N

N

Modeling Eu(IIl) speciation in a Eu(IIl)/humic
acid/a-A_ 20__3 ternary system
Noémie Janot, Pascal E. Reiller, M.-F. Benedetti

» To cite this version:

Noémie Janot, Pascal E. Reiller, M.-F. Benedetti. Modeling Eu(III) speciation in a Eu(III)/humic
acid/a-A_20_ 3 ternary system. Colloids and Surfaces A: Physicochemical and Engineering Aspects,
2013, 435, pp.9-15. 10.1016/j.colsurfa.2013.02.052 . cea-00852746

HAL Id: cea-00852746
https://cea.hal.science/cea-00852746

Submitted on 27 Sep 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://cea.hal.science/cea-00852746
https://hal.archives-ouvertes.fr

Modelling Eu(IlI) speciation in a Eu(Ill)/PAHA/a-Al,Os
ternary system

Noémie Janot'?, Pascal E. Reiller?, Marc F. Benedetti’*

Laboratoire de Géochimie des Eaux, Université Paris Diderot, IPGP UMR CNRS 7154, 75025 Paris, Cedex 13, France,

2Commissariat a I’Energie Atomique, CE Saclay, CEA/DEN/DANS/DPC/SECR, Laboratoire de Spéciation des Radionu-
cléides et des Molécules, Batiment 391 PC 33, F-91191 Gif-sur-Yvette CEDEX, France.

* corresponding author e-mail : benedetti @ipgp.fr

ABSTRACT. In this work, modelling of Eu(IIl) speciation in a ternary system, i.e., in presence of pu-
rified Aldrich humic acid (PAHA) and a-Al203, is presented. First, the mineral surface charge is mea-
sured by potentiometric titrations and then described using the CD-MUSIC model. This model is also
used to describe Eu(Ill) binding to the a-Al203 surface at different pH values, ionic strength and min-
eral concentrations. Time-resolved luminescence spectroscopy (TRLS) is then used to study the bind-
ing of Eu(Ill) to PAHA at pH 4 with different humic acid concentrations. The spectra are used to cal-
culate a spectroscopic “titration curve”, used to determine Eu(III)/PAHA binding parameters in the
NICA-Donnan model. Following a previous study (Janot et al., Water Res. 46, 731-740), modelling of
the ternary system is based upon the definition of two PAHA pools where one fraction remains in so-
lution and the other is adsorbed onto the mineral surface, with each possessing different proton and
metal binding parameters. The modification of protonation behaviour for both fractions is examined
using spectrophotometric titrations of the non-adsorbed PAHA fraction at different organic/mineral ra-
tios. These data are then used to describe Eu(IIl) interactions in the ternary system: Eu(III) repartition-
ing in the ternary system is calculated for different pH, ionic strength and PAHA concentrations, and
results are compared to experimental observations. The model is in good agreement with experimental
data, except at high PAHA fractionation rates. Results show that organic complexation dominates over
a large pH range, with the predominant species existing as the surface-bound fraction. Above pH 8,
Eu(Ill) seems to be mostly complexed to the mineral surface, which is in agreement with previous
spectroscopic observations (Janot et al., Environ. Sci. Technol. 45, 3224-3230).
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HIGHLIGHTS

* Eu(III) behaviour is described under a various range of environmental conditions.
* CD-MUSIC and NICA-Donnan models are used to calculate Eu(III) speciation.

* Modifications of HA reactivity due to its fractionation are taken into account.

*  Model shows that Eu(IIl) is preferentially bound to adsorbed humic acid fraction.
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Interactions between humic substances (HS) and
mineral surfaces have a great influence on contam-
inant behaviour in the environment. Presence of
humic substances greatly modifies the adsorption
of metals onto minerals, and may enhance their
solubility and potential transport [1,2]. Several
models can describe the different binary systems:
Model VI [3] or NICA-Donnan [4] for metal com-
plexation to humic substances, CD-MUSIC for
metal adsorption onto surfaces [5,6], Ligand and
Charge Distribution (LCD) model for humic sub-
stances retention onto oxides [7,8]. However, the
additivity of the binary systems - i.e., metal/HS,
metal/surface, and HS/surface is often not re-
spected for the ternary systems metal/HS/surface
[9,10]. Some studies have succeeded in describing
ternary systems containing fulvic acids [11,12],
but the larger size and higher heterogeneity of hu-
mic acid makes it more difficult to describe [13].
In fact, like real polymers [14], humic acids ad-
sorption onto minerals increases with ionic
strength [9,15-17], which is not observed for ful-
vic acids [18], and is often different from the be-
haviour of small organic molecules [19]. Recently,
Weng et al. [20] succeeded to describe the behav-
iour of arsenate in a humic acid-containing ternary
system; however, arsenate has a different behav-
iour towards colloids than metallic ions.

