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Summary. We have examined the effect of the gluconate
anion, an analogue for cellulose degradation products, on
the adsorption of trivalent lanthanum (L2*)* to gocthite.
Lanthanum is investigated as an analogue for the trivalent
actinides. Batch pH adsorption edge experiments were used
to quantify the adsorption of La’* in the absence of gluconate
and in solutions where gluconate was present at a 1 : 1 mole
ratio to lanthanum. Using available thermodynamic data, it
is calculated that lanthanum is primarily present in solution
as the free La’* ion at pH values up to 8.5 in the absence
of gluconate. Above pH 8.5, solid La(OH)» precipitates from
solution. In the presence of gluconate, complexation decreases
the free La** concentration in solution. The fraction of La’*
complexed increases, from 3% to 50%, as the concentrations
of La>* and gluconate were increased. Very litile effect on the
adsorption of La®* to gocthite was observed in the presence
of gluconate below pH 7. At pH values above 7, however, glu-
conate doubled the maximum amount of La’** adsorbed when
present at concentrations that saturated the gocthite adsorption
sites. The presence of gluconate did not appear to inhibit the
formation of La(OH);(s) at pH 8.5 and milli molar lanthanum
concentrations. Adsorption to the goethite surface was repre-
sented with a surface complexation approach using the diffuse
double-layer model. Intrinsic binding constants for the surface
complexes were cstimated from the pH adsorption edge data
using the computer code FITEQL 4.0 and visual curve fitting.
Two surface reactions were used to fit the adsorption data in
the absence of glucomate: 1) a strong binding site with no
proton release and 2) a much higher concentration of weak
binding sites with release of two protons per La’* adsorbed.
In the presence: of gluconate, a third surface complex was
needed that involved a termmary complex of two lanthanum

atoms with one gluconate molecule.

Introduction

In an effort to understand and predict the environmental
impact of radioactive waste disposal; it is important to un-
derstand the migration of actinides in the environment. The
adsorption of actinides to mineral surfaces is an important
part of this since it reduces their mobility in natural systems.
The iron (oxyhydr)oxides are arguably the most important
minerals because of their large surface areas [1,2] and as

* Author for correspondence (E-mail: spepper@wsu.edu).
¥La’* represents the aqueous form of the cation, i.e. La**(aq).

they are found in most natural media including soils, sed-
iments and rocks. In the context of radioactive waste dis-
posal, they are particularty important because they can be
formed as corrosion products of the steel containers com-
monly used to store radioactive waste materials [3-5].

The iron oxyhydroxide goethite (FeOOH) has been
shown to adsorb a wide range of metal ions [6-9], includ-
ing the actindes and the lanthanides [10-16]. However,
liquid and solid radioactive wastes are often associated with
organic ligands, such as the products of cellulose degrada-
tion, that may affect the mobility of metal ions through the
subsurface environment. Potential effects of such ligands
include both enhancement and suppression of the adsorp-
tion of metal ions onto oxide surfaces. Several different
mechanisms have been proposed in the literature by which
these processes can occur. The formation of temary surface
complexes (surface-metal-ligand or surface-ligand-metal)
appears to be one of the most common methods for en-
hanced metal ion uptake. For example, citric acid has been
shown to enhance the adsorption of cadmium to goethite via
the formation of a Cd(IT)-citric acid-goethite complex [17].
Similarly, citric acid enhances the adsorption of uranyl at cit-
rate to uranyl ratios.of 10 :1 and 25 : 1 vig the formation
of a bridged goethite-uranyl-citrate structure [18]. Oxalic
acid has been reported to enhance the uptake of cadmium
onto a goethite surface by the formation of an oxalate bridge
between the cadmium and the mineral surface [19]. The or-
ganic acids, phthalic and chelidamic acid enhance Cu(Il)
uptake onto goethite via the formation of a temary surface
complex [20]. Other proposed mechanisms for enhance-
ment include the formation of outer sphere complexes, such
as that seen in the case of lead adsorption to goethite in
the presence of EDTA [21], and the formation of insoluble
metal-ligand complexes, which may increase the appar-
ent adsorption of metal ions. For example, the presence of
the catecholate’ siderophore derivative, N-(273-dihydroxy-
4-(methylamido)benzoyl)-desferrioxamine-B (DFOMTA)
caused almost total removal of Eu(I) at neutral to slightly
acidic pH from solution with goethite by the formation of
a Eu-DFOMTA precipitate [22].

