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Abstract: In this work, the adsorption behavior of Sr onto a synthetic iron(III) oxide (hematite with
traces of goethite) has been studied. This solid, which might be considered a representative of Fe3*
solid phases (iron corrosion products), was characterized by X-Ray Diffraction (XRD) and X-Ray
Photoelectron Spectroscopy (XPS), and its specific surface area was determined. Both XRD and XPS
data are consistent with a mixed solid containing more than 90% hematite and 10% goethite. The
solid was further characterized by fast acid-base titrations at different NaCl concentrations (from
0.1 to 5 M). Subsequently, for each background NaCl concentration used for the acid-base titrations,
Sr-uptake experiments were carried out involving two different levels of Sr concentration (1-10-
and 5-10° M, respectively) at constant solid concentration (7.3 g/L) as a function of —log([H*]/M). A
Surface Complexation Model (SCM) was fitted to the experimental data, following a coupled
Pitzer/surface complexation approach. The Pitzer model was applied to aqueous species. A Basic
Stern Model was used for interfacial electrostatics of the system, which includes ion-specific effects
via ion-specific pair-formation constants, whereas the Pitzer-approach involves ion-interaction pa-
rameters that enter the model through activity coefficients for aqueous species. A simple 1-pK
model was applied (generic surface species, denoted as >XOH-1?2). Parameter fitting was carried out
using the general parameter estimation software UCODE, coupled to a modified version of
FITEQL2. The combined approach describes the full set of data reasonably well and involves two
Sr-surface complexes, one of them including chloride. Monodentate and bidentate models were
tested and were found to perform equally well. The SCM is particularly able to account for the
incomplete uptake of Sr at higher salt levels, supporting the idea that adsorption models conven-
tionally used in salt concentrations below 1 M are applicable to high salt concentrations if the correct
activity corrections for the aqueous species are applied. This generates a self-consistent model
framework involving a practical approach for semi-mechanistic SCMs. The model framework of
coupling conventional electrostatic double layer models for the surface with a Pitzer approach for
the bulk solution earlier tested with strongly adsorbing solutes is here shown to be successful for
more weakly adsorbing solutes.

Keywords: adsorption; radionuclides; strontium; hematite; goethite; ionic strength; surface
complexation model; Pitzer model

1. Introduction

The management of Spent Nuclear Fuel (SNF) is of utmost importance for assuring
the safety of future generations. Nowadays, two different SNF management strategies can
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be distinguished. In one, the fuel is reprocessed to extract fissile nuclides (U-235 and Pu-
239) in order to fabricate mixed-oxide fuel, and the resulting high-level nuclear waste is
vitrified for final disposal. In the other, SNF is simply considered as a waste and stored
pending final disposal in deep repository systems, which is envisaged as the best option
to handle the hazards that may otherwise be caused by those types of waste [1]. Briefly,
in such facilities, the waste is placed in conditioned galleries buried in deep geological
repositories in specific host-rock environments. For instance, depending on the country
and available options in saline, clay, or granitic formations, different options are consid-
ered concerning the host-rock [2-5]. This disposal strategy involves an Engineered Barrier
System (EBS) designed to mitigate the potential release of radionuclides from the reposi-
tory to the near- and far-field. The major perturbation scenario starts with the intrusion of
the site-specific (pore) waters into the repository, which causes corrosion and alteration
reactions in the near-field, resulting in the mobilization and migration of radionuclides.
The EBS and natural safety barriers have been and are being studied in the context of
reactions with water, and also concerning the retention of radionuclides for the required
nuclear waste disposal management settings.

One potential barrier, which typically is not considered in safety assessment concern-
ing the retention of mobilized radionuclides, is the corroded or partially corroded steel
canister. While the intact canister in clay formations is expected to isolate radionuclides
for about 10,000 years, upon contact with pore-water, steel canisters will corrode, resulting
in the formation of, e.g., iron oxides as corrosion products [6]. Such iron oxides are known
to be strongly adsorbing minerals. Magnetite, for example, has been shown [7] to adsorb
nearly 100% of trivalent cations, even in the presence of 5 M NaCl, i.e., a result comparable
to data obtained with much lower salt content. While magnetite is expected to form in the
long-term, Fe(Ill)oxyhydroxides, such as hematite (a-Fe:0s) or goethite (a-FeOOH),
might form during the early, aerobic/oxic phase of repository evolution [6].

