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Abstract

Hydrolysis reactions of Am (FI) have been investigated in non-
complexing solution as well as saline solutions under CO, -free
conditions. The selubility experiment in combination with radio-
metric pH-titration is carried out for the pH range from 6 to 13,
at differeat ionic strengths. In non-complexing solution, the
solubility product is found to be increasing along with an increase
of the specific a-activity in a given experimental solution. In con-
centrated NaCl solutions (1 2 38, pH > 7) with high specific a-
activities ( > 1 Ci/ L), the n-radiolysis starts generating substantial
amounts of oxidized chlorine species, e. g. ClO™, which results in
the oxidation of Am(I1I) to Am (V). The hydrolysis reaction of
Am(V) in 3M Na(l is aiso investigated by radiometric pH-titra-
tion. Solubility products (Ksp) of Am(OH), (s} and AmO,(OH)(s)
and hydrolysis constants of Am (111} and Am (V) are calculated
from the solubility data. The speciation of different hydrolysis
products, undertaken by laser-induced photoacoustic spectroscopy
{LPAS), has verified probable species assessed theoretically on the
basis of solubility experiments.

1. Introduction

The geochemical behaviour of Am(III) is controlled
sensitively by its hydrolysis reactions that cause solubility
constraints of Am compounds in natural water. The
hydrolysis constants are therefore the first important
chemical parameters for understanding the migration
behaviour of americium in natural aquatic systems [11.
Various efforts have been devoted to the determination
of individual hydrolysis constants of Am(II) by either
experiment [2— 13] or evaluation from systematics as-
sociated with hydrolysis reactions of trivalent metal jons,
¢.g. lanthanides [ 14, 15]. As far as hydrolysis reactions of
trivalent actinide ions are concerned, the investigation has
been concentrated much more on the Am®”* jon than on
ather actinide ions [1], since Am(III) remains rather
stable as a trivalent fon under various experimental condi-
tions, Consequently more data are available in the litera-
ture for its solubility product as well as hydrolysis con-
stants. However, there are large discrepancies among pub-
lished data, even in several logarithmic units, which would
¢ventually result in a considerable uncertainty in the
source term evaluation for a given repository site. Further
improvement of the constants is therefore of logical
necessity.

The present work is intended to redetermine the
solubility product and hydrolysis constants of Am(III)
in non-complexing NaClQ4 solution in order to verify the
previous results {12, 16] and further to determine the

same constants in saline solutions of different NaCl con-
centrations, which are requisite conditions for the near
ficld chemistry of the German repository site at Gorleben.
While carrying out experiment, it is found that e-radia-
tion induced radiolysis reactions in concentrated Na(l
solutions become significant, resulting in the oxidation of
Am(III} to Am(V) [17-19]. For this reason the hydrol-
ysis reactions of Am(V) have been also investigated in a
selected saline solution.

2. Experimental

Hydrolysis reactions are studied by solubility measure-
ments in combination with radiometric pH titration. The
241 Am solution in 0.01 M HCIO, or HCL is introduced
into a thermostated double-walled glass vessel with the
inner volume of 200 ml through which pure Ar gas
(99.998%) is passed continuously. The Am solution is
dituted with NaClO, or NaCl to attain a desired ionic
strength: g = 0.1 mol/L for NaClQ4 and u = 0.1—5.0
mol/L for NaCl. The Am concentration in each experi-
ment is maintained at 6x 1072 mol/L or less. By addition
of several drops of CO, -free 11 M NaOH (Baker Co.) the
solution is adjusted to pH = 12— 13, aliowing the Am ion
to precipitate as hydroxide. After pH of the solution
becomes stabilized, the solution is sampled to determine
the Am concentration. While changing pH stepwise down-
wards, at each stabilized pH the solution is sampled for
the concentration measurement of Am. The stabilization
of each pH step takes 1 or 2 days. Ar gas is bubbled
through during the whole experiment. The Am concentra-
tion is determined by liquid scintillation counting after
the phase separation of colloids by ultrafiltration at dif-
ferent pore sizes: 220nm, 30 nm, 20kD {ca. 2 nm) and
5kD (ca. 1.3 nm). The titration is carried out downwards
as well as upwards of pH.

Am(V) is produced by allowing to stand the Am(III)
hydroxide precipitate in 30 NaCl at pH > 8 for a week.
The a-induced radiolysis reactions increase the redox
potential of the solution to over +1000 mV at about
I Ci/L specific a-activity of **! Am in the solution. The
hydrolysis experiment of Am(V) is carried out as de-
scribed above in 3 NaCl.