Suppression of metal ion uptake can occur by compe-
tition between the ligand and metal ions for surface sites.
At intermediate to high pH values, the sorption of Eu(TII)
to goethite is reduced in the presence of humic acid. The
authors explained this trend as a competition between sur-
face ligands (from goethite and/or humic acid) and non-
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adsorbed species in solution [23]. Rabung et al. [24] saw
a similar trend with Eu(III) on hematite in the presence of
humic and fulvic acids. Suppression can also occur by the
formation of soluble metal-ligand complexes that are not
adsorbed onto the mineral surface. For example, the pres-
ence of chelidamic acid reduces the adsorption of calcium
to goethite over the pH range 9 to 11 due to the forma-
tion of non-adsorbing Ca(II)-chelidamic acid solution com-
plexes [20]. However, the effect of organic ligands on metal
ion uptake is inconsistent and a complete understanding
does not yet exist.

Organic compounds containing cellulose are a compon-
ent of radioactive waste from materials such as filter pa-
per, wipes and anti-contamination clothing. As cellulosic
materials degrade, a wide range of organic compounds are
generated. Investigating the effects of cellulose degradation
products directly is difficult because these products are com-
plex and may contain many unidentified compounds [25],
which makes quantitative evaluation of results difficult. Glu-
conate can be used as an analogue for water-soluble cellu-
lose degradation products as the carboxyl site on the glu-
conate molecule reacts similarly to the carboxyl sites on the
cellulose products [26]. Gluconate forms a number of sta-
ble complexes in aqueous solution with a wide variety of
metal cations, including the lanthanides [27-32]. The lan-
thanides are widely accepted as chemical analogues for the
trivalent actinides [33,34], which are found in high-level
nuclear waste, have a high specific activity and contribute
significantly to the dose emitted from such waste.

Additional work is needed to develop a quantitative un-
derstanding of the interaction of trivalent actinide-organic
complexes with geologic material. A quantitative freatment
is needed to permit prediction of the mobility of these ra-
dioactive elements through the environment. In this work,
we have studied the interaction of lanthanum (La*) com-
plexes with goethite, using gluconate as an analogue for
organic molecules containing carboxylic acid functional
groups. A batch methodology was utilized to explore the
partitioning of La* to goethite in the absence and presence
of the gluconate anion as a function of metal concentration
and pH. To provide a quantitative description of the adsorp-
tion reactions, the experiments were interpreted by applying
the diffuse double layer surface complexation model to the
data [35].

Materials and methods

The adsorption of La** to goethite was investigated using
batch adsorption experiments conducted over a range of pH
and at three different ratios of total dissolved lanthanum
to goethite. Experimental results describe a pH adsorption
edge. The adsorption edges were modeled with surface com-
plexation mass action equations and the diffuse double layer
model. Equilibrium constants for the surface complexation
reactions were determined by fitting the model to the experi-
mental data.

Lab oratory

Goethite was prepared according to a modified version
of the method described by Schwertmann and Cornell [1].

A solution of ferric chloride was hydrolyzed with potas-
sium hydroxide and heated for 60 hours at 70 °C. The re-
sulting precipitate was washed three times with deionized
water and freeze dried. Analysis of the product by powder
X-ray diffraction (XRD) showed sharp goethite reflections,
with no broadening to indicate the presence of amorphous
material. There were no unidentified reflections to suggest
other crystalline material was present. The surface area of
the goethite was determined to be 33.8 £3.5 m?g~! by the
BET method.

A known mass of goethite was suspended in background
electrolyte (0.1 M KNO;) and allowed to hydrate overnight.
The reaction was initiated by the addition of La** (prepared
from LaCl3) or by the addition of a 1 : 1 mole ratio of La*
and gluconate (prepared from sodium gluconate). Three
concentrations of La**, ranging from 0.1 to 10 mM, were
added either with or without an equivalent concentration of
gluconate. The final solid to solution ratio was 0.1 g per
10 mL of solution (equivalent to 10 gL~! of goethite). All
experiments were prepared in triplicate. An additional ex-
periment was performed at a La** concentration of 0.1 mM
with a solid to solution ratio of 0.01 g per 10 mL of solu-
tion (equivalent to 1 gL~ of goethite). Using a surface site
density of 2.3 sitesnm™2 [8,36,37] with the measured sur-
face area of 33.8 m*g~!, the experiments conducted with
10 gL' of goethite contained approximately 1.3 mM of ad-
sorption sites. The three La*+ concentrations used in these
experiments covered a range from approximately 0.1 to 10
times the number of adsorption sites on the goethite surface.

