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Summary. Successful geochemical modelling of the migra-
tion of radioactive materials, such as the transuranic elements,
from nuclear waste repositories is dependent upon an un-
derstanding of their interaction with biogeopolymers such as
humic acids, the most likely complexing agents in ground-
waters. An established silica/lhumic acid composite has been
evaluated as a model substrate for naturally occurring humate-
coated minerals that are likely to be present in the vicinity
of the repositories. The binding of Pu(lV), the highly likely
oxidation station, by the silica/humic substrate was examined
at pH4 in the range 0.02 to 3.00M NaClO, by the titra-
tion method. Pu(lV)-humate conditional stability constants
have been evaluated from data obtained from these experi-
ments by using non-linear regression of binding isotherms.
The results have been interpreted in terms of complexes of
1:1 stoichiometry. Analysis of the complex formation de-
pendency with ionic strength shows that the effect of ionic
strength on humate complexation of Pu(lV) is not dramati-
cally pronounced. The complexation constants are evaluated
for the humate interaction with Pu** and Pu(OH),* at pH 4.
The complexation constants are found, respectively, to be
log #4g°(Pu**) = 16.6 £0.3 and logg?,, =46.6+£2.3. The
estimations through analogy from previous results are in
agreement with these new experimental data.

1. Introduction

It is now well established that humic substances play an
important role in the geochemical cycling of various metal
ions, some of which could be radionuclides of the trans-
uranic series. From the chemical features of humic acids, it
was evident that they would influence the speciation of plu-
tonium in the environment. Many investigations have con-
firmed the suppositions [1-5]. The recovery of chelatable
plutonium from humates from a salt marsh soil, which had
been radiolabelled by a marine environmental process, was
sufficient evidence [4] for a series of in vitro investigations
of the interaction of transuranic radionuclides with humic
acid. The chemistry of the interactions of plutonium with
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humic substances needs to be understood in sufficient de-
tail to predict interactions of the transuranic element with
humate-coated phases that might mediate its movement out
of waste repositories [4,6—-8]. Satisfactory data on tetrava-
lent and redox sensitive actinides, such as plutonium, are
scarce and arise from experimental difficulties posed by the
low solubility of their oxide-hydroxide [9,10] and, also,
their high affinity for vessel walls [11]. Although pH and
ionic strength are the two main factors that affect the com-
plexation of actinides with humic acids, the literature ap-
pears to lack a systematic study of the ionic strength effect
on the complexation of plutonium ions. The main objectives
of this work are to provide equilibrium complexation data
for interaction of plutonium with humic acid in controlled
systems. Currently, scientifically proven data for Pu-humate
complexes are under represented in the literature. An insuf-
ficiency might impair computer simulation of the migration
of plutonium from waste repositories.

2. Experimental
2.1 Materials and methods

Humic acid was immobilized on silica gel and characterised
by using a previously described procedure [12—-14] to yield
the composite material SiO,-HA. The proton exchange cap-
acity of the immobilised HA, determined by potentiometric
titration, and the specific surface area of the prepared solid
phase, determined by the BET method are given in Table 1.
C, H and N analyses of SiO,-HA were conducted on an au-
tomatic CHNS-O analyzer. The citrate of 2°Pu was prepared
from stock solutions of the nitrates dissolved in 4 M HNO;.
An aliquot of the stock solution was evaporated to dryness
and the residue dissolved in 0.01 M HNO; to which was
added 2% trisodium citrate solution to rich 1: 1 stoichiom-
etry for Pu:citrate. The resulting solution was adjusted to
pH 4 and passed through a membrane of porosity 25nm
(Millipore Ltd.) to minimize the presence of polynuclear
plutonium species. ?*°Pu were determined by liquid scin-
tillation counting (LSC) in a Packard Tri-Carb 2550 liquid
scintillation counter. The oxidation states of plutonium in
the stock solution, in the clarified aliquot after the sorption
experiment and in the washing solution were determined,
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every 96 h, by the TTA extraction method and NdF; co-
precipitation method [15, 16]. Plutonium, as Pu(lV), was the
dominant oxidation state and was in excess of 90%. The sta-
bility of Pu(IV) in humic solution was verified by Marquardt
etal. [5] and the slow reduction to Pu(lll) was neglected
under our conditions. The binding of plutonium(IV) by the
immobilized humic acid was examined at pH 4 in 0.02, 0.05,
0.10, 0.20, 0.50, 1.00, 2.00 and 3.00 M NaClO, contain-
ing 4.2 x 10~ M concentration of plutonium by the titration
method.