The speciation of Am in solution is made by absorption
spectroscopy for higher concentrations and by laser-
induced photoacoustic spectroscopy (LPAS) for lower
concentrations. The LPAS has a speciation sensitivity of
Am®” at 10"* mol/L or a few ppb range [20,21].
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3. Resulis and discussion

3.1. Am(III) hydrolysis in non-complexing
solution

The study of hydrolysis reactions by solubility measure-
ments as a function of pH requires first of all the solubil-
ity product of Am(OH)3(s) for a given experimental con-
dition. The solubility product Ksp is determined spec-
troscopically in non-complexing solution of 0.1 NaClO4
at pH = 6.34. The concentration of Am>* under equilib-
rium with Am(OH); (s} is determined by comparing its
spectrum with that from 1M HCIO4. No difference is ob-
served in the two spectra as for absorption characteristics,
e.g. peak position, shape and width. The spectroscopic
concentration is found to be equal to the value obtained
by liquid scintillation counting. The solubility product is
then determined by the known relation:

logKsp =log [Am™ } + 3log Qw + 3pH + 3log Yy
=-25.0£0.3 (0

where [Am® ¥ ] is the Am concentration determined by
spectrophotometry, Qw the ion product of H,O in 0.1
NaClQ, (log @w = — 13.78 [22]) and y;+ the activity
coefficient of H at ionic strength of 0.1 moi/L. The
spectroscopic investigation has revealed that the Am®*
ion is the only species present in the solution at pH = 6.34,
although the speciation by calculation (cf. section 3.2)
indicates the presence of Am(OH)? ¥ at about 5% under
this condition. The reason may be the absorption coeffi-
cient of Am(OH)?", which is presumably lower than that
of Am®”. The correction for the value of 5% gives rise to
a decrease of the solubility product by 0.02 logarithmic
unit, which is found to be negligible in comparison with
the experimental error given above (% 0.3).

Based on the solubility product thus determined, the
stepwise hydrolysis reactions are evaluated from the
solubility data as shown in Fig. 1, which follows a certain
function of pH. As the ionic strength is maintained con-
stant at 0.1 NaClQ4 and the Am concentration re-
mains far below the ionic strength for all equilibrium
solutions, the evaluation is proceeded simply on the con-
centration basis. The total Am concentration observed
in each equilibrium solution can be described by the rela-
tion:

K i
(A, = s = §1OH] @
with

Am(QH)2 7
g - RO ®
{Am>"][OH]
Eq. 2 is valid for the solution containing only monomeric
species. The generation of polymers and colloids of
Am (1D has been carefully examined firstly by ultra-
filtration with the aid of activity measurement with de-
creasing the pore size from 220 nm to about 1.3 nm and
secondly by spectroscopic investigation of filtrates. The
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Fig. 1. Solubility of Am(II1) hydroxide precipitate in 0.1/
NaClQ, asa function of pH. The upper and lower results are from
solutions containing the specific a-activity of 1.2-5 Ci/L and

< 0.1 CifL, respectively.

results from a combination of the two procedures does
not disclose any inference to the presence of either poly-
mers or colloids in solutions under investigation.

On the increase of the total specific activity of *** Am
in a given experimental solution by augmenting the
amount of Am({OH)s(s) in a constant solution volume,
it is observed that the solubility at each pH becomes also
increased. Such an increase is noticed only for the specific
activity changing from 0.1 CifL to 1.2 Ci/L, but further
increase over 1.2 Ci/L does not result in additional solu-
bility change.

A solubility increase due to the higher specific activity
of 227 Ac(OH);(s) is mentioned already in the literature
[23), which is noted from experiments with and without
separation of a-emitting daughter nuclides of **Ac.
Other experiments with non-radioactive metal hydroxides
of different surface areas have demonstrated that a larger
surface area leads to a relatively higher solubility {24].
These two phenomena provide some plausible explana-
tions to the present experimental resuits. Increasing the
amount of Am(OH);(s) in a given solution, the relatively
larger intensity of c-particles is created within the unit
volume of solid which may cause in a targer solid surface
due to a-recoil splittings. On the other hand, the higher
a-specific activity in a given agueous solution increases
the concentration of radiolysis products, e.g. H; 05, Hy
etc. [25]. Chemical and physical reactions of these prod-
ucts, including gas bubbling in microscopic scale, may

o I
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Table 1. Solubility products of Am(QH), (s) and hydrolysis constants of Am(I) in NaClQ, and NaCl sol:tions

log Ksp

log 8, log 8 log 8, Medium
-25.7%0.3 6.3£0.3 12204 14.4 £ 0.5 0.1 M NaClo,, 0.1 GiJL
~25.00.3 63:02 122203 14.4 £ 0.2 0.1 M NaCl0,,1.2-5 Ci/L
—~25.1 £0.5 6.0+04 12.2£0.5 148 £0.5 0.1 M NaCl, 2-5CifL
-25.0z0.1 56%03 116 £0.4 14.1 2 0.5 0.6 M NaCl, 2-5CiJL

lead to a change in hydroxide particles, presumably a
gurface increase. A combination of these effects can be
the reason for the solubility increase of Am(OH);(s) to
a certain limited extent.