For quality comfrol purposes, initial experiments were
conducted to determine the time required to assure La** ad-
sorption had reached equilibrium. Blanks and control sam-
ples were processed and analyzed to evaluate interferences.
Control samples showed that there was no loss of La3* to
the tube walls orto syringe filters. Early experiments showed
that 24 hours was suitable to allow uptake to reach a steady
state; there was little difference between experiments al-
lowed to run for 24 hours, 48 hours or 1 week.

The pH of the solutions was adjusted to between 3 and
10 using NaOH or HC1 (0.1 or 1.0 M). The pH was meas-
ured at the beginning and end of the experiment, but no
attempt was made to control the pH during the course of the
experiment. The pH was found to deviate by less than 0.5
pH units over the duration of the experiment. After a period
of 24 hours, a portion of the supernatant was withdrawn.
This was filtered through a 0.2 um syringe filter and acid-
ified prior to analysis for lanthanum and iron by a Perkin
Elmer Optima ICP-OES. Partitioning to the goethite surface
was determined by difference from the amount of La** re-
maining in solution. Iron was below the detection limit of
5 ppb (approximately 9 x10~® M Fe) for the ICP-OES in
all samples. Under the conditions employed in this study,
dissolution of goethite was not detected and therefore the
complexation of ferric iron with gluconate was neglected.
Several different techniques were attempted to measure the
concenfration of gluconate in solution and these included
ion exchange chromatography, ionization mass spectrome-
try, high performance liquid chromatography and capillary
electrophoresis. For all techniques, the concentration of glu-
conate remaining in solution was either below the detection
limit or interferences made quantification impossible.
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Surface complexation modding

The goethite surface is amphoteric, resulting in a variabil-
ity of charge at the mineral surface [36]. The point of zero
charge (PZC) is the pH value at which the total net sur-
face charge is zero. The surface will be predominantly posi-
tively charged below the PZC and predominantly negatively
charged above this value [38]. The PZC of goethite has
been determined to have a value in the region of pH 7.8 to
8.4 [7,39,40]. For this study, a PZC of 8.0 has been adopted
along with the intrinsic constants presented by Tumer and
Sassman [41] for the proton reactions with the goethite sur-
face (Table 1).

The uptake of metals by a goethite surface is generally
considered to involve either surface complexation or surface
precipitation. Surface complexation involves metal cation
coordination with surface oxygen atoms and is usually ac-
companied by the release of protons. This may involve
the loss of waters of hydration for the formation of inner
sphere complexes or the formation of outer sphere com-
plexes where the adsorbates retain some or all of their sol vat-
ing water molecules {38]. Surface precipitation involves the
formation of a multilayer phase on the oxi de surface. At high
sorbate /sorbent ratios, surface precipitation may participate
in the total apparent sorption of cations and anions and may
even become the dominant sorption mechanism [35]. Differ-
entiation between surface complexation and surface precipi-
tation requires molecular level investigation tools and cannot
be accomplished by macroscopic measurements of solution
chemistry [42]. Surface precipitation can be incorporated
into the surface complexation model by the formation of
solid solutions between the sorbing metal hydroxide and the
oxide mineral. Alternatively, the aqueous concentration of
the metal can be limited by the formation of a separate hy-
droxide phase and this is the approach used in our models.

Adsorption of metals to oxide surfaces can be described
as the formation of surface complexes with specific bind-
ing sites on the mineral surface [35,41]. The reaction is

Tablel. Equilibrium constants for La®*, gluconate, and goethite used
in the adsorption model.