Despite numerous studies of these ternary sys-
tems, it is still difficult to predict the speciation of
metal ions [21,22], a major reason being the frac-
tionation of humic substances constituents when
they adsorb onto mineral surfaces [23-27]. This
phenomenon has been characterized by several
techniques, including UV-visible spectroscopy,
size-exclusion chromatography, time-resolved lu-
minescence spectroscopy (TRLS), and asymmetric
flow-field flow fractionation. These techniques
have been applied to different ternary systems,
with contrasting results depending on the mineral
surface, the HS origin, and the solution parameters
such as pH and ionic strength. The adsorption of
HS onto mineral surfaces induces a mass/size frac-
tionation, as noted by several authors
[23,24,28,29], but chemical fractionation is also
occurring. Spectrophotometric studies show pref-
erential adsorption of the most aromatic moieties

[25-27,29]. The two HS fractions — the one in so-
lution and the one onto the surface — present dif-
ferent composition and affinity towards protons
and ions [11,26,27].

A new major step to successfully describe a
metal/HA/surface system is to characterize the re-
activity of HA fractions created upon adsorption.
However, this is difficult due to the low concentra-
tions of HA in the supernatant from adsorption ex-
periments. Recently, the use of spectrophotometric
titrations has facilitated the measurement of envi-
ronmentally relevant humic acid concentrations,
i.e., less than 10 mg/L [30,31]. In Janot et al. [27],
we applied this method to determine the modifica-
tion of proton-binding behaviour of HA fractions
after adsorption onto a-Al,O;. Here, Eu(Ill) speci-
ation is studied in presence of the same purified
Aldrich humic acid (PAHA) and a-Al,O; surface.
Eu(III) is considered to be (i) a representative of
the lanthanides, which use is increasing in modern
industry and which are important for understand-
ing geochemical processes; and (ii) as an analogue
of some actinides(II). We have already described
the evolution of the Eu(Ill) chemical environment
in the binary and ternary systems using time-re-
solved luminescence spectroscopy (TRLS) [32],
which guides our modelling hypotheses. Alu-
minium oxides are not the most common minerals
in the environment, but their surface sites are used
here as an analogue of the aluminol surface sites
of clays [15], which are ubiquitous in natural sys-
tems. Here, we use the CD-MUSIC and NICA-
Donnan models to construct a model describing
the repartitioning of Eu(Ill) within the different
compartments of the system (solution, surface, ad-
sorbed-PAHA, and dissolved-PAHA).

2.1. Materials

The a-Al,O; sample was purchased from Inter-
chim (pure 99.99%, size fraction 200-500 nm). As
in previous studies [27,31-33], the solid was
washed thrice with carbonate-free NaOH and
thrice with milli-Q water before drying and stor-
age at room temperature under N,(g) atmosphere.
Specific area was measured by N,-BET method
and found to be 15 m?/g.



Europium(III) stock solution (10-3 mol/L) was
obtained from the dissolution of Eu,0; (Johnson
Matthey, 99.99%) in HCIO,. All solutions were
prepared using freshly boiled milli-Q water.

Commercial Aldrich humic acid was purified
(PAHA) according to Kim et al. [34]. Stock sus-
pension at 5 gpaua/LL was prepared by diluting
PAHA in NaOH (pH around 10) overnight to
completely dissolve the sample.