The solubility increase due to the specific activity of
1 am in 0.1 M NaClO, is shown in Fig. 1. Since the
solubility product is a parameter describing the primary
dissolution process that releases the Am® ™ {on from its
hydroxide ppt, while the subsequent hydrolysis reactions
of the {on take place in the bulk solution, the solubility
increase may be solely related to an increase made to the
solubility preduct. Such an assumption is founded on the
fact that the solubility curves from the two solutions of
different specific activities (Fig. 1) run in parallel within
the uncertainty of each experiment.

Taking into account the Ksp value known by Eq. 1,
the hydrolysis constants are calculated according to Eq. 2
at first for the upper solubitity curve in Fig. I from the
experiment with higher specific activity (> 1.2 Ci/L).
Based on these hydrolysis constants, the solubility prod-
uct for the lower solubility curve { < 0.1Ci/L) is then
evaluated. The results are given in Table 1. There is no
indication of the presence of the anionic hydrolysis spe-
cles, Z e. Am(OH)a , in different systems under investiga-
tion. The solubility product from the 0.1 Ci/L solution
is somewhat lower by 0.7 logarithmic unit than the value
from the solution with> 1.2 Ci/L.

The solubility products and hydrolysis constants are
further determined in 0.1 M NaCl and 0.6 M NaCl and
given also in Table 1. Since the chloride complexation
will influence the hydrolysis reactions of Am** toa
negligible extent, there are almost no differences in 8
values between 0.1 M NaClO4 and 0.1 M NaCl. However,
the solubility products in these solutions seem to differ
slightly from each other. In 0.6 4 NaCl, because of the
higher ionic strength the hydrolysis constants tend to-
wards somewhat smaller values, whereas the solubility
product is virtually not changed from the value in 0.1
NaCl.

Among different values attained for each reaction con-
stants from the present experiment, the following values
are considered to be recommentable for the solution with
ionic strength, g = 0.1 mol/L:

log Ksp=~257%03

legp, = 63203
logf, = 12.2%04
logBy = 144%05

as these are determined in the non-complexing solu-

tion of low ionic strength with a minimal radiation effect
(0.1 Ci/L}. Although the values from other experimental
conditions as shown in Table 1 do not vary sigaificantly
from the above data, they are somewhat impaired by
radiation as well as chloride ion effects.

Table 2. Comparison of solubility products of Am{OH),(s) and
hydrolysis constants of Am (HI)

log Ksp logB8, logp, Ilog8, Medium References
~25.7 6.3 122 14.4 0.1 M NaCl, this work
(0.1 Ci/L)

- 10.7 209 - 0.003 M NH, IO, [2]

- 11.3 - - 0.005 M KC} [3}

S 7.86 — R 0.1 M LiClO, 4]

- 848 - - 0.1 M LICIO, [5]

- 6.77 e - 1.0 NaClO, [6]

- 6.3 - - 1.0 NaClO, [7]

- 6.19 - - 0.7 M NaCl {8}
-242 <56 106 <147 0.0034 CaCl, 191
-24.8 6.1 11.0 16.5 0.1 NaClO, [14, 11]
-27.49 585 1279 16.63 0.1 NaClQ, [12]

- - 12.8 - 0.2 NaClQ, [13]
~24.5 6.0 111 15.5 Calculation [14]
-23.5 6.0 11.0 15.5 Calcutation [15]

The constants assessed from the present experiment
are compared with the literature values in Table 2. The
log Ksp value of ~25.7 from this experiment is distine-
tively lower than the literature values [9—11, 15] and
larger than the previous experimental value from our
laboratory {12]. The estimated data from ALLARD [15]
is too large by almost two logarithmic units. Besides all
earlier data for §; [2— 5] which seem to be too large,
the recent experimental values [6—8, 10, 11] are reason-
ably in good agreement with one another, with which our
B; value is in better accord. The experimental §; values
reported in the literature [9— 13], besides the value of
SHALINETS and STEPANOVY [2] which is abnormally too
large, show a maximal difference of almost two logarith-
mic units. They result in an average value of log §, = 11.8
which is still slightly lower than our value. The values for
the third hydrolysis constant 83 known in the literature
[9—15] are all too large in comparison with the value
from this work, even slightly over two logarithmic units.
The B3 value is determined from the higher pH region in
which the Am solubility is no longer pH dependent and
hence can be derived by the relation:

[Am(IID),,, =Ksp Bs (4)
Eq. 4 describes that the accuracy of fi; is directly related
with that of Ksp and as a whole with the accuracy of the
concentration measurement of Am in a given experimental



42

solution. Since at pH > 12 the Am concentration is found
to be very low. £ e. in the region of 107! mol/L, any
error in sampling or fand contamination in the glove-box
atmosphere will lead to a falsified equilibrium concentra-
tion at the end. The sotubility of Am(III) determined in
the pH independent region is given at 3.2x 107!% mol/L
by Ratl etal [9],5.0% 1077 moi/L by SiLva [11], and
1.4x 107 mol/L by BERNKOPF and KiM [12]. The
estimation made by ALLARD [15] shows a value of 1078
mol/L. The present experiment in 0.1 NaClO,4 with a
specific a-activity of 0.1 Ci/L gives an average value of
5.6x% 107'? mol/ L, which is lower by 890 times than the
value determined by SILVA [11], and by 1800 times

than the estimated value [15]. In a separate experiment
[26], it is observed that from unperturbed Am solution
surfaces the Am aerosol is generated and transported into
the atmosphere. For this reason the glove-box atomos.-
phere is in general easily contaminated by treating Am
solutions in open vials for a prolongated time. Experi-
ment has demonstrated that such a contamination may
lead to an addition of the Am concentration at least
about 2x 107'® mol/L to each sampling and hence cause
a limitation to the solubility measurement at the higher
pH. Whether or not this kind of error is involved in the
determination of §3 in the literature work is however un-
known. In this work a great care is taken to avoid such an
error for the determination of Am concentrations in
equilibrium solution at pH > 10.

3.2. Speciation of Am (III) in hydrolysis experi-
ment

The speciation of Am(III) ions is made at first by calcu-
lation based on the thermodynamic data from this experi-
ment for the relative concentration of each species as a
function of pH. The resulis are illustrated in Fig. 2. The
calculated results are then verified for a number of ex-
perimental solutions by laser-induced photoacoustic spec-

0 T T T T T T

At Am(oH)} An(OH).,
80 —

60 -

40 - .

relative concentration in %
T

20 Am{oH}y2" -

pH

Fig. 2. Relative amounts of Am(III) species in 0.1 M NaClO, asa

function of pH. Calculation is made by the solubility product and

hydrolysis constants determined in 0.1 M NaClQ, with the specif-
ic a-activity of (0.1 Ci/L (cf. Table 1).
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Fig. 3. Photoacoustic spectra (equivalent to absorption spectra)

taken by the LPAS for the hydrolysis reactions of Am®¥ in 0.1 3

NaClO, with varying pH. Speciation spectra shown here verifies
the theoretical speciation given in Fig. 2.

troscopy (LPAS). The spectroscopic speciation results are
illustrated in Fig. 3. The first spectrum (top) represents
the absorption characteristics of the Am*™ ion in 1M
HCIO, , which is shown here as a reference spectrum for
the comparison purpose. In this acid medium, the Am®*
jon is the only species present and has the main absorp-
tion band at 503.2 nm accompanied by the one large
shoulder at 506 nm and the other small one at 510 nm.
These two shoulder peaks become overlapped on the
increase of pH by absorption bands of Am hydroxide
species. The second spectrum taken at pH = 7.13 shows
a change in absorption feature, i. e. broadening of the
absorption band through decreasing of the main peak at
503.2 nm. This change can be ascribed to the presence of
species mixture, presumably Am®* and Am(OH)**. For
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the same pH, the speciation by calculation (Fig. 2) indi-
cates the presence of the Am** ion about 75% and the
Am(OH)** ion about 25%. Since the molar absorption
coefficient of Am®* is expected to be larger than that of
Am{OH)** and the concentration of the former is greater
as well, the latter species may not be easily distinguished
in the spectrum. However, in comparison with the spec-
trum at pH O, the ratio of 503.2 nm peak to 506 nm
shoulder is clearly decreased. On increasing pH, as shown
in the third spectrum, the main absorption peak at 503.2
nm for Am>7 is starting to shift to 504.5 nm which may
be assigned to the absorption of Am(OH)2". At the same
time the absorption in the region of 510 nm becomes
rather pronounced, probably due to the concentration in-
crease of Am(OH)3 . By changing further to pH = 7.70,