Reaction log X @25°C Reference
(I=0)
LaOH** +H* = La* +H,0 8.64 [48)
La(CH),* +2H* =La* +2H,0 18.17 [48]
La(OH)3ug + 3H* =La* +3H,0 27.91 [48]
La(OH),~ +4H* =La* +4H,0 4081 [48)
LaNO;** =La** +NOy~ —-0.58 [48)
La(OH)sq, +3H* =La** +3H,0 20.29 [44]
La(OH)3m+ 3H* = La* + 3H,0 2349 [44]
>FeOH® + H* = >FeOH,* 7.35¢ 41
>FeOH® = >FeO- +H* — 9.17¢ [41]
HGH, =H*+4GH, * —347 [28)
LaGH,** =La* +GH, "~ -2.91 [28]

LaGH;* +H* = La** + GH,~ 425 [28]
LaGHyg + 2H* =La* +GH,~ 11.65 [28]

a: Protonation/deprotonation constants are assumed to be equal for
both strong and weak sites on the goethite surface;

b: Gluconate anion is abbreviated GH, ™ representing the four protons
on the alcohol groups that can be released when the anion coordi-
nates with a metal ion.

described by a mass action expression with an equilibrium
constant that is the product of two terms: an intrinsic chem-
ical binding term (Xy) and a coulombic term. The latter
represents the work required to bring an ion from solution
through an electrostatic field to the charged mineral surface.
There are a number of conceptual models of the electrostatic
interaction, and the diffuse double layer model was selected
for use.

Dzombak and Morel [35] characterize the iron oxide sur-
face as having a fixed number of adsorption sites in the range
of 2 to 3 sitesnm—2. Strong binding sites represent a small
fraction of the total available sites, and weak binding sites
comprise the remainder. The ratio of weak to strong sites is
estimated to be 40 :1 [35]. The Dzombak and Morel model
is adopted here to describe the goethite surface. Parame-
ters for the formation of surface complexes were estimated
using the computer code FITEQL 4.0 [43). The aqueous
speciation model is an important component of the overall
equilibrium model between solution and the goethite sur-
face. Equilibrium constants for the aqueous speciation of La
and gluconate used in our calculations are shown in Table 1.

Results and discussion

The adsorption edges for La** on goethite in the absence
of gluconate are shown in Fig. 1. Below pH 4, little to no
La3* is sorbed to the goethite surface and is primarily in
the aqueous phase. Between pH 5 and 7, there is a strong
adsorption edge, which occurs at a pH range similar to the
range of values reported previously [15]). When the initial
La> concentration is less than or equal to 1 mM, essen-
tialty all of the La** is adsorbed above pH 7. This suggests
about 1 mM of adsorption sites on the goethite surface in
these experiments. At 10 mM, the initial amount of La* in
solution exceeds the number of available adsorption sites
and slightly less:than 10% of the La>* is adsorbed between
pH 5 and 7. This is generally consistent with, though slightly
lower than, the number of sites suggested by complete ad-
sorption of La** from solutions with 1 mM total dissolved
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Fig. 1. Adsorption edges for La** on 10g L~ goethite in the absence
of gluconate. Points represent experimental results at three different
ratios of La* to goethite. Lines represent results of modeling the ad-
sorption experiments with.adsorption coefficients determined by fitting
the experimental data using FITEQL.
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lanthanum. At a pH of approximately 8, for the experi-
ment with 10 mM lanthanum, La** is quantitatively removed
from solution. The abrupt removal of lanthanum from solu-
tion matches the solubility of La(OH);(s) calculated from
thermodynamic data [44], indicating that the precipitation
of solid La hydroxide is controlling lanthanum in solution
under these conditions.

The presence of gluconate does not appear to affect
the pH value at which the adsorption edge occurs. At the
lowest La** and gluconate concentrations (0.1 mM), there
may have been some inhibition of La** adsorption below
pH 5 (Fig. 2). At a La** to goethite ratio of 10 mM La** to
10 gL~ goethite, up to 20% of the La** is adsorbed to the
goethite. Comparison of Figs. 1 with 2 for 10 mM La** be-
tween pH 7 and 8 shows that the amount of La** adsorbed
with gluconate present is approximately twice the amount
adsorbed in the absence of gluconate. The amount of La* in
solution at these concentrations exceeds the number of avail -
able adsorption sites on the goethite surface. The removal of
La** by precipitation of La(OH);(s) is the same in both sets
of experiments indicating that gluconate at a1 : 1 mole ratio
does not inhibit or enhance the precipitation reaction.