Determination of maximal complexing capacity (B.x)
and conditional interaction constants of SiO,-HA ("4g)
for PUga

The complexing capacity (By.) of SiO,-HA was determined
for Pu(1V). Accurately weighed quantities of the gels, typ-
ically about 10 or 20 mg, were added to 9 ml of 0.02, 0.05,
0.10, 0.20, 0.50, 1.00, 2.00 and 3.00 M NaClO, solutions
(pH 4). The resulting suspensions were titrated by adding
1 mL of the plutonium stock solution (Cy: 4.2 x 10-8 M) and
shaken at room temperature for 48 h. The suspension was
clarified after 48 h by centrifugation at 4000 rpm. Aliquots,
1 mL, from the supernatant were taken for measurement of
29py by LSC. After removal of these aliquots an equal vol-
ume of the same stock solution was added. This step was
repeated 21 times. The amount of Pu(IV) retained by the
suspended gel at each step was calculated according to the
following equation:

Co+9Ci_; —10C,
W 9

O =0-1+ @)
where q; is the concentration of Pu(lV) bound on the gel at
the end of ith titration step (mol/g); g,_. is the concentration
of Pu(lV) remaining on the gel at the end of (i — 1)th titra-
tion step (mol/g); C; is Pu(IV) concentration in the solution
at the end of the ith step (mol/L); C,_; is Pu(IV) concentra-
tion in the solution at the end of the (i — 1)th step (mol/L);
C, is the concentration of the stock solution (mol/L) and W
is the solid concentration in the suspension (g/L).

A parallel titration study evaluated the sorption of
Pu(lV), in the absence of SiO,-HA on to vial walls. The
amount of Pu(lV) bound by SiO,-HA was calculated by
using the difference between the Pu(lV) concentrations
measured in titration experiment and the concentration of
Pu(1V) remaining in solution in the foregoing parallel study.
Isotherms were then plotted.

It is important to note that the proportion of Pu(IV)-
citrate complex should be very low under these conditions,
i.e, less than 3% using the data in Kantar and Honey-
man [17] at 0.101 mol/kg,,. Recent studies on Np(IV) seem
to show that a di-citrato complex should occur around
pH 4 [18], but given the large extent of hydrolysis, these
species were not considered important in the following.

Calculation of maximal binding capacity (By.)
and conditional interaction constants ("*B) of Pua
from binding isotherm

The conditional interaction constant "8 is relative to the
following equilibrium:

G. Szabo et al.

PU('V)mm + HA ;) PU'HAmta| (2)
. Pu-HA

with HAﬂ _ [ ]total (3)

~ [PU(IV) ] [HAT;

where PU(1V) is the Pu(lV) cations at the given pH, HA
is the humic acid, [HA]; is the concentration of the free hu-
mic acid, [Pu(IV)wwa s is the concentration of the free Pu(1V)
ion. The concentration of total Pu-HA species is given by the
sum:

[Pu-HA ]t =[PUHA] + [Pu(OH)HA] + [Pu(OH),HA]
+[Pu(OH);HA] .

The assumption is made that the macromolecule is the cen-
tral group and the complexation can be described in terms of
a Langmuir-type adsorption equation. The free ligand con-
centration can be calculated in Eq. (3) by introducing B

[HA]f = Bmax - [PU(IV)'HA]totaI s (4)

where B is the maximal complexing capacity of humic
acid.

Combination of Eqgs. (3) and (4) gives the relationship
that could be used for calculation of conditional interaction
constants:

HA [PU_HA]totaI
= 5
ﬁ [Pu(lv)total]f (Bmax - [PU'HA]totaI) ( )
or after alteration
4B [PUIV)1otat It Brnax
[PU'HA]tom s :3 [ u( )t t |]f (6)

1+ HAﬂ [Pu(IV) ot Js )

After plotting [PU—HA]w VS [PU(IV)w]s and using the
binding isotherms, the maximal binding capacity and 48 of
Pu(1V)w could be determined.

