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ABSTRACT

Previously, it has been suggested that metal ions complexed to humic acid in the environment might show
slower dissociation than those added to humic substances in the laboratory, which has serious implications
for the transport of radionuclides in the environment. The dissociation of lanthanide and anthropogenic
actinide ions from humic substance complexes has been studied as a function of humic concentration and
metal ion:humic concentration ratio. The results suggest that the apparently slower kinetics observed for
metal ions complexed in the environment are probably due to the large humic concentrations that are used in
those studies. Further, there is no evidence that the dissociation rate constant varies at very low metal ion
concentrations. Although humic samples size-fractionated by ultrafiltration showed that more metal may be
bound non-exchangeably, there was no evidence for different rate constants. Ultrafiltration of Eu(III)/humic
acid mixtures did show a shift in Eu from smaller to larger fractions over a period of two days. Therefore, the
results suggest that dissociation rate constants determined in the laboratory at metal ion concentrations
higher than those expected in the environment may be used in predicting radionuclide mobility, provided
that the humic acid concentration is in the range expected at the site.

Kevyworbs: dissociation, metal ions, humic substances, lanthanide, actinide.

Introduction first-order rate of dissociation is independent of the

strength of the competing sink (Bryan et al., 2007).

EURATOM

'WHEN a metal ion first encounters a humic molecule
or colloid, it is initially bound ‘exchangeably’
(Bryan et al., 2007). In this state it is bound
strongly, but in the presence of a stronger binding
site on a mineral surface, it may dissociate quickly,
and be retarded (Bryan et al., 2007). Over time,
exchangeably-bound metal ions transfer to the
‘non-exchangeable’ fraction. Here, the metal ion is
isolated from solution phase chemistry, and the
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There is a continuum of dissociation rate constants
(Bryan et al., 2007) and a distinct, most slowly
dissociating fraction (with a single first-order rate
constant) which represents a significant part of the
bound metal.

It has been shown that the origin of the humic
substance has little effect on the dissociation rate
constant (Monsallier et al., 2003). They are also
insensitive to pH and the presence of competing
ions (King et al., 2001), although Lippold et al.
(2012) have found that high concentrations of AI**
can suppress the amount of other metal ions bound.
Metal ion chemistry seems to have little effect on
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the dissociation rate constant (Monsallier et al.,
2003; Bryan et al., 2007).

All studies have found that the first order
dissociation rate constant is the most critical
parameter for radionuclide transport (Bryan et al.,
2007), and that in the absence of non-exchangeable
binding or in systems where the ion has sufficient
time to dissociate, rapid transport of radionuclides
is not expected. The critical factor in determining
the extent of transport is the product of the
dissociation rate constant and the transport resi-
dence time (Bryan et al., 2007).

The mechanism responsible for the slow dis-
sociation is uncertain. Previously, diffusion of
metal ions from distinct exchangeable to non-
exchangeable sites has been suggested (e.g.
Warwick et al., 2000), although some recent
evidence from Lippold et al. (2012) suggests that
this is probably incorrect. Alternatives include
rearrangement of humic structure around a fixed
coordination site (Lippold et al., 2012). It has also
been suggested that metal ions might form bridges
between humic species, which could make them
slower to dissociate (Geckeis et al., 2002).

It has been suggested (Geckeis et al., 2002;
Bryan et al., 2006) that metal ions bound to humic
substances in the environment may show slower
dissociation than complexes made in the laboratory.
In previous work (Bryan ez al., 2006), complexes of
anthropogenic actinides were isolated from soil
collected from Cumbria UK (UK nat. grid ref.
SD113964). In that study, the extraction pH was
high (pH 10-12). Here, Am complexes were
extracted at lower pH (8). The dissociation of
Eu(Ill) and Am(III) from Aldrich humic acid across
wide ranges of humic concentration and metal:
humic ratio are also reported here as is the effect of
humic fraction size on the dissociation rate
constant.