- the total Am concentration is decreased to 1.78x 1076
mol/L and the spectrum (bottom) is changed as well,
revealing the presence of Am(OH)*" at 504.5 nm as well

" as Am(OH); at 510.5nm. According to calculation shown
in Fig. 2, at pH = 7.70, the Am®* ion is expected to be
present in small amount, nevertheless its absorption can-
not be distinguished well because this is overlapped by
the Am(OH)*" absorption (504.5 nm). The build-up of
Am{OH)s , which starts at pH > 10, cannot be speciated
by spectroscopy, since at this pH region the Am concen-
tration becomes beyond the spectroscopic detection limit
(1078 mol/L). However, the solubility data which become
independent of pH at> 12 indicate clearly the presence
of Am(OH) in the solution. The spectroscopic specia-
tion has so far verified the species predicted by calcula-
tion; the experimental results in Figs. 2 and 3 are in fact
corroborating with each other for the important region

of hydrolysis reactions. The further improvement of
spectroscopic quantification of each species is in progress.

ALY

3.3. Am{V) hydrolysis in saline solution

As the Am(IIE) hydroxide is introduced in 3 M NaCl at
the concentration of about 107° mol/L, the auto-radio-
lytical oxidation produces the AmO3 ion in the solution.
The oxidation becomes completed within a week [17~
19}. Radiolysis reactions induced by e-radiation transfer

:11a)
0.1 -
‘ifies

ts are the NaCl solution to a strongly oxidizing medium. The
nts process is depending on the specific c-activity, NaCl con-
d centration and pli [18, 19]. Experiment is conducted
for- with 1Ci/L **! Am(III) in 3 M NaCl solution at pH = 8.3.
m** The initial Am(I) hydroxide is dissolved as Am(V) in a
wp- week to a concentration of 107 mol/L. Using the radio-
2 metric pH titration the solubility of Am(V) has been

un. measured in the pH range from 8.3 to 13 forwards and

] backwards under Ar atmosphere. The results are given in
le Fig. 4. Since the chloride complexation of the penta-
ows valent actinide jon is negligibly weak {14, 27, 28] in com-
e ~ Parison with hydrolysis reactions in the pH range under
ik at - investigation, the solubilities shown in Fig. 4 are assumed
Lc;;l of to be caused by hydrolysis reactions alone. The solubility
. For

Preduct and first hydrolysis constant are calculated to be
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Fig. 4. Solubility of Am (V) hydroxide precipitate in 3 4/ NaCl
(specific a-activity of 2 Ci/L) as a function of pH.

log Ksp=—93+0.5
logh, = 17206

for the AmO7 ion. Since the salt effects in NaCl solutions
are not so large [29], an approximate correction of both
constants to the zero ionic strength (p =0} gives the
values: log Ksp = — 9.5£ 0.5 and log 8, = 1.9 % 0.6. The
present experimental results are compared with the litera-
ture data in Table 3 for different pentavalent actinide ions.
In view of a mono-hydroxide, the reported values for the
solubility product are varying considerably. Excluding
two upper limit values [31], the rest data give rise to an
average value of —9.24 % 0.4. The §, value from the
present experiment is too low in comparison with other
data. Whether or not the effects of intensive a-radiation
or of chloride ion concentration play any significant role
is uncertain. However, there is gas generation in the solu-
tien, e.g. Hy , H, O, and Cly, which may partly impair
the first hydrolysis reaction.

Table 3. Solubility products of AmO, (OH){s) and hydrolysis
constants of actinides(V)

log Ksp log 8, log B, refmol/L]  References
Am —9.3 1.7 - 3.0 this work

Np -9.8 5.13 - 0.0 [30]
< —8.98 4.93 - 0.1 [31)
- 4.68 - 1.0 {32}
~-9.73 5.1 - 0.02 [33)
- 3.92 - - [34]
-9.0 3.92 - 0.2 {35}
-9.2 - - 0.1 [36}
—8.81 2.33 4.89 1.0 {37]
- 4.16 - 1.0 [38]
- 5.13 - 0.001 {421
Pu - 4.3 - 0.0 [14]
<-86 - - 0.0 (311
-8.8 4.6 - 0.0 [39]
-9.3 - - 0.0 [401
- 4.3 - 0.003 f41]
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