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Hydrophilic Complexes of the Actinides. III.
Lactates of Am3*, Eu3*, U4* and UQ,**

ROBERT LUNDQVIST, JIU-FANG LU* and INGVOR SVANTESSON

Department of Nuclear Chemistry, Chalmers University of Technology, S-412 96 Goteborg, Sweden

Am3*, Eu3*, U**, and UO,** complexation by
lactate ion in a 1 M NaClO, medium at 25 °C
were studied through liquid—liquid distribution
and potentiometric titration measurements.
Three extractants, tributyl phosphate (TBP),
bis(2-ethyl-hexyl)phosphoric acid (HDEHP),
and 2-thenoyltrifluoroacetone (HTTA), were
employed.

Formation constants, f,, of Am(Lac),>™" and
Eu(Lac),>™, n=1-4, and related thermodyna-
mic constants, AH, and AS,, were derived
through distribution measurements. Formation
constants _for U(Lac),*”, n=1-6, and
UO,(Lac),>™, n=1-3, were obtained from
potentiometric titrations. No polymeric U(IV) or
U(VI) species were obtained at pH<1.7 for
U(IV) and pH<3.6 for U(VI) at uranium con-
centrations in the range of 5 to 20 mM.

The results are compared with twoparametric
models for stepwise complexation.

Alternatives for safe and economic treatment of
actinide containing materials rest on a detailed
knowledge of the chemical and physical pro-
perties of the actinides. The aqueous behaviour is
of special interest because this is the main
medium for actinide separation and recovery
processes as well as for transporting of such
nuclides from a waste repository to man.

The ligand chosen in this study is lactic acid.
Lactic acid may serve as a representative of the
great variety of carboxylic acids occuring in
natural compounds i.e. fulvic and human acids.
Furthermore lactic acid is used as a complexing
agent in some separation processes, one of them
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recently developed and studied in our
laboratory.!*?

The aim of this work is to determine the lactate
formation constants for tri-, tetra- and hexavalent
actinides. For this purpose we have selected U**,
UO;**, Am** and Eu’* as a representative for
the heavier trivalent actinides. The experimental
techniques chosen were liquid—liquid distribu-
tion in the case of Am®* and Eu** and poten-
tiometric titration for U** and UO,**. Here we
report the formation and related thermodynamic
constants obtained for the M(Lac), complexes in
a perchlorate medium, including the stability of
the anionic species Am(Lac),, Eu(Lac),
U(LaC)s_, U(LaC)GZ— and UO2(L3€)3_.

Lactate complexation of the actinides have
been compiled and reviewed.>* Tetravalent ura-,
nium seems not to have been studied previously
and thermodynamic data for the lactates of
trivalent actinides were lacking. Furthermore,
the statement that mixed lactate and acidic
organophosphorous complexes are formed is
questionable.’ In a preliminary study we could
not find any evidence for such mixed complexes.®

EXPERIMENTAL

Chemicals. Uranyl perchlorate was prepared
from uranium metal (Merck, Darmstadt, nuclear
grade) by dissolution into perchloric acid. In
addition uranyl perchlorate was made by conver-
sion of uranyl nitrate (British Drug House). The
uranium concentration was determined by gra-
vimetry and by X-ray fluorescence. The excess
acid was determined by Gran titration. Lactic
acid (BDH, AnalaR) was prepared as a 2.3 M
stock solution after hydrolyzing the anhydrides
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by heating diluted acid at 70 to 80 °C for 2 to 3 d.
The total acidity was determined by alkali titra-
tion and the complete conversion of the conde-
nsation product back into the acid was proved b¥
the appearance of one single titration curve.
Radioactive isotope (**C) labelled lactic acid with
a specific activity of 7.4 GBg/ml was purchased
from the Radiochemical Centre in Amersham
and was used as received. HDEHP (Farbenfab-
riken Bayer AG) was contacted with equal
volumes of 6 M HNO; followed by three washes
with water and finally 1 M NaClO, and analyzed
by acidity titration. TBP (Fluka) was pre-ex-
tracted with 1 M NaOH and 1 M NaClO,. HTTA
(Merck, p.a.) was used after recrystallization.
Heptane served as organic diluent.