Within the SNF material, the fast/Instant Release Fraction (IRF) of radionuclides is of
utmost importance, given that this fraction of radionuclides will be directly mobilized
upon exposure to water after a safety barrier failure [8,9]. Sr, and specifically *Sr, is part
of the elements within the IRF and is released fastest under aerobic/oxic conditions [9].
Typically, *Sr, with its short half-life of about 30 years, is not relevant for safety assess-
ment, but Sr is rather taken as an indicator in the context of matrix-corrosion of the nuclear
fuel. 9Sr is more relevant in the context of fallout from nuclear accidents [10] and nuclear
weapons [11]. Various comprehensive papers on Sr interaction with mineral surfaces have
been recently published [12,13]. In terms of solute mineral surface interaction, Sr adsorbs
on oxides at relatively high pH values corresponding to its weak hydrolysis [14]. In this
work, Sr as a rather weakly adsorbing cation is studied to better understand adsorption
in highly saline conditions in contrast to more strongly binding trivalent actinides, which
can be nearly completely bound, as discussed above. In this way, the ability of surface
complexation models to deal with highly saline concentrations can also be tested. The salt
level dependence for metal ion adsorption onto oxide minerals has frequently been stud-
ied and interpreted [15-17], but the concentration of the monovalent electrolytes typically
has been limited to 1 M. Surface complexation models are known to be able to describe
such data [15]. Much less is known regarding the ability of the models to describe uptake
data at even higher background salt concentrations.

Some countries discuss settings for nuclear waste disposal that involve high salt con-
centrations of the relevant waters [18]. As an example, in Germany some options for re-
positories in areas that would involve highly saline aqueous solutions (up to saturated
brines, i.e., for rock-salt about 5 M NaCl at room temperature) have been discussed [19],
and experimental data and models for treating such systems are required. While the state-
of-the-art in treating solution speciation and solubility in brine solutions using the Pitzer
approach is established, and for many relevant systems is quite advanced [20], experi-
mental determination of uptake data and the application of thermodynamic adsorption
models to high salt levels are rather scarce.
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Early experimental studies on Sr adsorption on clays [21] with high salt levels, as well
as the associated modelling attempts [22], may be criticized because the details of pH
measurements are not given. The same is true for the titrations of mineral oxides up to
high pH, such as silica in up to 4 M NaCl [23] or ferrihydrite in up to 6 M NaCl [24]. For
high salt levels, specific precautions must be taken to obtain meaningful data from elec-
trode readings [25-27]. From our point of view, self-consistent and comprehensive data
covering both titrations and the uptake of solutes in brine solutions have recently gained
importance [7,28]. In the iron oxide-hydroxide systems, as well as in the work on clays
[27,29,30], the associate potentiometric titrations to design the acid-base models were car-
ried out up to 1 M concentration, while the titrations by Garcia et al. [28] were carried out
up to 5 M. The modelling in the above cited papers (involving self-consistent data) cou-
pled non-electrostatic [27,29,30] or electrostatic [7,28] surface complexation models with
the Pitzer or Specific ion Interaction Theory (SIT) approaches [31-34]. Garcia et al. [28]
also showed that the acid-base model involved strong shielding of the charge in the Stern
layer, particularly at high salt levels, which results in very low diffuse layer potentials. As
a consequence, the application of the Gouy-Chapman equation that is included in these
models can be justified. The previous electrostatic models that were applied up to the high
salt levels [7,28] involved a surface complexation scheme with reaction equations that
could, in principle, be linked to the mechanistic level. The non-electrostatic models ap-
plied in the high salt concentration context [27,29,30] might also be interpreted, to some
extent, in this way. Generic models, which simplify, however, are expected to be favored
in many experimental settings where the mechanistic models cannot be applied due to the
lack of adsorbent characterization [35]. For such settings, simpler models will be required,
and one purpose of the present work is to test a generic 1-site, 1-pK Basic Stern model [35]
with a limited, but consistent, set of experimental data up to 5 M NaCl concentrations.

Taken together, to further fill the gaps in the study of adsorption up to high salt level,
we present another self-consistent set of data involving Sr adsorption on a synthetic
iron(Ill) oxide including surface titrations. Although the choice of the system is related to
the above discussed occurrence of Fe(IlI) minerals under aerobic/oxic conditions in a po-
tential repository, the solid used here should rather be considered as a model sorbent be-
cause other iron minerals are more relevant. Hematite and goethite are highly relevant in
soils [36].