Materials and experimental

All experiments were performed in sealable
polypropylene containers. All water was deionized
(18 MQ), and all reagents were analytical grade. In
the text below, ‘natural’ refers to metal ions present
in the soil sample at collection, whilst ‘synthetic’
complexes are those formed with metal ions added
in the laboratory.

Several distinct experiments were performed.
The dissociation rate constants and amounts in the
most slowly dissociating fractions were determined
for:
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(1) Am complexed to humic acid extracted from a
Cumbrian soil (natural Am);

(2) Am and Eu added to the extracted Cumbrian
soil humic acid (synthetic Am and Eu);

(3) Am and Eu added to Aldrich humic acid
(Aldrich synthetic Am and Eu);

(4) Am and Eu added to size-fractionated Aldrich
humic acid (Aldrich synthetic Am and Eu).

In a 5" experiment, Eu was allowed to interact with

Aldrich humic acid. After various equilibration

times, the sample was size fractionated and the

distribution determined. Each of the experiments is

described in detail below.

(1) Dissociation of natural Am from Cumbrian
humic acid (Table 1)

Soil was collected from Cumbria, UK (UK nat. grid
ref. SD113964). This soil has been characterized
previously (Livens and Singleton, 1991). It is an
alluvial gley, with organic, Fe, Mn and Al contents
of 3%, 4.4%, 0.88% and 5.35%, respectively.
Further details of soil from this location and its
radionuclide content are given in Livens and
Singleton (1991). The sample was sieved (2 mm)
and mixed with deionized water (5g : 10 ml).
NaOH was added to raise the pH of the solution to
8.2, which is in the range of pH studied by Geckeis
et al. (2002). The mixture was covered and stirred
for 3 days; the pH remained in the range 8.2 +0.1.
The solution contained humic acid extracted from
the soil, and had a concentration of 140 ppm; the
concentration was determined by UV analysis of
standard solutions (pH = 6.0; 400 nm). The solu-
tion was centrifuged (3000 rpm, 1480 RCEF,
45 min) and the supernatant adjusted to pH 6. The
M Am  activity was determined by y-ray
spectrometry.

First-order dissociation rate constants were
determined by the resin competition method
(Monsallier et al., 2003), where humic/metal
complexes are exposed to an excess of a strong
metal ion binding resin, in this case cellulose
phosphate, such that equilibrium lies heavily on the
side of the resin. Cellulose phosphate sodium salt
resin (Sigma Aldrich) was conditioned in batch
mode by stirring for 24 h in electrolyte (NaClO4
0.1 M; pH=6.0+£0.1, adjusted with HCIO,/
NaOH), in the ratio 1 g resin to 10 ml electrolyte.
In the absence of humic acid, all metal ion is
removed from solution within a few hours. There is
no sorption of humic material by this resin. 50 g of
resin was added to 500 ml aliquots of extract
solution. These samples were shaken at 25°C, and
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at intervals, aliquots of the solution (100 ml) were
removed and analysed for natural Am. Following
analysis, the 100 ml aliquots were returned to the
experiment, and the system mixed such that the
volume that had been removed for analysis was
mixed with the rest.

6.0+0.1 (NaClO4 0.1 M) with Aldrich humic acid
(which was used without purification), and the
dissociation rate constants determined in the same
way as above, but using 1g of Cellphos resin
(Sigma Aldrich) to 10 ml of solution. All of the Eu
experiments contained 32Eu (0.13 kBq ml™!), and

stable Eu, either present in the radiotracer solution
oradded as a standard solution of Eu(NOs)3, to give
a total Eu concentration in the range of 7.9 x
1071°-5 x 107> M. The **'Am experiment used a
total >*! Am concentration of 6.7 x 107! M. The
humic concentration in these experiments was in
the range 10-500 ppm.

(2) Dissociation of synthetic Am and Eu from
Cumbrian humic acid (Table 1)

To separate samples of the 140 ppm soil extract
solution, **'Am or '"?Eu were added to form
‘synthetic’ complexes (NaClO4 0.1 M; pH=6.0 £
0.1). These were allowed to equilibrate for one
week before their dissociation was measured with
fresh batches of resin (using the method above). In a
different experiment, the original 140 ppm extract
solution was diluted with deionized water to give
[HA]= 10 ppm (dilution factor of 14 from original
140 ppm solution), before !?Eu was added and
allowed to equilibrate for one week, and the
dissociation rate was determined (as above).