Radioisotopes. >Eu and **' Am were obtained
from the Radiochemical Centre in Amersham
and were prepared as 0.1 M HCIO, stock
solutions of about 10° Bg/ml.

Analysis. The nuclides *?Eu and >*'!Am were
analyzed through gamma spectroscopy using a 71
cm?® Ge(Li) detector connected to an Intertechni-
que 4096 multichannel analyzer (IN45) or, after
purity check, by a Nal(T1) well type (3"x3")
Intertechnique (CG4000) gamma counter. Ura-
nium was analyzed by spectrgphotometry (Beck-
man DB), 260 nm for UO,** and 650 nm for
U(IV). Finally, the *C labelled lactic acid was
measured by liquid scintillation counting using a
Packard Tricarb 2425 spectrometer.

Reduction of U(VI) to U(IV). Electrolytic
reduction was carried out in a closed glass cell
equipped with a mercury cathode and a platinum
anode. The anode compartment was separated
from the bulk with a dense fritted glass dia-
phragm as described earlier.®® 15 ml of the
uranium (0.005—0.02 M) perchlorate solution in
1 M NaClO, was de-aireated with argon gas
before electrolysis at about 10—-30 mA. The
progress of reduction was followed on line by
coulometry and by measuring the increasing
concentration of U(IV) spectrophotometrically
at 650 nm. During the electrolysis the solution
was pumped through a 1 cm cuvette of 0.7 ml
volume positioned in a spectrophotometer.
When the absorption of U(IV) at 650 nm reached
a constant level corresponding to 100 % reduc-
tion the electrolysis was stopped and all solution
in the loop (ca. 3 ml) was brought back into the
cell and the anode compartment was removed. In
some initial experiments it was observed that
monitoring the U(IV) by redox potential
measurements, using a Pt or Au metal electrode
against an Ag/AgCl reference electrode, was not
sufficiently reliable.

Liquid—liquid distribution experiments. Batch
experiments were carried out at a constant

temperature, £0.1 °C, in a glass apparatus. 15 ml
of both phases plus 10 ul of radioisotope stock
solution were equilibrated by mixing with a
magnetic stirrer. Equilibrium was obtained after
a mixing time of 10 to 30 min depending on the
extraction system. After allowing the phases to
separate, samples of 1 ml were taken from both
phases for radioactivity assay. In case of faulty
material balance the experimental data were
refused.

Potentiometric titration experiments. 20 ml of
an aqueous perchlorate solution containing a
known concentration of uranyl perchlorate was
kept under argon atmosphere in a closed glass
cell thermostated at 25+0.1 °C. If U(IV) was to
be investigated the solution was reduced elec-
trolytically as described above before titrating
with lactate. The titration was performed with
lactate buffers (e.g. 0.25 M HLac+0.25 M
NaLac+0.75 M NaClO,) and the resulting hy-
drogen concentration was measured by a glass
electrode calibrated at known acidities as de-
scribed previously.® Reference titrations of the
perchlorate solutions in absence of uranium were
made separately.

LIQUID-LIQUID DISTRIBUTION MEAS-
UREMENTS

Method. The method of liquid—liquid distribu-
tion for studying metal complex chemistry is
based on the measurement of the distribution, D
of a metal, M, between two immisible liquid
phases according to eqn. (1);

D=[M]o/[M] 1)

where no index refers to the aqueous phase.
Introduction of a complexing ligand, L, into the
aqueous phase results in the formation of metal
complexes, ML,,, which we initially may assume
are both unextractable and unhydrolyzed. Neg-
lecting aqueous metal complexation with the
extractant, eqn. (1) is transformed into eqn. (2),

D/D°=[M]/f:[ML,,]=1/(1+ BILI+BLP+. ..)
@

where D° is the distribution value at zero
concentration of the complexing ligand and B, is
the gross complex formation constant for the
formation of ML,, from M and L.
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Fig. 1.The distribution, log D, of Am and Eu
between an organic phase and 1 M (Na,H)ClO,
as a function of pH at 25 °C. The initial composi-
tion of the organic phases were; 100 % TBP
(0,@), 5-10* M HDEHP in n-heptane (O,W)
and 0.5 M HTTA in toluene (A,A). Unfilled
symbols denote Eu and filled Am.