2.2. Potentiometric titrations of a-Al,0;

Potentiometric titrations were performed in a
computer-controlled system under N,(g) atmos-
phere in a thermostatic vessel (25 °C) equipped
with a stirrer using 50 mL solutions at 100 g/L a-
ALO;. Ionic strength I was fixed using KNO; (for
0.01 M and 1 M titrations) or NaClO, (0.1 M titra-
tion). The quoted ionic strengths are the initial
values before the addition of any titrant. Experi-
mental values of 1 were calculated for every data
point, accounting for both background electrolyte
ions and free H* and OH-. The pH values of the
solutions were controlled during titrations by addi-
tion of 0.1 mol/L acid and base solutions. Base
titrant (titrisol for 0.1 mol/L solution) was pre-
pared with degassed Millipore water. The pH val-
ues were recorded with two pH Metrohm
6.0133.100 glass electrodes and a single Metrohm
6.0733.100 reference electrode. The pH electrodes
were calibrated by performing a blank titration of
the background electrolyte prior to the sample
titration. The aqueous suspension was purged with
N,(g) at pH 4 for 90 min. The suspension was then
titrated by adding small volumes of titrant, and pH
was recorded as a function of the titrant volume
added to the suspension. After each addition, a
drift criterion for pH was used (AmV/min < 0.1)
and a maximum waiting time of 60 min was set
for acquiring each data point. Usually stabilization
of pH took less than 2 min. A similar procedure
was followed for the blank solution titration. Two
forward and backward titrations were performed
to eliminate the hysteresis effect.

2.3. Adsorption experiments

The methodology of these experiments have
been described in a previous study [33]. Briefly,
batch experiments were carried out at ambient

temperature with 10~% mol/L Eu(III) concentration
at different pH, ionic strengths (0.01 M and 0.1 M
NaClO,) and various concentrations of organic

and/or inorganic compounds. To minimize car-
bonation of the systems, and formation of

Eu(COs)n3_” complexes, headspace was purged

with nitrogen prior to closing the tubes. The pH
values of the solutions were adjusted by addition
of fresh 0.01 or 0.1 mol/L HCIO, or NaOH solu-

tions. They were measured using one combined
glass electrode (Radiometer Analytical) connected
to a Radiometer Analytical pH Meter. To prevent
KClO, precipitation in the electrode frit, and to

minimize junction potential, the electrode filling
solution was modified to use 0.1 M NaCl. The pH
electrode was calibrated using buffer solutions
(pH 4.01, 7.01, and 10.00), yielding Ol of 0.05-

0.08. After 3 days of equilibration, the final pH
was checked and samples were ultracentrifuged at
60,000 rpm during 2 h. Eu(IIl) concentration in
the supernatant was measured by ICP-AES or by
standard addition method in TRLS, diluting an
aliquot of the supernatant in 3 mol/L K,CO; [35].

2.4. Spectroscopic measurements

We studied Eu(IIl) speciation in binary and
ternary systems by TRLS. A detailed description
of the installation can be found elsewhere [33].
Briefly, a luminescence signal was collected after
a gate delay D =10 ps after the excitation by a
laser flash, during a gate width W =300 ps. To in-
crease the signal to noise ratio, 1000 accumula-
tions were performed for each spectrum. To avoid
aggregation and settling of samples in the o-
Al,O5-containing systems, samples were manu-

ally shaken between two measurements. All lumi-
nescence measurements were performed at ambi-
ent temperature (21 + 2 °C). The excitation wave-

length was set at 4., =393.8 nm, which corre-

sponds to the 7FO - 5L6 transition of Eu(IIl). The
observed luminescence corresponds to the transi-
tions from the 5D0 excited state to the ground 7Fj
manifold [36]. They are the 5D0 - 7FO transition,
forbidden for magnetic and electric reasons



4
transition (4, = 593 nm), and the 5D097F2

hypersensitive electric dipole transition
(Amax = 615 nm) [37-39]. Photo-degradation [40]

of the humic acid can be neglected due to the rela-
tively low amount of energy provided to the sys-
tem, as described previously [33,41-43].

= 580 nm), the 5DO9 7F1 magnetic dipole

max

3.1. Surface charge of a-Al,0;

The experimental charging curves are presented
in Fig. 1, together with the results of the fits ob-
tained using CD-MUSIC model [5,6]. Calcula-
tions were done using the ECOSAT software [44].
The pHp,~ was found to be 9.6, meaning that the

storage procedure managed to avoid carbonation
of the surface. The oxide surface is positively
charged below pHp,~, with charge increasing
with ionic strength.