2. Materials and Methods
2.1. Materials

The solid was synthesized by rapidly neutralizing a FeCls solution (0.45 M) with
KOH (2.5 M) under argon atmosphere. This results in the formation of ferrihydrite, which
is subsequently transformed to a crystalline form by heating at 90 °C for two days. The
resulting solid was then dialysed with MilliQ (18.2 MQ x cm, TOC < 5 ppb) water until
the pH of the washing water was that of the MilliQ water (Merck-Millipore, Darmstadt,
Germany). The resulting suspension was stored with a solid content of 82 g/L at pH 7.5
under argon in a plastic container. No glassware was used during preparation and stor-
age. Aliquots of the suspension were centrifuged (Heraeus Instruments, Hanau, Ger-
many, Megafuge 2.0, 3500 rpm for 15 min) and subsequently washed with MilliQ water.
This was repeated three times, whereupon the solid paste was dried under an argon at-
mosphere. The specific surface area (measured by BET using nitrogen gas, AUTOSORB-
1, Quantachrome Corporation, Boynton Beach, FL, USA) of the solid particles was 21 m?/g.

The solid phase was characterized by X-ray powder diffraction using a D8 Advance
diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with a Cu anode and a Sol-X
detector. Data were recorded from 10° to 75°, with a step size of 0.015° and a counting
time of 3 seconds per step. Phases were identified using the DIFFRAC.EVA v5.0 software
(Bruker AXS, Karlsruhe, Germany,) by comparison with the PDF-2 database, and quanti-
tative results were obtained from fits to the experimental powder diffractogram using the
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DIFFRAC.TOPAS v6.0 software (Bruker AXS, Karlsruhe, Germany) and reported crystal-
lographic data of hematite [37] and goethite [38].

The powder was pressed onto indium foil and studied by an XPS system PHI 5000
VersaProbe II (ULVAC-PHI Inc., Chigasaki, Japan) equipped with a scanning microprobe
X-ray source (monochromatic Al Ko, hv = 1486.7 eV). An electron flood gun generating
low energy electrons (1.1 eV) and low energy argon ions (8 eV) by a floating ion gun were
applied for charge compensation at isolating samples (dual beam technique), respectively.
Survey scans were recorded with a pass energy of the analyzer of 187.85 eV. Narrow scans
of the elemental lines were recorded at 11.75 eV pass energy, which yields an energy res-
olution of 0.59 eV FWHM (full width half maximum) at the Ag 3ds» elemental line of pure
silver. Calibration of the binding energy scale of the spectrometer was performed using
well-established binding energies of elemental lines of pure metals (monochromatic Al
Koa: Cu 2pspe at 932.62 eV, Au 4f7» at 83.96 eV) [39]. The error of binding energies of ele-
mental lines is estimated at + 0.2 eV. The O 1s elemental line of a-Fe20s at 529.6 eV is used
as a charge reference [40].

Atomic concentrations were calculated by areas of elemental lines of survey spectra
after subtraction of a local Shirley background, taking into account sensitivity factors and
asymmetry parameters of elemental lines and the transmission function of the analyzer.
Relative error of atomic concentrations were within +(10-20)%. Curve fits to narrow scans
of elemental lines were performed by Gaussian-Lorentzian sum functions after Shirley
background subtraction. Data analysis was performed using the ULVAC-PHI MultiPak
program, version 9.9 (ULVAC-PHI Inc., Chigasaki, Japan).