Calculation of conditional interaction constants ("8)
of Pu* with humic acid

Accounting for the Pu(lV) hydrolysis, the reaction between
Pu*t and HA can be written:

Pu*t +HA = PUHA ot » (7)
[PU'HA]t tal

g (PUtt) = S 8

APU™) = BT, A, ®)

Pu*t is readily hydrolysed and it is not expected that only
Pu** ions exist in solution at pH 4. From the Pu(IV)w the
[Pu*t] can be calculated by using the stability constants
of the hydroxo complexes Pu(OH)**, Pu(OH)3", Pu(OH),*
and Pu(OH) g [9, 19]:

4

[PUIV) ] = Y [PU(OH);*'], )

i=0

[PU(IV) Jotar = [Pu4+]aPu 5 (10)

where ap, and *B are the side reaction coefficient and hy-
drolysis constants, respectively [20]:

apy =14 [:ﬁi]i (11)
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After measuring the total Pu(lV) concentration in the liquid
phase, it becomes possible to calculate the conditional inter-
action constants "A8(Pu**) using the following equation:

|Og HAIB(Putotal) + |Og Qpy = IOg HAﬁ(Pu4+) . (12)

3. Resultsand discussion
The main characteristics of SiO,-HA are reported in Table 1.

Determination of maximal binding capacity (Bme)
of SiO,-HA and conditional interaction constants ("4g)
of PU,y from binding isotherm

Typical binding isotherms, solid phase concentration vs.
liquid phase concentration in equilibrium, of Pu(lV) by
SiO,-HA at different ionic strengths at pH 4 are presented
in Fig. 1. As seen from the Fig. 1, a high reproducibility in
the isotherms was obtained. From these binding isotherms it
has been possible to calculate, see Table 2, the complexing
capacity (B.) expressed in mol g~ solid phase. As seen in
Table 2 and Fig. 2, the complexing capacities of the immobi-
lized humic substances on silica gel decrease exponentially
with increasing ionic strength. A similar phenomenon has
been reported by others [21]. This has been related to the in-
crease of the electrostatic potential of the humic substances
with the ionic strength [22].

The conditional interaction constants can be calculated
from the sorption data. The calculated values of conditional
interaction constants ("48) of Pu,w with HA on SiO,-HA,
at different ionic strengths of the perchlorate solutions, at
pH 4, are presented in Table 3 and Fig. 3. Table 3 con-
tains the log "B (Puy.) Values obtained from the binding
isotherms (Eq. (6)). From Fig. 3, it is apparent that the
conditional interaction constants slightly increase with in-
creasing ionic strength. In the literature, the ionic strength

Tablel. Characteristics of SiO,-HA.

Substrate content (mg HA g~ ?) 199+1.2
Proton exchange capacity (jLeqg~" solid matter) 67.3

BET surface area® (m?g?) 74+8
a: The surface area of the parent silica gel is 100 m? g.
_ = 0.02M
560 4 0.05M
250 v 0.10M
o * 0.20M
© 40 e 0.50 M
: o 1.00 M
530 ° 2.00M
8 * 3.00 M
< 20
T
£ 101

04 : : : ,

0.0 2.5 5.0 7.5 10.0

[Pu(IV)eotar s x 107 (molfl)

Fig.1. Binding isotherms of Pu(lV) on SiO,-HA in different ionic
strengths at pH 4.

effect on the interaction constants has been debated. In
some cases, conditional interaction constants appear to in-
crease with ionic strength. A similar feature was noted by
Fukushima et al. [23] with Cu(Il). However, in other cases,
a decrease with increasing ionic strength is evident as ob-
served for actinide(l11) [21]. It should be also emphasized
that the technique and calculation method used may greatly
affect the variation of the interaction constants with ionic
strength.

Table2. Binding capacity (B..) and loading capacity (LC(l)) of hu-
mic substances immobilized on silica gel with plutonium as a function
of ionic strength.

lonic Bmax I—Ccalc Bmax I—Ccalc
strength (1078 mol/g) (%) (10~ mol/q) (%)
M on 10 mg gel on 20 mg gel
0.02 157.2+40.4 2.34+0.60
0.05 113.8+17.2 1.69+0.25 1114+286 1.66+0.57
0.10 86.2+7.8 1.28+0.12 93.6+24.4 1.394+0.36
0.20 53.84+5.8 0.80+0.09 374+42 0.56+0.07
0.50 27.6+3.6 041+0.05 20.2+2.2 0.3040.03
1.00 16.2+12 0.24+001 13.6+0.8 0.20+0.01
2.00 241+14 035+0.02 19.1+12 0.28+0.02
3.00 27.2+42 040+0.06 234+37 0.35+0.05
2004
3
o
o 1501
©
£
© A
2 100
=
3
£ 4
& 50
]
o $
0 : : ; : : :
00 05 10 15 20 25 3.0
I (mol/l)

Fig. 2. Effect of ionic strength on the maximal binding capacity (B.x)
of Si0,-HA.