In principle the actual extraction mechanism
need not to be known. However, it is a require-
ment that the extraction mechanism is unchanged
during the experiment.

log D/D°

4 3 2 4
log [l-l.ac]tot

Fig. 2. The influence of lactic acid on the
normalized distribution, log D/D°, of Am(III)
between undiluted TBP and 1 M Na(ClO,, Lac)
at 25 °C and different pH. D° is the distribution
in absence of lactic acid. (O)=pH 2, (A)=pH 3,
(V)=pH 4, (@)=pH 5 and pH 6.
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In this study three extraction reagents were
used, TBP, HTTA and HDEHP. In Fig. 1 log D°
for Eu(IIl) and Am(III) as a function of pH for
these three extraction systems is described. A
more detailed description of these systems with
respect to mechanisms, side reactions, and use-
fulness in complex chemistry studies was given in
Part II of this series.!®

Lactate-complexation: TBP. The distribution
of Am between 1 M NaClO, and 100 % TBP
decreased upon addition of lactic acid (HLac in 1
M NaClQ,). The relation between log (D/D°)
and the logarithm of the total initial concentra-
tion of lactic acid is presented in Fig. 2. The slope
é log (D/D*)/é log [HLac},,, decreases from 0 to
-3 when the concentration of lactic acid in-
creases. [HLac),o; refers to the total amount of
lactic acid and lactate in the organic and aqueous
phase.

At D=D° the organic phase is dominated by
the M(Cl1O,);(TBP), species, while the aqueous
phase mainly contains uncomplexed M3*.1
Appreciable hydrolysis does not occur until
pH>6."' With increasing [Lac’] M** becomes
increasingly complexed by Lac™ in the aqueous
phase, forming M(Lac),>™ species, according to
eqn. (2). When the aqueous phase is dominated
by M(Lac);, eqn. (2) yields log (D/D°)=-3log
[LacT] corresponding to the slope —3 in Fig. 2.
Thus the shape of the extraction curves agree
with an extraction mechanism according to rela-
tion (3).

Am(Lac)>"+yTBP(org)+3 ClO;2
Am(ClO,4);(TBP),(org)+nLac” 3)

where Am(Lac)>™ denotes the average aqueous
Am species. At pH=<pK, HLac is only partly
dissociated. Thus the D/D°-curves indicate less
complexation.

In order to calculate the free ligand concentra-
tion, [Lac’], one must take into account that TBP
extract a fraction of the HLac- Hence it was
necessary to determine the distribution coeffi-
cient k4 of HLac. Eqn. (4) gives the relation
between Dy .. and kg;

D = [HLac]or, -
HLa2c™"TH] ac]+[Lac]
kd[HLac] _ kd
[HLac)(K[H*TT+1) ~ KJ[H*T'+1 “)
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Fig. 3. The distribution of *C-lactic acid, D4 ¢,
between undiluted TBP and 1 M NaClO, as a
function of the total lactic acid concentration at
pH 2 and 25 °C.

where K,=[H*][Lac"}/[HLac] and kq=[HLac],/
[HLac].

The distribution of HLac as a function of the
total concentration of HLac and of pH is shown
in Figs. 3 and 4. At high HLac or HCIO,
concentrations there is a decrease in Dy; ,. which
is most probably related to the consumption of
free TBP by the extraction of HLac and HCIO,
respectively. Any dimerization of HLac in the
organic phase is negligible due to the invariance
of Dy oc With HLac concentration, Fig. 3. Using
eqn. (4) and values of Dyj,. for pH>2 and
[HLac)iora <0.1 M we calculated k4=1.6010.04
and  pK,=3.63+0.02  (literature  value
pK,=3.63+0.03).1

Recalculating the data of Fig. 2 into log
DID°=f(log[Lac’]) using eqn. (4) the curves,
obtained at different pH, coincide into one single
curve with a limiting slope of —3 at increasing

log Du-c1 R

pH

Fig. 4. The distribution of *C-lactic acid, D14,
between undiluted TBP and 1 M (Na,H)ClO, as
a function of pH. Total lactic acid concentration
1073 to 107! M.

lactate concentration, which proves that relation
(3) is valid.