2.2. Surface Titrations and Zeta Potentials Measurements

The solid particles were subject to acid-base titrations (848 Titrino plus, Metrohm,
Herisau, Switzerland) at different NaCl concentrations: 0.1, 1.0, 3.0, and 5.0 M. The con-
centration of the particles was 1.39 g/L, and the titrant was 0.01 M HCL Titration was
initiated from alkaline conditions. The suspension was equilibrated overnight under hu-
midified argon (not in a glove box, no bubbling). This atmosphere was also imposed for
all titrations. The solid content was relatively low, and with a starting volume of 20 mL,
only a few titration points per experiment were obtained. For the titration, 50 pL drops of
titrant (0.01 M HCI) were added, and a data point was accepted when the change in pH
was below 0.01 for a time span of 20 s. As a first step, 250 uL of 0.01 M NaOH were added
to increase the pH to —log([H*]/M) > 9 (except for the highest salt concentration, where the
addition of the base solution resulted in a lower value after equilibration). With this pro-
cedure for each ionic strength, around 5-8 points were obtained. For each titration, a sep-
arate suspension was prepared. Calibration of the measurement setup involved standard
buffers (at least five commercial buffers from Merck, between pH 2 and 10). To obtain
meaningful data, we considered the “A”-factor [25], which allows the correction of oper-
ational pH values (which were obtained from the electrode readings) to pH., where pHc=
-log([H*]/M). The setup was purged by purified and humidified argon to avoid intrusion
of carbon dioxide and limit evaporation. The data treatment involved the subtraction of a
theoretical blank. All data treatment was done on the concentration (molar) scale. The
required values for pKw at the different ionic strengths were calculated using the Pitzer
formalism. Due to lack of material, the titrations could not be repeated, and they were
verified by comparing the data to published data for hematite and goethite, as shown
later.

The raw data from the titrations yielded the relative uptake or release of protons as
a function of pH.. The relative number of protons adsorbed was calculated as the differ-
ence of the known amounts of protons added and the measured amounts of protons re-
maining in the solution. To obtain absolute proton related surface charge density or pro-
ton uptake data, a reference is needed. In the present work, the isoelectric point of the
particles was determined at millimolar salt levels and in the absence of added salt to limit
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shifts of the isoelectric point due to potentially, specifically adsorbing counter-ions using
a Brookhaven PALS (Holtsville, NY, USA) setup to fix the absolute level of the surface
charge. The samples for these measurements were prepared in the same way as for the
titrations. To verify whether Sr adsorption occurred, preliminary zeta-potential measure-
ments (using the Brookhaven PALS) were carried out in solutions containing, additionally
10, 50, or 100 puM SrCla. These samples were equilibrated for 24 hours, i.e., prepared in the
same way as described below for the adsorption experiments. A humidified argon atmos-
phere was used to avoid the interference of carbonate during the zeta-potential measure-
ments. The solid concentration was 100 mg/L. The Hiickel approximation was used to
transfer measured mobilities to zeta-potentials. The settings of the software involved 10
runs per point with a fixed number of 30 measurements per run. The last measurement
was then recorded by the software. The measurements were independently repeated by
two persons, and the results agreed. The Brookhaven software reported the standard error
for the results of the 10 runs, which was typically below 2 mV. The variation between the
two distinct series of measurements was below 5 mV.

The Pitzer parameters were calculated using Geochemist’s workbench [41] from an
appropriate  database  (thermo_phrqpitz). The database is available at
https://www.gwb.com/thermo.php (version 13/04/2009) and contains the aqueous com-
ponents in the system under investigation: Sr?*, Na*, Cl, H*, and OH-. The use of one da-
tabase ensures self-consistency throughout the modelling procedure with the treatment
of the experimental titration and adsorption data. Fe(Ill) was excluded from the aqueous
speciation scheme due to the low solubility of iron(Ill) oxide minerals, which would not
affect the activity coefficients of the aqueous components considered in the modelling.

2.3. Batch Adsorption Studies

Sr adsorption onto the iron(Ill) oxide particles was studied separately in NaCl solu-
tions of ionic strengths 0.1, 1, 3, and 5 M. Two Sr total concentrations were used, 1-10-% and
510 M, and the solid-to-liquid ratio was 7.3 g/L. A humidified argon atmosphere was
used to avoid carbon dioxide, as in the titrations and the zeta-potential measurements.

The Sr concentration range and solid-to-liquid ratio were chosen to assure a reason-
able range for the analytical determination of Sr, which is complicated by the high salt
levels. pHc values were varied in the range from 4.0 to 11.0. The contact time was 24 h. At
the end of this period, the pH was measured in the suspension and corrected in the same
way as for the titrations. Subsequently, the suspensions were centrifuged (Heraeus Instru-
ments, Hanau, Germany, Megafuge 2.0, 3500 rpm for 15 min). The concentration of Sr in
the supernatant was determined by ICP-OES. Uptake of Sr was determined from the dif-
ference between added Sr and Sr measured in the supernatant. One measurement per
sample was performed. Reproducibility was verified by performing the two series of
measurements by two different persons. The results were reproducible. Errors within the
ICP-OES measurements were between three and six percent.