The application of Pauling valence rules to a-
AlLO; structure, in which the Al ions distribute
their charge to the six surrounding O atoms, re-
sults in a charge of -0.5 per =AIOH site. Those
singly coordinated surface groups can be proto-
nated following the reaction

=AIOH"’+H" = = AIOH}'? { K,
in which K}, is the protonation constant.
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In the a-Al,O; structure, doubly coordinated

surface sites =A1,OH also exist, but they are un-
charged in the pH range studied and are not taken
into account for the description of surface charg-
ing behaviour [45]. The fitted parameters are sum-
marized in Table 1. The electrostatic double layer
of the water—oxide interface was described using
the Basic Stern model [46]. Ion pair formation of
surface groups with electrolyte ions is taken into
account, and described with the following equa-
tions

=AIOH "*+C'o =AIOH "*~C"{ K,

= AIOH}"*+ A"= = AIOH}"*— A (K,

where C* and A- are the cation and the anion
from the electrolyte, respectively.

The electrolyte ions were all positioned in the
outer plane of the Stern layer. Evidence of asym-
metric binding of electrolyte ions on gibbsite has
been previously reported [45], so different affinity
constants have been determined for the different
electrolyte used. Their values were derived from
those found for the charging of goethite [47]. The
values obtained for cation pair formation are in ac-
cord with the ones of Rietra et al. [47]. However,
NO;~ ions were found to have very weak interac-
tion with the alumina surface (logKyos- = -1.6),
which is much lower than the observations made
by Rietra et al. [47] who found (logKyos- = -1)
with goethite. The affinity constants for C1O,~ are

# LM

& DUOLM

pH

Figure 1. Surface charge of a-Al,0, at different pH and ionic strengths. The dotted lines are the results

of modelling.



Table 1. Fitted parameters used for describing the
charging behaviour of a-Al,O, surface.

Specific area (m%g) 15

Site density (sites/nm?) 8
Stern layer capacitance (F/m?) 2.2
logKu+ 9.6
logKnat -0.8
logKk+ -1.5
logKwos- -1.6
logKcio4- -1.4

coherent in the two studies: —1.4 in our case,
—1.7 for Rietra et al. [47].

The obtained capacitance (C = 2.2 F/m?) is quite
high compared to the values proposed by Hiem-
stra and van Riemsdijk [48] for metal (hydr)ox-
ides surfaces (C = 1 F/m?). It is however similar
to the value found by Rabung et al. [49] in the
case of hematite (C = 2.24 F/m?). A previously ob-
served surface transformation of a-Al,O; occurred
after hydration, which leads to a surface structure
closer to gibbsite — AI(OH); — surface [50]. After
10 h titrations in solution, our sample of a-Al,O;

may develop gibbsite-like, or hydroxide-like, sur-
face properties.

3.2. Eu(III) adsorption onto a-Al,O;
Eu(IIT) adsorption onto a-Al,0O5 has been mea-

sured in Janot et al. [32] at different pH and two
ionic strengths, 0.01 M and 0.1 M NaClO, (Fig.

2). As expected, it shows a great dependency to
pH and a low dependency to ionic strength. To-
gether with TRLS data showing a loss of water
molecules in the first coordination sphere of the
ion when surface complexes are formed [32], this
indicates inner-sphere complexation [49,51,52].
The influence of metal/surface ratio has also been
studied at pH=6.2+0.2 by changing a-Al,0,

concentration in the system (see Figure S1 of Sup-
plementary Information). At high Eu(Ill)/a-Al,O4
ratio, with 0.5 g/L a-Al,O5, 58% of initial Eu(I1I)
is retained onto the surface. The proportion of ad-
sorbed Eu(IIl) increases with a-Al,O5 concentra-
tion, and reaches 100% at approximately 5 g/L a-
Al,O5.

Modelling in the framework of the CD-MUSIC
model has been done using ECOSAT software.

Data for Eu(Ill) speciation in solution has been
taken from Hummel et al. [53]. Spectroscopic re-
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Figure 2. Surface concentration of Eu(lll) in the binary Eu(lll)/a-Al,O, (squares) and ternary (circles)

systems depending on pH and I [adapted from 32]. Lines are the results of modelling.
[EudIl)] = 107° mol/L; C(a-AL,0,) = 1 g/L; Error bars correspond to 2o.
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sults showing the presence of one Eu(Ill) ad-
sorbed species [33], the formation of only one

complex =AIOHEu*2 was taken into account.
The charge of the ion was distributed between the
inner and outer planes of the Stern layer. The best

fitting parameters (r2 > 0.90) are displayed in Ta-
ble 2.

Table 2. Fitted CD-MUSIC parameters for Eu(IIl)
complexation to a-Al,0,.

Az, and Az represent the charge distribution on the
inner and outer planes of the Stern layer, respectively.