Table3. Calculated conditional interaction constants, log "8 (PUiw),
side reaction coefficient (log ap,) and conditional interaction constants,
log HAB8(Pu*") of SiO,-HA with plutonium as a function of molal ionic
strength.

lonic log "*B(PUupw)  log ey log "B (Pu*t)
strength calculated from calculated
Mol /KQuater binding isotherms using of Eq. (12)
data use of Eq. (6)

0.020 7.28+0.44 8.87 16.154+0.44
0.050 7.22£0.63 8.51 15.73+0.63
0.101 7.42+£0.77 8.19 15.614+0.77
0.202 7.29+0.67 7.85 15.144+0.67
0.513 7.61+0.51 7.46 15.07+0.51
1.051 8.05+0.56 7.35 15.40+0.56
2.212 8.32+0.41 7.63 15.95+0.41
3.502 7.99+0.45 8.19 16.18 +£0.45
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9.0

O calculated log "ABon 10 mg gel
V calculated log "B0on 20 mg gel

8.5 % %
) T S S
7.0~l§$

65 T T T T T 1
00 05 10 15 20 25 3.0

I (molll)

Fig. 3. Effect of ionic strength on the calculated conditional stability
constant (log "A8) of Puiy.

log "ABpy.total) (mol)

avarange log "A8p.tota)) = 7.62£0.41

Deter mination of the conditional interaction constants
of log"AB(Pu*)

The log "8 values for Pu With humic acid are presented
in Table 3. From this table the conditional interaction con-
stants of Pu** with humic acid, "48(Pu*"), can be calculated
by using Eg. (12) and the hydrolysis constants from Guil-
laumont et al. [19]. The log ap, Values were calculated using
the specific ion interaction theory, SIT [24], on the molality
scale. Table 3 and Fig. 4 shows the effect of ionic strength on
log HAB(PU*).

As was done by Czerwinski et al. [21], one can propose
the apparent variation of log "4 as a function of /1, fol-
lowing the SIT:

log A1) = log A(©) — Azzlfiﬁ CAel, (8)

1.5V1

As neither the definitions of Az* nor of A¢ for a humic acid
complexation process are straightforward, the log "A8(Pu**)
for zero ionic strength can be calculated from Eqg. (13) using
a non-linear least square fitting procedure, which gives:

log "B°(Pu*t) = 16.64+0.3.

17-
o
5 161
a
$
=S I O I R S, S
O 154
815
14 L) L) L) L]
0.0 0.5 1.0 1.5 2.0

Fig. 4. Effect of ionic strength on the calculated conditional stability
constant log "8 (Pu*") and fitting to Eq. (13).

The physical meaning of the values of Az2=9.54+2.2, and
Ae =0.6£0.1 in the case of humic complexation are evi-
dently arguable as conformation changes with ionic strength
occurs [22]. They can only be treated here as adjustment
operational parameters. Similar observations have been re-
ported for actinides(l11) by Czerwinski et al. [21] but with
half a logarithmic unit intensity for log "By .

Comparison with the compilation of data in refer-
ence [25] is also informative. The authors proposed that the
evolution of log "A8(An**) is following a linear relationship
(Eq. (11) in [25]) which can be shifted from one actinide(IV)
to another by analogy using the relation:

log "8 (An,*") = log "8 (An,**) +log 2™ (14)
A any(1v)
where aanav, IS the side reaction coefficient for actinide(IV).
For U(1V), using the hydrolysis constant of Neck and
Kim [9] and the Davies correction for non-ideality, the rela-
tion

log "B(U*") = (3.26 £0.10)pH + (0.14 £ 0.67)  (15)

was proposed. A value of log ayy, = 5.95+1.05* can be
calculated with Neck and Kim [9] and the Davies correction
for non-ideality at 0.101m, and log apyqy, = 8.19 £ 0.37*,
using data in Guillaumont et al. [19] with SIT. Applying the
shift to the previous relation, one can wait at 0.101 m for
Pu*t:

log "B(Pu*") = (13.18 +-0.66) — (5.954-1.05)
+(8.19+£0.37) =15.4+1.3,

which is in fair agreement with the experimental data in
Table 3.