(4) Dissociation of synthetic Eu from size-
fractionated Aldrich humic acid (Table 3C)

Aldrich humic stock solution was ultra-filtrated
sequentially  through Millipore = membranes
(regenerated cellulose: 100, 10 and 3 kDa) using
a Millipore Amicon 8200 stirred ultrafiltration
cell, connected to a pressurized nitrogen gas
cylinder at 75 psi. >*Eu was added to solutions
of the fractions, and the dissociation studied as
above. In all of the Aldrich experiments, the
metal ions were allowed to equilibrate with the
humic material for a period of 7 days prior to
dissociation.

(3) Dissociation of synthetic Am from Aldrich
humic acid (Table 3A and B)

In a separate series of experiments, ‘synthetic’
complexes of '*?Eu and 2*! Am were prepared at pH

TaBLE 2. Kinetic data used in Figs 1 and 2 from other authors: Eu data from King ez a/. (2001) for humic and fulvic
acids; Eu data from Geckeis et al. (2002) for a purified humic sample. Th data from Davis et al. (2000). Errors

are lo.
Humic concentration ~ [M]/[HA]

[HA] mol dm™> log M}/ ks, log

Reference ppm ppm™~! [HA]  pH Equilibration time s ky

King et al. (2001) 10 1.14x 1078 -7.9 6.5 9 days 22+05x -6.7
1077

King et al. (2001) 10 1.14 x 1078 -7.9 6.5 131 days 1.5+02x —6.8
1077

King et al. (2001) 60 1.9%x107° -87 6.5 9days 8+3 x -7.1
107®

King et al. (2001) 10 1.14x 1078 -7.9 6.5 9days 23+03x -6.6
1077

King et al. (2001) 10 1.28x1077 -6.9 6.5 9days 33+£03x —6.5
1077

Geckeis et al. (2002) 30 3.33x1078 -7.5 8 Average for |h—42 2.1+£03x -57
(purified) days 107¢

Davis et al. (2000) 30 3.33x107° -8.5 7.8 Average rate for -4 1.6+£0.6x —6.8
days 1077

Davis et al. (2000) 30 333x107'¢  —155 6.4 Averagerate for -4 3£1x  —6.6
days 1077
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TaBLE 3. Kinetic data for Aldrich humic dissociation experiments (NaClO4 0.1 M; pH=6.0 +0.1). Errors are 1c.

Amount in non-exchangeable fraction

o(%)

(C/Co)
(1o error %)

log ky,

Rate constant (ky, s
(1o error %)

[HA] (ppm)  log [M]/[HA]

M]r
mol dm™3

Element/humic

5.4 (10)
5(20)
4 (40)
14 (20)

-6.8
6.5

2% 1077(60)
3% 1077(50)
5% 1077(40)
3 x 1077(40)
6 x 1077(40)
3% 1077(20)

2.6 x1077(10)
1 x1077(20)

3.8 x 1077(10)
2 x1077(40)

2% 1077(50)
3.3%1077(10)

-6.3
-7.3

100
100

Eu (whole humic)
Eu (whole humic)

A
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5 (30)
7.5 (8)
9.7 (5)
17 3)
5(10)
4(20)
5 (20)
8 (9)

-6.3
—6.5
-6.3
—6.6
—6.6
-7.0
—6.4
-6.7
—6.7
6.5

-11.1
-16.2
—-10.1
—-11.1
-11.4
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-10.4
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-10.4
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5. Size distribution of Eu complexed by Aldrich
humic acid (Fig. 4)

In a separate experiment, 100 ppm Aldrich humic acid
europium mixtures were prepared (NaClO4 0.1 M;
pH=6.0+0.1;['5?Eu] =0.13 kBq m1~; [Bupew] =
7.9 x 1071° M). The samples were left for 1, 4 and
14 days to equilibrate before being ultrafiltered,
exactly as above. The Eu concentration in each
fraction was determined by gamma ray spectrometry.