Az, Az, logK

1.07 13.5

=AIOH" + B <> =AIOHEu*5? 193

To confirm the accuracy of this model, the pa-
rameters were then used to describe independent
data sets from literature of Eu(IIl) binding to hy-
drous alumina [21] and y-Al,O5 [22]. Fig. 3 shows

that the results of modelling are in good agree-
ment for Eu(IIl) concentrations close to our condi-

tions, i.e., between 6 x 1070 and 6 x 10~7 mol/L,
even if the mineral surfaces used in these studies
were different from our surface, especially with

higher specific area (above 100 m?/g compared to
our 15 m?%/g surface). For higher concentrations of

Eu(Il) (above 10~ mol/L), the model is slightly
overestimating Eu(IIl) adsorption, with pH-edges
found at lower pH values than in experiments (see
blue line on Fig. 3a and blue, red and green lines
on Fig. 3b). The ability of our model to describe
literature data then validates a range of concentra-
tions in which this model can be used.

3.3. Eu(IIl) binding to humic acid

Eu(IIl) binding to PAHA has been studied by
TRLS at pH 4 and different PAHA concentrations.
Eu(IIl) luminescence spectra present an hypersen-
sitive transition, ’Dy=>F,, the intensity of which is
enhanced in the metal-ligand complex relative to
its intensity for the aquo ion [39]. Consequently,
the change of relative intensities of Dy—>’F, and
SDy—"F, transitions indicates a change in Eu(III)
environment symmetry. This asymmetry ratio

SD>"F,Dy>F, (noted "F,/’F;) evolves with the
relative concentration of metal and humic acid
[32]. Above 20 mg/L of PAHA in the system, the
asymmetry ratio is constant, suggesting that all the
Eu(III) is complexed to humic acid. When PAHA
is absent from the system, the asymmetry ratio
value is the value corresponding to free Eu(IIl). It
is then possible to use this evolution as a spectral
titration curve [54] (see Figure S2 of SI).
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Fig. 3. Eu(lll) surface concentration on (a) 4.4
g/L hydrous alumina (105 m%g), for I = 0.1 M
KNO, and [Eu(Ill)] = 4.3 107> mol/L (squares)

and 0.1 M NaClO, and [Eu(Ill)] = 6.0 107" mol/L
(diamonds) [21]; (b) 3.6 g/L y-AL,O, (119 m’/g)
Jor I =0.1 M NaClO, and various Eu(IIl)

concentrations [22]. Symbols are the data from
literature, and lines are the results of our
modelling.
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We used these asymmetry ratios as indicators of
the proportion of Eu(IIl) complexed, to adjust the
NICA-Donnan parameters for Eu(III)/humic acid
binding [55,56], as shown in Fig. 4. Modelling has
been done using ECOSAT software. The NICA-
Donnan equation for metal binding to humic sub-
stances can be found elsewhere, together with the
definition of the different parameters [55].

100 PSPPI TP FeRREEEE TP
3 e
E BO + P
o i .
= ¥ 'l
= F ¥
E 60 H 7
3 P
=1 i
E i
g 40 1/
- P
= ¢ data
u:} 20 o ,E,f'.. --------- NICA-Donnan modeling with generic parameters
H]
® ;.' =====NICA-Donnan modeling with adjusted parameters
o0& . : :
0 10 20 30 40
[PAHA](mg/L)

Fig. 4. Results of adjustment of NICA-Donnan
parameters for Eu(lll)/PAHA binding at pH 4;
[Eu] = 10"°mol/L; I= 0.1 M NaCIO". The

generic parameters come from Milne et al. [55].

The adjustment of Eu(Ill)-binding parameters
was done at pH 4 only, because 100% complexa-
tion was immediately reached when PAHA was
added in the system at pH 6. At higher pH, due the
presence of hydrolyzed species of Eu(IIl) in solu-
tion, it is impossible to have the asymmetry ratio
value corresponding to the absence of complexa-
tion. Thus, we only adjusted the parameters for the

low affinity sites (S1). Results are given in Table
3.