Fendorf and Fendorf [15] reported that at pH values
above the PZC, surface precipitation of La** occurred on
the goethite surface. The adsorption edge of La** occurs be-
low this pH value and they surmised that La** sorption must
occur via a surface complexation mechanism. For the lower
metal concentrations used in this study, the sorption trends
are consistent with those of Fendorf and Fendorf [15], sug-
gesting that surface complexation takes place between pH 5
and 7. Surface precipitation appears to occur at a La** con-
centration of 10 mM above a pH of about 8.

The presence of gluconate does not appear to affect
the sorption of La*" since the adsorption edges are simi-
lar at each concentration. This is contrary to other studies
which report that organic complexants generally enhance
lanthanide sorption at low pH but reduce sorption at interme-
diate to high pH values [23,45]. There also does not appear
to be a shift in the position of the sorption edge of La*,
This is different from previous studies of metal sorption by
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Fig.2. Adsorption edges for La** on 10gL~" goethite in the presence
of gluconate ata 1: 1 ratio with La**. Points represent experimental re-
sults at three different ratios of La>* to goethite. Lines represent results
of modeling the adsorption experiments with adsorption coefficients
determined by fitting the experimental data using FITEQL.

goethite in the presence of anions where the sorption edge
shifted to a lower pH value [46].

Modeling adsorption edge experiments

The first step in modeling the adsorption data was to iden-
tify possible surface complexation reactions to include in
the model. The number of adsorption sites can be a fit-
ting parameter as part of the surface complexation model
development, or can be estimated from independent meas-
urements. As some of the experiments were conducted at
La™* concentrations that exceeded the number of available
surface sites, the number of sites was estimated from the
maxima measured in the adsorption experiments. The ad-
sorption edge data were then used to estimate K, values
for these adsorption reactions. Based on how well the model
matched the experimental data, alternative reactions were
evaluated using FITEQL until the residual sum of squares
from the fitting exercise was less than about 20. A general-
ized mass action expression was written that described the
formation of surface complexes on oxide surfaces:

>FeOH(s) + Me™(y,) +(x —1)H;0 =
>FeO(OH)_yMe®™* | 4 (x)H* Q)

The formation of the surface complex usually results in
the release of protons. The number of protons released in
an adsorption reaction can be estimated using a Kurbatov
plot [47]. Rearranging the equilibrium constant expression
for Eq. (1) and taking logarithms gives a linear relation be-
tween adsorbed metal and pH:

i ([>Fe0(OH)(,_1)Me(“‘)+]
[>FeOHY|[Me*]

La*+ adsorption data are plotted in Fig. 3. At pH values be-
low about 6, the data appear to follow a slope of about 1
(solid line), although a line with a slope of 0 would fit just
as satisfactorily. At pH values between 5 and 7, the slope
is steeper, suggesting two protons are involved in the ad-
sorption reaction (dotted line). At high concentrations of
La** (10 mM) sbove pH 8, the slope of approximately 3
andintercept of about —22 (dashed line) are consistent with

) =xpH+log K )

s
® oimMLa®
o 1mMLa™
v  1OmMLs™

log([>FeOLa™J{>FeOH]|La™])

&

»
-
-
7

10
pH
Fig. 3. Rurbatov plot of La** adsorption to goethite.
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precipitation of La(OH)3(s). From the Kurbatov plot, the
initial model of La** adsorption is defined with two ad-
sorbed species on two adsorption sites and precipitation of
La(OH);(s):

>(s)FeOH° +La < >(s)FeOLa*" + H* 3)
>(w)FeOH + La +H,0 < >(w)FeOLaOH* +2H* (4)

where >(s)FeOH is a strong adsorption site with alog K of
about —4.0, and >(w)FeOH is a weak adsorption site with
alog X of about —10.