Results and discussion

The rate constants and amounts in the non-
exchangeable fraction for the soil extract experi-
ments from this study and Bryan et al. (2006) are
shown in Table 1. Some literature data are given in
Table 2, and Table 3 gives data for the experiments
with Aldrich humic acid. In all three tables, the
first-order dissociation rate constants for the most
slowly dissociating fraction (non-exchangeable)
(k) are given. For the data from this study, the
amounts of the metal in that fraction are also given.
The dissociation rate constants are within error for
all of the ‘natural’ experiments, which suggests that
the mechanism responsible for the non-exchangeable
effect is common to all of the metal ions. The
‘natural” Am data in Table 1 show that changing the
pH of the extraction between 8.2 and 12 does not
affect the dissociation rate constant. The most
important result from the data in Table 1 is that the
rate constants for the ‘synthetic’ experiments at the
same humic concentration as the ‘natural’ systems are
within error, and the rate constant does not depend
upon whether metal was bound in the laboratory or
the environment. Instead, an increase in rate constant
is observed when the concentration of the humic is
reduced to 10 ppm (compare last two rows of Table 1
with the others). There are two factors that could be
responsible for this change: humic concentration
alone or metal to humic concentration ratio.
Figure 1 shows the dissociation rate constant
plotted versus humic concentration for the data in
Tables 1 and 3. Literature data for other f-element
metal ions are also plotted for comparison (from
Table 2). There does appear to be a decrease in the
rate constant as [HA] increases. There is a single
outlier in the data. This is a fluoride-purified humic
sample, whilst the rest are for samples not treated
with F~. A difference in dissociation behaviour
between purified and unpurified samples has been
observed before (Monsallier ef al., 2003). Artinger
et al. (2002) have suggested that mixed inorganic
and organic species might be responsible for the

1401

https://doi.org/10.1180/minmag.2015.079.6.15 Published online by Cambridge University Press


https://doi.org/10.1180/minmag.2015.079.6.15

NICK BRYAN ETAL.

-5.5
(fluoride purified) ———]
-6
&
= 65 i [ .l
dn 1 _ l
= + natural log k I A
o A |
-7 m synthetic log k } T3
s other work log k :
7.5 { = Aldrich 1[
-8 T
1 10 100 1000
[HA] (ppm)

FiG. 1. First-order dissociation rate constant vs. humic concentration for data in Tables 1 (red diamonds and green

squares) and 2 (purple triangles); Pink vertical line =range of data from Table 3 Part B at 100 ppm for Aldrich humic;

Gold vertical line =range of data from Table 3 Part C at 20 ppm for Aldrich humic size fractions; Aldrich data from
Table 3 Part A plotted as blue squares.

non-exchangeable effect. The fluoride purification
process may disrupt these species, and so affect the
dissociation rate.

Figure 2 shows the dissociation rate constant
plotted against the ratio of metal to humic for the
data in Tables 1-3. There is no clear relationship
between the rate constant and the ratio. The data
plotted in the figure are for a variety of humic
samples and data from different groups with
different techniques, and it was possible that this

could affect the dissociation. However, the data in
Table 3 Section A are for the same humic and have a
constant humic concentration. Americium was used
for the lowest concentration, because the stable
carrier concentration in the Eu radiotracer solution
did not permit such a low value. These data are
plotted in Fig. 2 as blue squares with a connecting
line and they confirm that there is no effect of metal:
humic ratio on the dissociation rate constant.
Figure 1 helps to explain the distribution of data