The overall complex formation constants were
derived by minimizing the weighted error square
sum 2(Dexp) 2(Dexp—Dearc)®. By and B, were
close to those calculated below from the HDEHP
system, Table 1. B; deviates somewhat due to
increased ionic strength because the perchlorate
concentration has to be kept constant as it
participates in the extraction mechanism.

HTTA. The distribution of Am(III) and
Eu(II) between 1 M (Na,H)CIO4 and 0.5 M
HTTA in toluene was investigated at different
lactate concentrations. The extraction of trivalent
metals, M>*, in this system is assumed to proceed
according to relation (5)

M(Lac),>™"+3 HTTA(org)=2
M(TTA);(org)+3H* +nlac )

in analogy with the extraction mechanism in
absence of lactate.’® Alkali titration analysis
indicated no extraction of HLac which allows a
simple calculation of the lactate concentration
from the extent of dissociation.

Fig. 5 shows log D/D° for Am(III) and Eu(III)
as a function of log [Lac™] at constant acidity
(pH=3.6). The stronger complexation of Eu

=

log D/D°

log [Lac]

Fig. 5. The influence on the distribution coeffi-
cient, log D/D°, of Am(III) and Eu(III) on the
lactate concentration at 25 °C. Organic phase:
0.5 M HTTA in toluene. Aqueous phase: 1 M
(Na,H)(ClO4,Lac), pH 3.60. (@)=Am and
(A)=Eu.
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Fig. 6. The effect of temperature on the distribu-
tion, log D/D°, of Am as a function of the lactate
concentration. 5-10* M HDEHP in n-heptane
and 1 M (Na,H)(ClO,,Lac) at pH 4. (@)=45 °C,
(A)=25°C, (B)=5 °C.

compared to Am appears as a larger decrease in
log D/D° with increasing lactate concentration.
The figure also indicates that an anionic lactate
specie, Eu(Lac),, is formed at the highest lactate
concentrations because the limiting slope is <—3.

The stability and kinetics of the HTTA—Am
system is dependent upon extractant concentra-
tion and pH.!° The chosen combinations of
HTTA concentration and pH minimize the sensi-
tivity towards impurities and sorption of Am and
results in acceptable reproducibility.

e B s e 3 s %
log By | a b

6;/ o ]
5F 1

%H/%
3}

8 By

32 34 36 32 34 36
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Fig. 7. The relationships between the lactate
formation constants, B,, n=1-3, and the in-
verted temperature, 1/7, in the range 5-45 °C.
(A)=Am and (@)=Eu. a)=experimental j,, b)
theoretical B, according to Mihailov’s model.>
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HDEHP. Trivalent metals are extracted by .
HDEHP in aliphatic diluents according to the
apparent extraction mechanism;'?

M3*+2.5(HDEHP),(org)
M(DEHP);(HDEHP),(org)+3H*, ©)

Just as in the previous case no correction for
extraction of lactic acid was made. The maximum
impact on the extraction system of the lactic acid
extraction is a decrease in free HDEHP concen-
tration (<0.5 %), which corresponds to a less
than 2 % decrease in the distribution of Am or-
Eu; the loss of HLac to the organic phase is
insignificant (<10~° %). These estimates were
made from measurements of the distribution of
HLac at high HDEHP concentrations (0.2 M
HDEHP).

For the above reasons, and because HDEHP
allowed better reproducibility in a broader pH
and extractant range than HTTA and TBP, we
expanded the HDEHP measurements with a
temperature study. The relations between log D/
D’ and log [Lac] were obtained at 5 °C, 25 °C
and 45°C at pH 4 and 5-100* M HDEHP in
n-heptane, Fig. 6. Although the temperature
dependence was weak there was a perceptible
drop in log D/D° with decreasing temperature.
The stability constants f,, f, and f; for the
formation of Am(III) and Eu(III) lactates were
calculated at each temperature and for [Lac]
=<0.3 M using a least squares regression analysis
programme. The effect of temperature on the
formation constants is shown in Fig. 7 where log.
B is plotted as a function of the inverse absolute
temperature.

