really affect the e value or, con-
sequently, the p, value. The curves in Fig. 1 show that
p. is not very different from 0, regardless of what
¢po, and the pH value may be (it is slightly negative
at pH values of 6.5 or less, and more or less positive
at pH values of 7 or more).

Now, if log ¢\ is plotted vs. log cpo, for the three
pH values under consideration, it appears that the value
of p, depends significantly on cpo, and is not very
sensitive to the pH value of the solution. For
0.3 <¢pp,<0.8 mol 171, p,=2.8 and a value of 4 can
be attributed to /. For 0.8 <cpo, <1.5 mol 177, the slope
is higher, p, = 3.6 and the number of phosphoric ligands
becomes equal to 5.

In the first case, we have

4
y=p2-—4—e<l— §)=9

with e=1.8 (pH 7). The complex formed under these
conditions contains four ligands and has a charge equal
to 4—y=—5. Knowing that both HPOZ~ and
H,PO; ions are the dominant anions in the solution,
the best empirical formula which accounts for the results
appears to be [ThO(HPO,),(H,PO,)}’".

In the second case, y=10, which implies a charge
of —6 for five ligands, and the corresponding complex
is probably [ThO(HPO,);(H,PO,),]°". According to
the more or less known K, (x=0, 1, 2, 3, 4) values
(Fig. 2), at pH 7, the dominant species coming
from H.P,0, would be H,P,03 . Thus, we cannot
exclude the existence of the alternative species
[ThO(HPO,)(H;P,05),]°".

If we now take into account a possible dimerization
of H;L to calculate [H;L] as a function of cpg,, We
obtain (Appendix B)

élog S 4
080 L, =ly- 2
5log cro, 1 (<> 3)y

ologs _ _ 4
Sloghs P2~ <y>)+<<l> 3);

where y and { stand for corrective factors which depend
upon [H,PO,] and the parameters A and B previously
introduced, such that

_ Cpoy

7™ [H,PO,](2B[H,PO,] +A)
_ 8 log[H,PO,]

£= slogh

Estimations of v and ¢, unlike the estimation of e,
require the K, values as a function of the ionic strength.
Because there is a great uncertainty in the B values,
which are K, dependent, only an attempt to correct
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the previous / and y values can be made. At pH 7, in
the investigated range of cpq,, 7y is not far from unity
and ¢ is around 1.8. These corrections cause a slight
increase in the / value and a slight decrease in the
charge of the complexes. However, these corrections
seem to be too speculative to be taken into account
and, in waiting for new K, values, we can keep the
previous sets of / and y values.

According to these considerations, in the range of
¢ro, and pH investigated, the theoretical expression of
the solubility of thorium takes the form

JRCED)
— 4—4/3
S=p:Ks01K,, 9CP04( ) AG=4B)

(4-10)
(5—4/3) _’1__}

+ K5 19Cpos 46—

From this, taking for K the values previously deter-
mined as a function of ionic strength [2], one can
estimate the equilibrium constants K, ,. The best fit is
obtained for log K, ¢=100.0 and log K 1,=99.3. The
very high values of these formal equilibrium constants
are in direct relation to the Ky values, which are very
fow (log Ko = —100).

5. Conclusions

We have shown that, at around pH 7, it is possible
to identify complexes of thorium in phosphoric media
by measuring the true solubility of labelled
(*'Th)Th,(PO,),. Unfortunately, the solubility of this
compound is so Iow for ¢po, <0.3 mol [~* that we have
not achieved our goal of modelling natural aqueous
solutions in which the concentrations of phosphate
anions, in the forms HPO3~ or H,PO, , are lower than
about 1072 mol 17'. Improvements in speciation of
thorium could arise from the use of a method, such
as inductively coupled plasma mass spectrometry, which
enables thorium concentrations to be determined down
to 1072 mol 171

For high ¢y, concentrations of 0.3-1.2 mol 177, the
“solubility method” gives strong indications of the pres-
ence of mixed hydroxophosphato anionic complexes of
orders 4 and 5 with respect to the phosphate ligand,
carrying 5 and 6 unit charges respectively. There are
several possible empirical formulae, as is usually the
case for trace quantities of an element. To obtain such
orders and charges, we have derived a special treatment
of the direct experimental data to minimize the use
of the dissociation constants of H,PO, and its possible
dimerized form. Improvements could arise from new
data on the acid-base behavior of concentrated aqueous
solutions of phosphoric acid.
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Appendix A