5.5
# natural B synthetic i
A other work —s—Aldrich (constant [HA]) K
-6 O Aldrich (constant [Eu]) Aldrich (size fractions) x dam
(fluoride purified)
'-“5 -6.5
A
h
)
Sy
-7.5 4
<€— Data for [HA] > 100 ppm
-8 : : r -
-17 -15 -13 -11 -9 -7 -5

|0310 [M]I[HA] (mol dm ppm'l}

FiG. 2. First-order dissociation rate constant vs. metal to humic concentration ratio for data in Tables 1 (red diamonds and
green squares) and 2 (purple triangles). Aldrich data from Table 3 (Parts A and B, whole humic, blue squares; Part C,
humic size fractions, blue triangles). Error bars are +1c.
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=
o

-5.00E+00
-5.20E+00
-5.40E+00 {
-5.60E+00 -

= -5.80E+00 -
-
= -6.00E+00 - *

B _6.20e+00 + *

-6.40E+00 -
-6.60E+00 -
-6.80E+00

-7.00E+00

Percentage of Eu non-exchangeable

O B M W B U O N O W

HA<3 kDa 3<HA<10 kDa 10<HA<100 kDa HA>100 kDa

Fi. 3. Log dissociation rate constant (blue squares, left axis) and percentage in non-exchangeable fraction (red squares,
right axis) vs. humic fraction size. Error bars are +1c.

points in Fig. 2. There is a group of data with lower
rate constants at low [M]/[HA] values that are
detached from the rest. The data for humic
concentrations greater than 100 ppm are circled in
brown in Fig. 2, which includes the entire outlying
group. Hence, their separation may be due to their
high concentrations. Considering the remainder of
the data, there is no apparent correlation with [M]/
[HA]. It is significant that the only two points from
Table 1 outside of the circled group are those with a
lower humic concentration (10 ppm).

Figure 3 shows the variation in rate constant and
amount in the non-exchangeable with fraction size.
There is no significant difference in the rates, but
the largest fraction has most non-exchangeably
bound. King et al. (2001) found that the fulvic and
humic dissociation rate constants are similar but

24 Hours
11 60

® HA>100 kDa B 10<HA<100 kDa

4 Days

that the amount of metal bound non-exchangeably
is lower for the notionally smaller fulvics. The data
in Table 3 are consistent with this.

Figure 4 shows the amounts of Eu>" that were
measured in each HA size fraction after HA and Eu>"
were left for different equilibration times. After 24 h
equilibration, the 3 <HA <10 kDa fraction dom-
inates. After two days the 10<HA <100 kDa
fraction has bound more metal ions and the
amount in the 3<HA<10kDa fraction has
reduced. The smallest size fraction is responsible
for a minority of the Eu binding over the first week
of contact but thereafter, it plays no role. The most
striking result is that the HA>100 kDa fraction
dominates the distribution from four days. The
results show a distinct shift from the <10 kDa size
range to the >10 kDa size range (largely) over a

14 Days

m HA<3 kDa

= 3<HA<10 kDa

F1G. 4. Distribution of Eu between humic size fractions as a function of pre-equilibration time ((HA] = 100 ppm; NaClO,

0.1 M; pH=6.0+0.1; ['*?Eu] =0.13 kBq ml™"; [Etrye] =7.9 x 1071 M).
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period of a few days. It has been observed that the
transfer from exchangeable to non-exchangeable
takes place over a time period of a few days to a week
(King et al., 2001; Schuessler et al., 2000; Bryan
etal.,2007; Lippold et al., 2012), and it is tempting
to associate the transfer of metal from exchangeable
to non-exchangeable with the shift in distribution.

The mechanism

For the natural systems studied here, it seems that
the slower dissociation kinetics are due to the very
high humic concentrations that were required to give
actinide concentrations large enough to allow
determination. There is no effect of complexation
in the environment, or of the associated long contact
times. Geckeis et al. (2002) observed a further, more
resistant fraction that did not dissociate significantly
on a timescale of 100 days, and appeared to be
pseudo-irreversibly bound. This inert component
was associated with very large material (~35 nm),
consisting of an inorganic core, coated with humic.
No evidence for such an inert component was found
for the natural samples studied here. There are two
possible explanations for this difference in behav-
iour between the natural systems in the two studies.
It could be that there is an intrinsic difference in the
humic substances, and that some humic samples
will complex metal ions pseudo-irreversibly.
Alternatively, the inert fraction perhaps forms part
of the matrix of the inorganic component of the
large species. If this is the case, then it is possible
that radionuclides that are complexed from solution
might not develop this inert behaviour.