The thermodynamic constants, AH and AS,
were calculated for each complex formation step.
In addition, the formation constants for the
anionic species Am(Lac),” and Eu(Lac),” were
graphically estimated at 25 °C from the distribu-
tion data at [Lac’]=0.3 M which indicate a
limiting slope of —4, Fig. 6. Table 2 gives a
summary of the constants obtained for the Am
and Eu lactates.

POTENTIOMETRIC TITRATION
EXPERIMENTS

Method. The method of potentiometric titra-
tion for calculating stability constants is based on
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the determination of the mean ligand number 7
as a function of the free ligand concentration, L,
followed b?' a mathematical analysis of this
function.!

The lactate titrations were made by adding a
buffer solution of HLac + NalLac to a uranium
solution containing HCIO, (all solutions were
adjusted with NaClO, to - give unit ionic
strength). Using EMF measurements the hydro-
gen ion concentration was calculated and [Lac]
and n could be derived using eqns. (7) through
(10). The equations are valid for any &, ¢y, and
hydrolytic state of the metal.

[Lac—]=CL+h—CH“ﬁCM (7)

. [Lacko—[LacT] _

Mot
(h+ K )(h—cy+cL)—Ka(cL+cy) @)
hCM
K= Hath) ponek, ©)
CHL'"h
_ [Lac]h s
K= — K, (10)

where the molar concentrations at each point are

denoted by;

h =the hydrogen ion concentration

h' =the hydrogen ion concentration
when c=0 and cy=0

cy =the initial acidity added to the
uranium solution

cm =the uranium concentration

¢y = the stoichiometric HLac concent-
ration originated from the buffer
solution

c.. =the stoichiometric NalLac concentration
originated from the buffer solution

The value of K, in eqn. (10) was calculated 0_)!
an iterative procedure starting with K;=2.2-1
When K, became constant the values of n and
[Lac] were derived. In the UO,2* experiments,
however, the initial pH was high enough so that
K, obtained from eqn. (9) could be used.

The 7 values obtained can be used to derive the
formation constants By, according to eqn. (11)

Z 2‘, zp.[OHf[Lac’)*

n= x—O 2=0

1+2 2 B..[OHJ[Lac’ )

x=0z=1

(11)
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where f,, denotes the stability constant of the
mixed complex according to eqn. (12)

M™ +xOH +zLac 2

M(OH),(Lac),™™ (12)

Uranium (VI). UO,** perchlorate solutions,
containing 1.3 mM up to 21 mM of uranium,
were titrated with a lactate buffer solution (0.256
M HLac+0.250 M NaLac+0.75 M NaClO,). The
calculated values of 71 are presented as a function
of the lactate concentration in Fig. 8. Indepen-
dent on the metal concentration the calculated 7
values fall on one curve indicating that no
polynuclear uranium species are formed. Titra-
tions were also performed with a lactate buffer of
higher relative content of lactic acid (0.508 M
HLac + 0.125 M NaLac + 0.875 M NaClO,),
giving the same results as above.

The average ligand number 7 reaches almost 3
indicating that the anion UO,(Lac)s™ is formed.
Furthermore, since all experiments were made in
the acidity range from pH=2.3 to pH=3.6 we can
neglect hydrolysis of the metal ion. The stability
constants derived from the formation functions
according to eqns. (11) and (12) are gathered in
Table 2 together with constants obtained by other
investigators. Our data are in good agreement
with literature data obtained by various techni-
ques (potentiometric titration, solvent extrac-
tion, and spectrophotometry).