2.4. Speciation Calculations and Surface Complexation Modelling

The surface complexation model requires a proper treatment of the aqueous specia-
tion and the activity coefficients of aqueous species. As a second sub-system, the acid-base
properties of the sorbent need to be defined in an appropriate model before attempting to
simulate Sr adsorption. This requires a stepwise procedure. We first defined the aqueous
system, neglecting, as stated above, any reactions of dissolved Fe(III).

For Sr and the conditions investigated, we assumed that only Sr?*(aq) was present.
This was verified by aqueous speciation calculations.

Starting from the fact that alkaline-earth elements show a poor tendency to hydro-
lyze, which increases with increasing atomic weight [42], it was inferred from these calcu-
lations that Sr hydrolysis is relevant for pHc> 12 for the conditions studied here. For 0.1
M Nad(l, the calculations can be carried out using the Davies equation. Additional calcu-
lations involved a SIT database (see https://rdrr.io/cran/phreeqc/man/sit.dat.html,
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29/05/2021) with PhreeqC [43], where we had to use SIT parameters for Ni*, the one sim-
ple divalent cation for which ion interaction coefficients of the chloride ion with Ni%,
NiCl*, and NiOH?, i.e., the three species that could be relevant for Sr in NaCl, were avail-
able. The above sketched calculations were carried out to verify to what extent the hydrol-
ysis species (SrOH*) needed to be considered because the Pitzer database that was finally
used does not include any hydrolysis species of Sr. In the Pitzer formalism, the interaction
between Sr? and ClI- is described by interaction coefficients only. For the final calculations,
the activity coefficients are used to obtain the relevant activities for dissolved species for
the different NaCl concentrations using the Pitzer formalism. Because the SIT is usually
applied up to 3-4 M, we applied the Pitzer approach due to the 5 M dataset. In summary,
for Sr only, the dissolved Sr?* ion has been considered in the aqueous phase. Pitzer activity
coefficients were used as described above.

Surface protonation of the solid is simulated with a generic 1-pKa (=XOH"72, where X
stands for Fe, see Table 1). In general, various surface functional groups exist (singly, dou-
bly, triply coordinated groups), even on ideal surfaces. On real surfaces, defect sites add
complexity [44]. Surfaces for which the precise morphology (in terms of exposed crystal
planes and their contributions to the overall surface area of a particle) is not available or
which are expected to show other types of heterogeneity, do not allow a detailed treat-
ment. Instead, one has to resort to a simpler model, ideally to the simplest one possible
that allows one to describe the available data [45,46]. A basic Stern model is used for in-
terfacial electrostatics of the system, which includes ion-specific effects via ion-pair for-
mation constants, (as does Pitzer via ion-interaction parameters). The ion-specific effects
for the surface complexation model are included in the pair formation constants of the
ions of the background electrolyte [47]. Target cation (i.e., Sr) adsorption is modelled by
keeping parameters that were obtained from fitting the titration results, i.e., site density,
capacitance, surface hydrolysis constants, and ion-pair formation constants. Parameter fit-
ting is done using the general parameter estimation software UCODE [48] coupled to a
modified version of FITEQL2 [49].

Table 1. Parameters and reactions used to model the amphoteric behavior of the Fe(III) mineral
surface with an electrostatic (Basic Stern) SCM model at infinite dilution and zero surface potential.
Fitted parameters are underlined.

Reaction log K°
=XOH12 + H* — =XOH2*12 7.10a
=XOH2 + Na* — =XOH"2""Na* 0.422
=XOH2"2 + CI~ — =XOH2*/2Cl~ =0.172
Parameter Parameter Value
Site x (sitessnm™2), fixed at this value 6.36
Capacitance (F-m~2) 2.59

Note: *Counter ion charge is placed in the d-plane, i.e., chloride and sodium were placed in the 1-
plane (d-plane, at the head end of the diffuse layer) as outer-sphere complexes.

No activity corrections, apart from electrostatic factors, are applied to surface species,
i.e., in the mass law equations, only activity coefficients for dissolved species and activities
of water have to be considered to calculate the ionic strength dependence of stability con-
stants.