Lanthanum adsorption

In the absence of gluconate, about 10% of the La* at 10 mM
is adsorbed at pH 7. Because essentially all of the lan-
thanum in the 1 mM La** experiments is adsorbed to the
goethite surface, we conclude that there are approximately
1 mmole of adsorption sites on 10 g of goethite. This in-
dicates a site density of about 9 mmoles of sites per mole
of mineral or 1.78 sitesnm~2 using the measured goethite
surface area of 33.8m2g"!. Site densities for the goethite
were set at 0.25 mmole of sites per mole of mineral for
strong binding sites and 10 mmoles of sites per mole of
mineral for weak binding sites based on a weak to strong
site ratio of 40 : 1 [35]. The number of weak binding sites
pemits complete adsorption of 1 mM La* and is gener-
ally consistent with the saturation of all binding sites in the
10 mM adsorption experiment. Protonation constants for the
goethite binding sites (Table 1) were taken from Turner and
Sassman [41]. Aqueous speciation of La** (Fig. 4) was cal-
culated using formation constants for lanthanum hydroxide
complexes taken from Haas ef al. [48].

As the precipitation of lanthanum was a possible contrib-
utor to removal of La* from solution at elevated pH, the
data from the adsorption edge experiments were screened
using the solubility of La(OH)3(s). For each starting La**+
concentration, a pH was identified above which lanthanum
hydroxide precipitation was considered likely. These data

1.2
1.0 -
5 o8-
E
a 0.8
§ os
0 R
% 024 A J
0.0
4 B s 10
pH
La™
LaNO*
—————— LeOH"
—— e LB(OH(E)

Fig. 4. Speciation diagram for La** at 1 mM showing aqueous species
and formation of solid La(OH); at pH 8.

points were removed from the data set used as input to the
FITEQL model. Poor fits were obtained for the experimental
data using Eqs. (3) and (4), particularly at pH values be-
low 5. An additional species was added to the model that
involved no transfer of protons in the sorption reaction with
alog X of about 12:

>(s)FeOH+ La <« >(s)FeOHLa ®)

With Eq. (5) included in the model, the residual sum of
squares was insensitive to the log Ky for Eq. (3), indicat-
ing the two reactions were redundant. Eq. (3) was dropped
from the adsorption model since it resulted in a worse fit
than Eq. (5).

From the models of lanthanum adsorption onto goethite,
two species are important for adsorption. At low pH, adsorp-
tion of La** is dominated by Eq. (5), with no transfer of
protons from the mineral surface. The more commonly con-
sidered reaction involving the removal of one proton from
the mineral surface did not contribute to a reduction in re-
sidual sum of squares and was excluded from the model
(Table 2). For adsorption at 10 mM La**, there was insuffi-
cient resolution to quantify Ky for the strong binding site
in the model. The very high residual sum of squares for
thismodel (Table 2) reflects the discrepancy between the ob-
served maximum adsorption in the batch experiments and
the fixed number of weak binding sites based on the experi-
ments at lower La>* concentrations. log Ky for the two re-
tained adsorption reactions were cal culated at 7 = 0 M using
the Davies equation [49].

Using Geochemist’s Workbench, the adsorption reactions
were modeled using the site densities selected by inspec-
tion of the adsorption experiment results. log K values in
Table 2 were used for the adsorption reactions. The two-site
adsorption model provided a very good fit to the adsorp-
tion edges in the absence of gluconate (Fig. 1) for adsorption
of 0.1 mM and 1 mM La** on 10 gL' goethite. Inclusion
of formation of solid 'La(OH); in the model for 10 mM
La* on 10 gL~ goethite provided a good fit to the labo-
ratory data where adsorption alone significantly underesti-

Table2. Equilibrium constants at ionic strength ({/ = 0.1 M) deter-
mined using FITEQL for La** adsorption experiments.

Experiment log Kun log e WRSOS®
>(s)FeOHLa >(w)FeOLaOH*
(I=01M) (I=01M)

0.1lmMLaon 10.66 £0.05 —7.413+0.04 10.83

10gL™! goethite

1mM La on 11.46 £0.04 —6.6210.01 60.58

10g L™ goethite

10mM La on Not Included  —10.08+£0.01 2.8x103

10gL~! goethite

0.1lmMULaon 14,41 +£0.05 —7.09+£0.03 18.16

1gL™! goethite

Values adopted 12,05 -6.27

recalculated to
I=0M

a Weighted residual sum of squares calculated by FITEQL.
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mated La** removal from solution above pH 8. The fit was
not quite as satisfactory for adsorption of 0.1 mM La** on
1gL-! goethite (not shown). The amount of La*" adsorbed
at low pH was underestimated for this set of experimental
conditions.