Uranium (IV). After testing the potentiometric
technique on hexavalent uranium we continued
with titrations of electrolytically reduced solu-

n
3¢t .
\/
o2
2} Va
’D
A‘f
4
1 o
J"‘.
” .“
3 2 1
log [Lac"]

Fig. 8. Average ligand number, 7, as a function
of the lactate concentration for U02 at 25 °C.
Potentiometric titrations performed at (A)=6
mM, (O)=12 mM and (@®)=21 mM uranium.
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n

5

5 -4 -3 -2 -1

log {Lad

Fig. 9. Average ligand 7 as a function of the
lactate concentration for U(IV) at 25 °C. Poten-
tiometric titrations carried out at various uranium
concentrations; Buffer ratios 6=[HLac]/[NaLac].
(@)=4.8 mM, 5=4, (¥)=10.7 mM, 5=4, (*)=14
mM, 6=1 and (O0)=19.1 mM, é=1. pH varied
between 1-1.7.

tions. 5—-20 mM U(IV) in acidic 1 M (Na,H)ClO,
were titrated with lactate buffer solutions (6x M
HLac+x M NaLac+(1-x) M NaClO,, where
8;x=1;0.250, 4;0.125 and 10;0.100). The calcu-
lated 71 values increase smoothly from n=0 up to
almost #=6 with rising lactate concentration, Fig.
9. It was found that data, obtained at different
uranium concentrations and acidity in the range
from pH 1 to pH 1.7, coincide into one curve.
This behaviour indicates, firstly that no polynu-
clear U(IV) species are formed, secondly that the
hydrolysis of U(IV) is suppressed, and third];
that anionic complexes U(Lac)s~ and U(Lac)¢™
are formed. Formation constants S, according to
relation (13)

U** +nLac2U(Lac),*™;

0<n<6 (13)
were calculated with a graphical method, as
described by Rossotti and Rossotti, and refined
by computer calculations.'* The results are pre-
sented in Table 3.

Estimates on the influence of U(IV) hydrolysis
on the experiments were made using the follow-
ing. set of hydrolysis data for U(IV) in 1 M
NaClO,; log"&=—l.6, log*f,=—4.5 and
log*B;=—8.4.11%17 It was concluded that hydro-
lysis was negligible (<5 % at pH 1.7) in compari-
son with the lactate complexation.

A few experiments were carried out at ex-
tremely low pH (pH~0.6) but the uncertainties
in i became very large because of the low
accuracy in determining small pH changes with
the glass electrode at such high acidities.

DISCUSSION

Solvent extraction systems. 1t is crucial for the
interpretation of the distribution data that the
extraction mechanism and the distribution coeffi-
cients, k4, of the hydrophilic ligand and the
hydrophobic extractant are unchanged upon
addition of complexing ligand. Reactions that
may interfere are formation of extractable metal
lactate complexes as well as reactions between
the extractant and the hydrophilic ligand or
electrolyte constituents. The use of several ex-
traction reagents, with different extraction
mechanisms, makes it possible to discover such
interferences by checking the systems against
each other. In this work we used three extraction
agents: a neutral and a monoacidic organophos-
phorous reagent, TBP and HDEHP, respectively
and a betadiketone, HTTA. The agreement
between the formation constants obtained for the
three systems, c.f. Table 1, supports the conclu-
sion that the extraction mechanisms are un-
changed and that no significant disturbing reac-
tions occur.

As was stated in Part II of this series, HTTA is
less advantageous due to poor reproducibility
under certain conditions.'® TBP is generally very
useful but the extraction of the acid HLac was a
small though not negligible complication in this
work. Another drawback of the TBP system is

Table 3. U(IV)-lactate formation constants obtained by potentiometric titration in 1 M NaClO, at
25°C. The constants k,(U(Lac){"V+Lac2U(Lac)*" and B, (U**+nLace U(Lac)+™) are

derived for n=1 through 6.

n=1 n=2 n=3 n=4 n=>5 n=6
log B, 4.4+0.05 8.3+0.1 11.8+0.1 15.1£0.1 17.5+£0.2 19.0£0.2
log k, 4.4+0.05 3.9+0.05 3.5+0.05 3.3+0.05 2.4£0.05 1.5£0.05
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the participation of the ionic media in the metal
extraction. In order to simplify the interpretation
of the TBP data, we have chosen to keep the
perchlorate concentration constant. Thus there
will be an increase in ionic strength with increas-
ing ligand concentration. Hence the limiting
slope dlog (D/D°)/8log[Lac’] in the lactate sys-
tem will not fall below —3 as it does with
HDEHP and HTTA. However, this problem is
negligible for moderate lactate concentrations
([Lac)<0.1 M). The good reproducibility com-
bined with negligible disturbing reactions made
the HDEHP system the most suitable for our
study. Thus we consider the formation constants
obtained from this system as the most reliable
ones, and use them for comparing with literature
data, Table 2.