From

S=B:Kso 2K, JH,L]¢~4Dp—»
Cros
L]= £
[HL]= =

and, with c=cpq,, we can write for a simplified pre-
sentation

S=aYK, ct=

where a is a constant for a fixed value of h. Taking
the derivative of S, we proceed as follows:

slogs  8log BK, et~ 5TK, ¢~ 5
slogc 82K, ,cl=4 8¢

dlogc
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é lOg S 1 4 ] )
é lOgc - EKI yc(1—4/3) [2(1— E)Kl,yc(l 4/3) l}C
olog§ 2(1— 4/3)K1,yc("4/3) l s
Sloge 2K, ¢4 = - 3
Indeed, by definition, we have
= c—[PO,] _ K, !

Cm E'Kl,ycl

Now, if ¢ is constant, § takes the form

h@—»

§= szIyA(z 4/3) bEKIy

where b is a constant and

dlog XK, u 82K, ,u  oh
82K, u Sh Slogh

The only term which requires further calculation is
the second term:

55K, o =2K1,y{(4 —p) D=4 @R =D

4 a4
+he-N 2 _jlqen-n-1 22
el o)

- EKl,yh(4 - 4@3-0

X [(4—y)h—1 +(§- —I)A“ g%]

Finally, we have
dlog S
dlogh
_ 8log DK, u{(4—y)h 1+ (43-DA" ’6A/6h}
82K, u

=4~ <}'>)+(- —(l>)-4’1 <

The value of

e=A"1%2-h

dlogS
dlogh

Slogh

can be calculated from its true expression
= I& + 2K, K + 3K11K12K)3
h h? K

(1 L Ku |, KuKy KnKuKu)

h h? n

or estimated graphically from the variations of log 4
vs. log h (Fig. Al), because it can be deduced from

I |

| | 1 | 1 L |
0 2 4 6 8 pH 10

Fig. Al. Variation of —log 4 (=log cpo,—log[H,PO,}) and of
log[H3PO,] (=log[ —A4 + (4% +4Bc)*?)/2B; see text) as a function
of the pH value of the solution, for two values of cpo,: V, —log
A, cpo,=0.3mol17%; 0, —logA4, cpo,=1.22 mol 1" 1; @, log[H,PO,],
cro,=0.3 mol 17%; ¥, log[HsPO,], cpo,=1.22 mol 171

84 84 dlogAdlogh

6h dlogA dlogh oh

dlogA1
dloghh

so that we can write

_dlog4

~ dlogh
Appendix B

From
S =B:Kso 2K, ,[H,L]¢~¥Pp*—»
and

—A+(A*+4Bc)'?

v=[H,L] 2B

we can write

S=aXK, o'
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where a is a constant for a fixed value of A. However,
here, v is & dependent. Therefore, to have the full
expression of the derivative of log S vs. log c, i.e.

slogs dlog 2K, pi=

slogc 82K, 00
XBEI{I,yv(I_4/3) % &
o o dlogc

we need to calculate év/dc, all the other terms now
being obvious following the previous considerations.
One finds

Q&E _ 1
& 2Bv+A4
so that

Slogs 2K, (4B

- 1—4/3
2K, v

dlogc v(2Bv +A)

and
dlog§S 44 4
dlogec (<l> 3) v(2Bv +4) _(<l> 3)7

To take the derivative of log S ws. log A at constant
¢ values, it is convenient to write

S=b2K, v PREN=pK, f

where b is a constant term. It follows that

Slogs  O2K.fO2K,.f &f h
dlogh 62K, f & ohdlogh
and, obviously, the term which we have to calculate

to go further is 8f/h.
One finds that

gh]: =h(“")v("“’3){(l— g)v‘l ;—SZ + (4 —y)h‘l}
Finally, we have
6log S
dlogh

XK, @Y1 4/3)0 ~ hv/sh + (4—y)}
- DK, 4

and
slogs . NNk
slogh <y>)+(<l> 3>v6h

Then, taking into account that

= h v _ h o dlogv dlogh _ 6 log[H;L]
véh wvédlogvdlogh &h dlogh

these reduce to the expression

6log S 4\ 6 log[H,L]

5log h =(4_<y>)+(<l> - 5) 5 log h

{ can be evaluated graphically from the second curve
in Fig. Al, which has been drawn according to the
existing data, the poor significance of which has been
discussed in the main text.