The dissociation rate constant is independent of
metal ion chemistry, and given that simple organic
ligands, such as citrate, do not show non-exchangeable
behaviour, it seems likely that the effect is due to
some special property of the humic substances.
Altogether, the results of the experiments do
suggest that humic concentration is controlling
the dissociation rate constant, rather than the metal:
humic ratio. Previously, it has been suggested that
the movement of metal could be associated with
diffusion from a surface available binding site to
one ‘hidden’ within the humic structure. The work
of Lippold et al. (2012) suggests that this is not the
case. Further, if diffusion in and out of humic
structures were controlling the kinetics, then the
larger fractions might be expected to show different
rate constants, and this is not the case here (Fig. 3).
It is thought that humic molecules in solution are
subject to a significant degree of dynamic
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aggregation (e.g. Conte and Piccolo, 1999), and it
has been suggested that these aggregation processes
could result in a metal ion, which was initially on
the surface of a humic molecule or pre-existing
aggregate and so exposed to the bulk solution and
available, becoming trapped within the structure of
an aggregate, as its host humic molecule takes place
in the dynamic aggregation process (Keepax et al.,
2002). This would render it unavailable for
instantaneous interaction, and so it would be non-
exchangeable. Further, as the aggregation process is
thought to be dynamic, with aggregates constantly
forming and dissociating, the non-exchangeable
metal ion would eventually be released from the
structure for interaction with the bulk solution, but
that process would be slow. It has been shown
previously that a significant increase in aggregation
takes place, as humic concentration increases from
the 10 ppm region to >100 ppm (e.g. Reid et al.,
1991; Jones and Bryan, 1998). If the mechanism
described above is correct, then an effect on the
dissociation behaviour would be expected, and this
is what is observed (Fig. 1). Further, if the
development of non-exchangeable binding is
associated with metal ion trapping within aggre-
gates, we would expect to see a transfer from
smaller isolated humic species to larger aggregates
on the same timescale, which has also been
observed here (Fig. 4). Hence, it seems plausible
that dynamic aggregation processes are responsible
for the non-exchangeable effect.

The addition of metal ions to humic substances
has been shown to promote aggregation (e.g. Bryan
et al., 2001a,b), and so the insensitivity of the
dissociation kinetics to the [M]:[HA] ratio might
seem surprising. However, Bryan et al. (2001a,b)
found that for the trivalent lanthanide La®", there
was a threshold concentration below which there
was no significant effect: this was 1.4 x 10~° mol
dm™ at 10ppm ([M]/[HA]=1.4x107°mol
dm™3; log;o [M]/[HA]=-5.9). Most of the metal
ion concentrations considered here are very low.
Only system A in Table 3 approaches this value, but
is still below it. Hence, the lack of an effect may
result from the fact that the bulk aggregation of the
humic sample has not been affected significantly by
the presence of the metal ions themselves. Metal
ions may form bridges between humic molecules
(Geckeis et al., 2002), even at low metal ion
concentrations, but those metal-humic bonds
themselves do not seem to control the dissociation
kinetics, since metal ions with very different
chemistries have the same dissociation rate con-
stants. It is possible that if there were sufficient
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metal ions to disturb the dynamic aggregation of the
humic sample, then an effect would be observed.

Summary and conclusions

The metal ion dissociation rate constant does not
seem to depend upon metal ion chemistry or metal:
humic ratio. Humic concentration and the associated
effect on dynamic aggregation is important. It is
likely that the non-exchangeable effect is associated
with the trapping of metal ions within aggregates.

For the sample studied here, there is no evidence
that complexation in the environment or the
associated long contact times have any effect on
the rate of dissociation. Therefore (in this case at
least), laboratory synthetic studies can provide rate
data for calculations of metal ion mobility in the
environment, but those measurements should be
made in the same range of humic concentration as is
expected at the site.
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