The results are of interest for the TALSPEAK
separation process in which actinides and lanth-
anides are separated by the use of HDEHP, lactic
acid, and DTPA (dietylenetriaminepentaacetic
acid). Kosyakov and Yering have suggested that
actinides, are extracted in the form of mixed
lactate-HDEHP complexes.’ It is our opinion
that this is not the case even under the technical
conditions of the TALSPEAK process because
there is no indication of mixed complexes in our
experiments.® Our findings agree with a recent
study of Danesi, Cianetti and Horwitz.®

In this work the liquid—liquid distribution
technique has been applied for determining AH
and AS of complex formation reactions. Com-
pared to the traditional calorimetric method,
within error limits, it seems to give the same
results, c.f. Eu in Table 2.

Formation constants. The existence of anionic
Am lactates have not been reported before, but
some observations have been made on Eu by
potentiometric titrations.!**! Hence a value of §,
for Eu has been stated and it is in fair agreement
with our value, Table 1.

The stability of the U(IV) lactate complexes
should be expected to be the intermediary of that
of Th(IV) and Pu(IV) following the order of ionic
radii. This seems also to be the case although a
comparison of the lactate stabilities is hampered
by the scarcity of literature information. Only
one value, log §,=16.18, for Pu(IV) has been
reported and the information on Th(IV) is
limited to the first four constants.?!?> However,
in analogy with the behaviour of U(IV) we expect
anionic Th(Lac)s™ and Th(Lac)s> to be formed at
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(sufficiently) high lactate concentration. The
original work on Th(IV) was carried out at a too
low lactate concentration to allow observation of
anionic species, [Lac]<0.01 M. Predicted values
of the formation constants S5 and s have been
calculated below according to van Panthaleon’s
relation, Table 4.

Comparison with statistical models. Because of
the limited data on chemically analogue elements
we have compared our set of lactate formation
constants with two twoparametric models.
Although such matematical models are of limited
applicability they may be used for analysis of
regularities in the stepwise complexation con-
stants. The models applied are derived bsy Van
Panthaleon van Eck and Mihailov.3*** Van
Panthaleon’s model is a purely empirical eqn.
(14);

log B,=n(log k;—A(n—1)) (14)

where k; is the first stepwise constant and A is a
constant characteristic of the system. Mihailov’s
model is based on statistical thermodynamics.
This implies e.g. that the forces between the
ligand and the metal ion are unaffected by the
degree of complexation and that the coordination
sites of the metal ion are equivalent, eqn. (15);
B.=A-a"/n! 1<n<N (15)
where A and a are constants and N is the
coordination number.

Van Panthaleon’s model gives a good agree-
ment with all metal lactates, Table 4, which
indicates that the complexation proceeds in a
regular manner.

Mihailovs model, however, does not fit equally
well. It gives a good description of the first three
constants for Am, Eu and U(VI) and for the first
four constants for U(IV) while the formation
constants for the anionic species, except
UO,(Lac);”, becomes substantially overesti-
mated, Table 4. A reason for the failure to
describe the anionic species might be due to
violation of the model assumptions. Firstly, the
equality of the coordination sites may change
upon the formation of higher complexes. Second-
ly, and more likely, the forces between the ligand
and the metal may be affected by the extent of
complexation. This is reasonable because of the
high degree of electrostatic forces in actinide
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complexes which counteracts formation of
anionic species. The UO,(Lac);™ is an exception
because of the high effective charge of the uranyl
ion (=+3.3).36

An advantage of Mihailov’s model is that it can
be used to estimate the thermodynamic quanti-
ties AH and AS since the constants A and a can
often be approximated with linear functions of
the temperature.’” Applying Mihailov’s model on
our Am and Eu data gives reasonable agreement
between experimental and calculated §, at differ-
ent temperatures, Fig. 7. However, there is some
discrepancy for the B, values for Am indicating
that its temperature dependency is poorly deter-
mined.
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