Table 3. Adjusted NICA-Donnan parameters used

for Eu(lll) binding to PAHA and PAHA fractions

after contact with mineral surface (dissolved and
adsorbed). “Milne et al. [55].

logKes1  Ngu logKew2  Npup

PAHA 1.05 0.50 3.43¢% 0.36%
PAHA 0.9 0.50 4.07 0.36%
PAHA.4  1.13 0.50 3.43¢% 0.36%

3.4. Eu(IIl) speciation in the ternary system

A ternary system is difficult to describe due to
HA fractionation and modification of reactivity af-
ter adsorption onto the mineral surface [23-26]. In
this work, spectrophotometric titrations of PAHA
supernatants presented in previous studies [27],
[31] are used to quantify proton-binding behaviour
of humic fractions. Two pools of PAHA are de-
fined: one staying in solution after centrifugation
of the suspension (PAHA,,) and one adsorbed
onto the mineral (PAHA ), each fraction showing
different NICA-Donnan parameters. Titrations of
original PAHA material and modelling of its
charge before fractionation using the NICA-Don-
nan model have been published elsewhere [31]. In
a previous study on the binary PAHA/a-AlO; sys-
tem, we used spectrophotometric titrations of su-
pernatant from adsorption experiments to deter-
mine modifications of the proton binding parame-
ters of the two PAHA fractions [27]. Here, we
take these modifications into account for model-
ling the behaviour of Eu(Ill) in presence of both
PAHA and a-AlO;.

In our conditions — at 0.1 M NaClO, and an ini-
tial PAHA concentration of 28 mg/L. — between 90
and 30% of PAHA is adsorbed onto a-Al,Os in the
ternary system, depending on pH [27]. Except at
pH < 4, fractionation rate of PAHA is therefore
moderate. In order to test the validity of our ap-
proach, we then chose to modify the proton-bind-
ing parameters of the two fractions to values cor-
responding to a moderate fractionation rate.

Spectrophotometric titrations of the dissolved
fraction after adsorption did not show any change
of the proton-binding site density of high-affinity
sites Q,, neither of the apparent heterogeneity pa-
rameters m; and m, compared to the initial mate-
rial [27]. Therefore, we did not change these pa-
rameters. However, the proton-binding site den-
sity of the low affinity sites Q; and the median val-
ues of the affinity distribution for proton for both
types of sites logKy,; and logKy, were modified:
Q:; and logKy; were lowered, and logKy, in-
creased compared to the original compound, as
seen by spectrophotometric titrations of non-
sorbed fractions [27]. The same calculation was
performed for PAHA,: from spectrophotometric
titrations and mass balance calculations, we ob-



Table 4. NICA-Donnan proton-binding intrinsic parameters for PAHA before contact with the oxide
(PAHA), PAHA fraction in solution (PAHA ), and adsorbed PAHA fraction (PAHA ), determined from

spectrophotometric titrations [27], [31].

In bold are the modified parameters used to model the PAHA fractions compared to PAHA..

Q, logK, | m, Q, logK,, | m,

PAHA [27], [31] 3.03 2.80 0.60 1.77 0.41 0.45
PAHA_ [27] 2.00 2.40 0.66 1.77 7.60 0.45
PAHA  [27] 4.40 3.00 0.66 1.77 6.41 0.45

served an increase in Q; and logKy; values re-
garding the values fitted for non-fractionated
PAHA [27]. The calculated parameters for both
fractions PAHA, and PAHA 4 are reported in Ta-
ble 4.

The logKy; values for protonation varied for the
two fractions compared to the original material.
Consequently, the logKg,; values for Eu(IIl)/
PAHA binding determined previously (see Table
3) were modified in the same proportions. Follow-
ing the same reasoning, the logKg,, value for
Eu(IIl) binding to PAHA,, was updated as well.
The NICA-Donnan parameters taken into account
for modelling Eu(IIl) binding to dissolved and ad-
sorbed PAHA fractions are given in Table 3. For
metal binding to humic acid, generic values of in-
trinsic heterogeneity parameters p; (0.62) and p,
(0.41) were used [57]. The m; values for proton
binding were the same in original PAHA and frac-
tions, so values of the non-ideality ion-binding pa-
rameters ng,; for Eu(Ill) binding were kept un-
changed.

Using these parameters, the surface concentra-
tion of Eu(IIl) in each batch experiment was cal-
culated, using as inputs of the model the values of
pH, Eu(Ill) and a-Al,O; concentrations, as well as
amounts of both PAHA fractions. Eu(Ill) and o-
Al,O; concentrations may slightly vary between
two experiments due to modifications of solution
volume when adjusting the pH value. These differ-
ences within a series explain the otherwise appar-
ently peculiar variations of model for some data.
Model values were calculated for the experiments
performed at different pH and I (see circles in Fig.
2), and for experiments performed at constant pH
and various initial PAHA concentrations (see Fig.
5). They show theoretical and actual surface con-

centration of Eu(Ill), i.e. Eu(IIl) bound to the sur-
face and to adsorbed PAHA.