The pre-calculated activity coefficients and water activities from Geochemist’s work-
bench calculations for the respective salt levels were applied in the FITEQL2 input files.
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3. Results
3.1. Solid Characterization

Figure 1 shows the XRD and Figure 2 the XPS data for the synthesized solid particles.
A good fit to the powder diffractogram was obtained, considering the presence of 94% =+
2% hematite and 6% + 2% goethite. No other crystalline phases were detected. As can be
inferred from Figure 2A, the XPS measurement yields an atomic O/Fe concentration ratio
of about 1.55, which is consistent with hematite plus some goethite. Figure 2B indicates
that, within the penetration depth of the XPS measurement, the oxide dominates. There-
fore, the results from the XRD and the XPS methods agree with each other concerning the
presence of minor amounts of goethite. Figure 2A shows the presence of KCI impurities
from the synthesis. KCI was not detected in the XRD measurements. Adventitious hydro-
carbon is detected by XPS (Figure 2A) and is due to sample handling (i.e., transferring the
sample to the XPS chamber). Finally, Figure 2C shows that no ferrous iron is detectable in
the sample by XPS based on the absence of a shoulder in the Fe 2ps» peak [50].

/Ao h s L
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Figure 1. Experimental (blue line) and modeled (red line) powder X-ray diffractogram of the solid phase following the
description in the experimental section. Also shown are the fit residual (grey line) and the contribution of hematite (green
line) and goethite (orange line) to the diffractogram.
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lines.

3.2. Electrokinetics and Surface Titrations

The zeta potential of the synthetic iron(III) oxide sample in the absence and presence
of Sr**(aq) is shown in Figure 3 as a function of pH. The isoelectric point of the solid in the
absence of added salt and at about 1 mM NaCl can be between pH 7.1 and 7.6. For the
modelling, it is taken to be at pH 7.1 (Figure 3A). Kosmulski [51] reports a range for points
of zero charge for synthetic goethite between pH 5.6 and 10.2, and for synthetic hematite
between pH 3.2 and 9.5. Therefore, the obtained results are in the range of previously
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reported values. The two separate series of experiments in Figure 3A show that the data
were well reproducible. Figure 3B shows, for systems containing about 1 mM NaCl, that
the addition of Sr leads to small but visible shifts of the isoelectric point to higher pH,
indicating that Sr (specifically) adsorbs to the solid [52]. We emphasize that an accurate
measurement of the isoelectric point (IEP) is difficult. Thus, the data in Figure 3A show
significant scatter in the absence of Sr around the IEP. The reason for this is that, close to
the IEP, the particles may aggregate more quickly and sediment, causing enhanced errors.
We expect that the data points in the presence of Sr with |Cl <10 mV are particularly
affected by this effect and refrain from interpreting potential differences in the shifts of
the IEP with Sr concentration. Rather, we believe the fact that for pH > 7, on average, all
measurements in the presence of Sr yield results on the right side of the data in the absence
of Sr indicate that there is a shift.

] | | 30 T T
o A no added salt I:Ik . OO0 pM Sr#1
At 20 o " -
O 01.1 mM NaCl #1 > |H 10 uM Sr
— DEIJ @ 50 UM Sr
B 1.1 mM NaCl #2 10 3 o
s g *
m E o0 .
Om ) :
a (| A
M -10 nd
r_u] - a Q’
A 8
_ 20 |- 1.ammMNacl — F g
. L]
6 8 9 10 11 12 5 6 7 8 9 10 11 12
pH pH
(A) (B)

Figure 3. Zeta-potential measurements of the synthesized particles: (A) in the absence of Sr without NaCl addition or with
1.1. mM NaCl present. (B) in the absence and presence of 10, 50, and 100 uM Sr in 1.1 mM NaCl. The two series with 1.1
mM NaCl (i.e., #1 and #2 in (A) correspond to two separate series of experiments.

Next, we discuss the results of the titrations. We first show to what extent our results
compare to previously published data, which were obtained on the proton concentration
scale with the same background electrolyte.