Lanthanum adsorption in the presence of gluconate

To model the effect of gluconate on lanthanum adsorp-
tion, speciation of gluconate with La** in the solution was
added to the aqueous model. Thermodynamic data for de-
protonation of gluconic acid as well as constants for for-
mation of gluconate-lanthanum aqueous complexes were
obtained from the literature (Table1) [28,32,50]. Data
from Giroux et ai. [28] were adopted for the deprotona-
tion of the gluconate anion (last four reactions in Table 1).
However, the formation of poly-gluconate lanthanum com-
plexes reported by Giroux ef al. [28] are not important at
the concentrations considered in this study, so were not
included in the model. The fraction of La** complexed
with gluconate depends strongly on concentration, even
when the lanthanum gluconate ratio is fixed at 1:1. At
0.1 mM (Fig. 5), only a few percent of the La** is complexed
by gluconate. At 10mM, the fraction of La** complexed
increased to 50%.

Using the same adsorption reactions and constants as
obtained for La** adsorption, the La** plus gluconate data
were modeled using Geochemist’s Workbench. Adsorption
edge experiments conducted below 10 mM La** and glu-
conate showed little difference in La** adsorption. There
was less adsorption of La** at 0.1 mM with gluconate
present than in the absence of gluconate between pH 4 and
5. However, at higher La’** concentrations, the gluconate
had little effect on adsorption below pH 7. At 10 mM La**
and gluconate, there was a significant increase in the max-
imum adsorption density between pH 7 and 8, with twice the
amount of La** adsorbed than in the absence of gluconate
(Fig. 6).

Fig. 6 shows a comparison between the measured con-
centration of La>* remaining in solution after adsorption at
10 mM total lanthanum and gluconate and the residual La**
predicted from the modeled adsorption using the goethite
properties and parameters determined from fitting the La>*
adsorption edges without gluconate present. Two character-
istics of this curve bear discussion. Most obvious, the precip-
itation of La(OH)3(s) is offset to much higher pH values in
the model because of the formation of lanthanum-gluconate
complexes in solution. The complexes in the model reduce
the free La**+ activity and prevent La(OH)3(s) precipitation.
However, the measured lab data do not show the change
in pH for La(OH)3(s) precipitation. Secondly, while there
appears to be a saturation of the anticipated 1 mM of ad-
sorption sites on the goethite surface around pH 6, additional
surface adsorption appears to occur between pH 7 and 8
(Fig. 6), reducing the solution La** concentration. Based on
the La>* remaining in solution, this appears to be double
coverage of the surface sites.

The adsorption model derived for:lanthanum in the ab-
sence of gluconate fails to match the adsorption data when
gluconate is present. Studies of the adsorption of metals
in the presence of organic complexing ligands show that
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Fig.5. Distribution of La** species and gluconate-La complexes as
a function of pH for solutions having 3 different concentrations with
a 1:1 molar ratio of gluconate to La**. The decrease in the concen-
tration of La(GH)a(aq) above pH 8.5 is due to precipitation of solid
La(OH);. The fraction of La** complexed with gluconate increases as
the total concentration of La** and gluconate increases.

the presence of organic ligands affects the adsorption of
metals in complex ways [17,18,45,51). In modeling the
adsorption of cadmium to goethite, Lackovic et al. [17]
found that adsorption to the surface was dominated by the
species SOCd+-LCAOH?~ above pH 7 where S represents
the goethite surface and L represents the citrate ligand [17].
We hypothesized a similar reaction for the adsorption of
La*+ to goethite in the presence of gluconate:

>(w)FeOH + 2La>* + gluconate™ + H,0
[>(w)FeOLa-(GH,)LaOH]* +4H* ©)
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Fig.6. Comparison of calculated La** in solution (lines) with meas-
ured La** for 10mM La* (filled circles) and 10mM gluconate plus
La3+ (open circles) in the presence of 10gL~! goethite.