At pH 4 Pu(1V) is hydrolysed mainly to Pu(OH);* with
a speciation range of 89% at 0.02 mol/kg,, down to 84.2%
at 0.5 mol/kg,, and then up to 95.6% at 3.5 mol/kg, [19].
Pu(OH);HA(I), following [25-27], can be proposed:

Pu** +30H" 4+ HA(l) = Pu(OH);HA(l) ,
log B1; = log "B (Pu*") —31og[OH ] —log LC(I),
(16a)
Pu*t 4+ 3H,0 + HA(I) 2 Pu(OH);HA(I) + 3H*,
log *By,, = log "8 (Pu*") + 3log[H*] — 3 log a(H,0)
—log LC(l). (16b)

The loading capacity factor LC(Z) defined in [26], which in
fact is already accounted in log "A8(Pu**) as By = PEC x
LC(l), can be calculated from Tables 1 and 2. The By
values are divided by the number of available sites in the
grafted humic, i.e., PEC = 67.3 umol/g solid, and are re-
ported in Table 2. Hypothetical LC(1) at I, = 0 mol/kg,, can
be extrapolated using a weighted linear regression:

LC(I) = (0.028 £0.003) — (0.04940.007)y/1,,  (17)

in the range 0.02 < I,(mol/kg,) < 0.202 (Fig.5). This
yields in turn LC(l) = 0.023+0.002 at 0.101 mol/kg.,,

! o(log @) estimated using a finite difference calculation.
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N ‘\
o 2]
7 \ 0 on 10 mg gel
= Y A on 20 mg gel
& \
= 17 \
i
7y .
2 g A
0.0 05 10 15 20

1.0
12 (mollkg,,)"?

Fig. 5. Effect of ionic strength at pH 4 on the calculated loading cap-
acity of SiO,-HA gel for Pu(OH);", and weighted least square fitted
linear relationship between 0.02 and 0.101 mol/kg,.

48 'v
46
a
D 44 -
42
40 T T T T T T T 1
0.00 0.50 100 150 2.00
I” (mollkg)™

Fig. 6. Effect of ionic strength at pH 4 on log "B, 5; for experimental
data (L), data obtained from fitting of Eq. (13) (solid), and associated
standard deviation (dotted).

a value which is in agreement with the case of NpO,™ [28],
i.e, LC(I) =0.021 at pH 4 and | = 0.1 M. Calculation by
using of Eq. (16a) and (16b) results in log B7,, = 46.6 £2.3
(log *B%,, = 4.6 +2.3). One can remark that both the ampli-
tude and the validity of the linear domain of LC(I) vs. /1,
is far less important compared to the results on LC(III) for
actinides(I11) [21]. This could be the results of a more con-
strained structure due to the grafting that might change the
conformation of humic acid.

From a comparison with previous data [29, 30], further
analysis, as indicated in Ref. [25] can be done. A value of
log 48,5, = 38 +1.2 for Th(IV) was proposed (log ***8, 1,
= —3.6+1.2), which can be adapted to Pu(lV) using
Eq. (14):

log "4B,4,(0.101 m) = (38 + 1.2) — (1.24 4+ 0.31)
+(8.1940.37) = 44.95+1.29.

By using Eq. (13), the value for log "8, 5, = 45.34+2.3?
at 0.101 m can be calculated (Fig. 6). The 20 confidence

2 o(log Bra1) = (0?(log "B°(Pu*)) +0%(AZ") +0%(Ae)?) /2.

intervals of these constants clearly overlap and cannot be
considered different.

4. Summary and conclusions

The potential of SiO,-HA as a model substrate for predicting
the complexation of species such as Pu** by humate-coated
minerals has been demonstrated. From an examination of the
sorption isotherms of Pu(IV) at different ionic strengths, it is
apparent that conditional stability constants log "*8(PU)
and log B, through the charge neutralization model can
be easily calculated. Using these values and the side re-
action coefficients (ap,) the conditional stability constants
HAB(Pu**) can be calculated. A comparison of log 48 (Pu*t)
at different ionic strength with log "4g°(Pu**) indicates
that the effect of ionic strength on humate complexation
of Pu(lV) is not dramatically pronounced over part of the
range but becomes clearly pronounced for ionic strength less
than 0.15 mol/kg,. The effect of ionic strength on maxi-
mal binding capacity (Bn.) appears to be significant. The
Bax and thus loading capacity factor LC(I), decreases grad-
ually with increasing ionic strength. The experimentally
determined log A8 values obtained here are in fair agree-
ment, although slightly higher than expected, with previous
estimations.
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