Under these modelling hypotheses, the behav-
iour of Eu(Ill) is well described in a ternary
Eu(Ill)/PAHA/a-Al,O; system depending on pH,
especially at 0.1 M. Modification of PAHA bind-
ing parameters with fractionation are determined
from adsorption experiments performed at pH =
7 and I = 0.1 M [27], thus results of the modelling
provide better fits to experimental data at this
ionic strength value and neutral pH. The trends of
Eu(IIl) behaviour depending on initial PAHA con-
centration are captured, but the values are not al-
ways accurate. The isotherm at pH = 6.2 is well
described, whereas the Eu(IIl) adsorption at pH =
7.4 seems underestimated. The behaviour of
Eu(III) at pH 4 is less well described, even if the
general trend is present. These conditions corre-
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Fig. 5. Eu(lll) surface concentration in the
ternary system depending on pH and coverage
ratio. Lines are the results of modelling. [Eu(Ill)]
=10 mol/L; C(a-A1,0,) = 1g/L; 1 =0.1 M

NaClO , Error bars correspond to 2o.
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spond to a high fractionation rate, with a large per-
centage of PAHA being adsorbed and PAHA re-
activity being greatly modified [27], [31]. The dis-
agreement between experimental and calculated
concentrations under these conditions may be due
to the values chosen for adapted protonation pa-
rameters of both PAHA fractions, which corre-
spond to a median fractionation rate (around
70%).

Fig. 6 shows the model results of pH-dependent
Eu(III) speciation. It is observed that between pH
4 and 8, Eu(Ill) is mainly bound to PAHA 4. The
influence of the mineral surface becomes signifi-
cant only above pH 9, which is in agreement with
spectroscopic observations [33]. TRLS spectra of
Eu(III) in the ternary system showed an apparition
of surface-like features for pH values higher than
8: decrease of asymmetry ratio, broadening of
Dy="F, transition, shifting of Dy—=>’F, apparent
maximum towards higher wavelengths [32].

At 0.01 M NaClO,, macroscopic observations
showed less adsorbed PAHA, so the surface con-
centration of Eu(Ill) is lower, but Eu(Ill) reparti-
tioning is similar (data not shown). Eu(Ill) reparti-
tioning at different surface coverage ratios is
shown in Figure S3 of SI. At pH 6.2 and 7.4,
Eu(IIl) is partially complexed to the surface for
surface coverage ratios below 10 mgpana/ge.ano3-
When PAHA concentrations increase, Eu(IIl) is
totally bound to PAHA, mostly to the adsorbed
fraction. At pH 4, the surface has no influence, in

agreement with binary Eu(Ill)/a-Al,O; observa-
tions. Eu(Ill) surface concentration is only due to
its complexation with adsorbed PAHA. Below
20 m@pana/guanos, a significant proportion of
Eu(IIl) is free in solution, which is not seen at
higher pH values.

In this model of contaminant behaviour in a
ternary metal/HA/mineral system, we took into ac-
count the modification of humic acid reactivity
due its fractionation after adsorption onto a min-
eral surface. We used results from spectrophoto-
metric titrations of PAHA supernatants from ad-
sorption experiments performed at pH = 7 and I
= 0.1 M. The results of our approach show a good
description of experimental observations at differ-
ent pH, ionic strength and humic acid concentra-
tion values, thus providing model validation.
However, the description is less accurate when
fractionation rate of the humic acid is high, such
as at low pH. Performing spectrophotometric titra-
tions of supernatants from adsorption experiments
at other pH values would allow a better characteri-
zation of PAHA reactivity modifications. More-
over, the protonation parameters used for the mod-
elling were calculated from titrations made on su-
pernatant from binary PAHA/a-Al,O; system. The
presence of Eu(IIl) may have an influence on the
fractionation of humic moieties as complexation
presumably primarily involves the carboxylic



groups at low pH values [58]. Still, the results of
this study show the importance of the reactivity
modifications of the humic substances, and pro-
vide a step towards a better understanding and de-
scription of these complex ternary systems.
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