This reaction involves the binding of an outer sphere
lanthanum- gluconate complex to an inner sphere lanthanum-
complex. The reaction involves the loss of two additional
protons from the alcohol sites on the gluconate anion and
is consistent with the predominance of this species at pH
values above 7 (Fig. 5). Because of the significant number
of protons transferred during this reaction, it predominantly
occurs at elevated pH. There are very little data to attempt
to fit an equilibrium constant for the ternary lanthanum-
gluconate-lanthanum complex and no attempt was made to
fit the data using FITEQL. Based on graphically comparing
the fit of the predicted adsorption curve to the measurements
(Fig. 6), the log K for Eq. (6) was estimated to be 14 +1.
The uncertainty is based on the amount of change in the
log K that produced a visible degradation of the fit of the
model to the data. Addition of the temary complex results
in an increase in adsorbed La** equivalent to twice the site
capacity of the goethite. This is apparent in Fig. 6 where the
aqueous phase La** concentration has dropped to 8 mM. No
improvement is achieved in the:match above pH 8 where
precipitation is presumed to remove La* from solution.
The distribution of species for the weak surface Site on the
goethite is shown in Fig 7 at 0.1 mM, 1 mM, and 10 mM.
The temary lanthanum inner sphere-outer sphere complex
dominates above pH 7. The significance of the complex
decreases as the concentration of La** and gluconate in so-
lution is decreased.

The only way to match the removal of La*+ from solu-
tion above pH 8 in the 10 mM La*"-gluconate experiment
was to suppress all lanthanum-gluconate complexes in the
aqueous model above pH 8. This is not consistent with the
thermodynamic data on lanthanum-gluconate complex for-
mation in the solution phase (Fig. 5). Two possible explana-
tions for this lack of fit are: a} gluconate is strongly adsorbed
on the surface of the goethite at pH 8 removing the glu-
conate from solution or b) the lanthanum-gluconate complex
becomes insoluble above pH 8 and precipitates from solu-
tion at about the same pH as La(OH);(s). Giroux ef al. [28]
reported precipitation of solid lanthanum-gluconate at pH
values around 9 for 1 : 1 La* : gluconate ratios and concen-
trations in the several mmolar range, similar to concentra-
tions in these experiments. Because the mechanism for this
decrease in La™* above pH 8 in the 10 mM experiment is
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Fig. 7. Distnbution of surface species on 10gL-! goethite (1.1mM
surface sites) as 2 function of pH where La** and gluconate are present
at equal concentrations ranging from 0.1mM to 10mM.

unknown, no attempt was made to model the surface precip-
itation reaction.

Conclusions

La** adsorption in the absence of gluconate was described
by a two site adsorption model. At pH values below 5, ad-
sorption was to a strong binding site by a reaction that did
not transfer amy protons. Between pH 5.5 and 7, adsorption
increases with La* binding to a weak site in a reaction
that transfers two protons to solution. The addition of glu-
conate had little effect on the adsorption of La** below pH 7.
At La* concentrations of 0.1 mM, there may have been
some inhibition of La** adsorption below pH 5. Above pH 7,
gluconate significantly increased the adsorption of La** to
goethite. This increase was modeled as a ternary complex
which ‘was conceptualized as an outer sphere lanthanum-
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gluconate complex binding to an inner sphere La** complex
on the surface. Precipitation of solid La(OH); was included
in the model to account for the quantitative removal of
La** from solution above pH 8. This removal was unaffected
by the addition of gluconate, confrary to the increase in
La** solubility calculated based on formation of lanthanum-
gluconate complexes in solution. The cause of this disagree-
ment is not understood at this time, but may indicate that
gluconate is strongly adsorbed to the goethite surface. Cur-
rently we are working towards the quantification of glu-
conate adsorption to goethite and the development of an an-
ion adsorption model for gluconate, as well as investigating
other metal-ligand systems with different mineral surfaces.

Results of this investigation indicate that organic ligands
can enhance the adsorption of trivalent actinides to iron
oxide surfaces. Understanding and quantifying this process
is important to predicting their mobility in the environment.
Fitting experimental data with particular adsorption equa-
tions does not provide a molecular level understanding of
reaction processes. Spectroscopic identification of surface
species is needed to confirm the species identified by mod-
eling. Use of the models, however, identifies certain types
of species and reactions as likely based on the ability of the
model to match measured laboratory data and similarities to
other analogue chemical systems. Using the results of the
model system presented, focused investigations into surface
species will be more productive.
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