Figure 4A compares our experimental data for 100 mM NaCl to data available in the
literature for goethite and hematite [53,54]. These sets were chosen because the data were
obtained on the proton concentration scale and because high-precision equipment was
used. The comparison is done by relating the absolute proton related surface charge den-
sity, i.e., the x-axis refers to the respective points of zero charge in the two papers [53,54]
and to the IEP measured for the solid studied here, Figure 34, i.e., -log ([H*]o/M. The data
agree very well, and we are therefore confident that our titration data are reliable, even if
the amount of surface area in the titration vessel was relatively low, which also explains
why relatively few data points are obtained. Figure 4B shows the comparison for data for
the titration of the suspension in 5 M NaCl and the blank used for correction. It is clear
that, despite the low amount of surface area used in the suspension titration, there is a
clear difference between suspension and blank titration for the chosen conditions (as de-
scribed in the experimental section). Even though for typical conditions (i.e. titrants with
relatively high concentrations, such as 0.1 M) and typical titrant volumes (say, 0.2 mL),
the surface area in the titration vessel should be as high as possible, it can be decreased if
titrant concentration and volume added are accordingly adapted. The results shown in
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Figure 4 show that this was appropriately done in the present case, because literature data
were reproduced for the low salt concentration (Figure 4A), and blank and suspension
titrations showed significant and consistent differences as shown, for example, for the
highest salt content (Figure 4B).
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Figure 4. (A) Proton related surface charge density (coH) as a function of the difference of —log ([H*]/M) and -log ([H*]o/M)
in comparison to data reported for goethite by Gunneriussion et al. [53] and hematite by Karasyova et al. [54]. (B) Com-
parison of blank and suspension titration for 5 M NaCl salt concentration and 1.39 g/L synthetic Fe(III) oxide.

Figure 5 shows the results of the surface titrations in terms of protons adsorbed in
molar concentrations as a function of pHc. The lines are calculated with the combination
of an electrostatic surface complexation model (a 1-pK, 1-site, Basic Stern model) using
the Pitzer approach. The site density was fixed at 6.36 sites/nm?, a value typical of iron
oxides for this type of simplifying model [55]. Thus, the site density is in the range given
by Barron and Torrent for hematite and goethite [36]. The pristine point of zero charge
was fixed at pH 7.1, i.e., the isoelectric point in the absence of Sr (Figure 3A). This value is
also used directly in the 1-pK protonation/deprotonation reaction. The remaining param-
eters that need to be determined from the experimental data are the electrolyte binding
constants and the capacitance value. We obtained a good fit for the four salt concentra-
tions investigated using the parameters given in Table 1.
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Figure 5. H* adsorption (Hads) as a function of pH. for the Fe(III) oxide particles at different ionic strengths (0.1-5 M) in
NaCl medium. Symbols denote the experimental results, while lines represent the best fit model using parameters from
Table 1 and Pitzer activity coefficients for aqueous solution speciation. Conditions for the titrations are given in the exper-
imental section of the main text.

The fitted parameters for electrolyte binding indicate a weaker affinity of chloride for
the surface compared to sodium (Table 1). This deviates from results reported for a com-
parable model on goethite [55]. The fitted capacitance is somewhat higher than usually
obtained (i.e., for the above cited work [55], the reported capacitance was 1.07 F/m?). Over-
all, with only three fitted parameters, we obtained an excellent fit to the measured proton
uptake.

3.3. Sr Adsorption Experiments on the Synthetic Iron(Ill) Oxide

Figure 6 shows the pH dependence of Sr adsorption on the synthetic iron(III) oxide
at two slightly different Sr concentrations. While, at low NaCl content, the uptake tends
towards 100%, with increasing salt content, the uptake is clearly suppressed, indicating a
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decreasing affinity to the surface. Literature data for Sr adsorption on hematite (with a
point of zero net proton charge of about 8.5) in 0.1 M NaCl [54] or on goethite (point of
zero net proton charge of about 9.2) in 0.01 M NaCl [56] show (i) that the onset of Sr ad-
sorption occurs in similarly high pH ranges as in our case and (ii) that, when increasing
the Sr concentration under otherwise identical conditions, the fraction of adsorbed Sr de-
creases significantly. This indicates limited affinity to the surface relative to other metal
ions like Eu in the case of magnetite [7]. The Sr uptake data on montmorillonite at pH 5
reported in the literature [21] also indicate a substantial decrease in the distribution coef-
ficient with increasing salt content. However, the decrease of Sr uptake by montmorillo-
nite is clearly explained by cation exchange, which does not occur on oxide minerals. A
more appropriate comparison is the data for Ba adsorption on goethite [15], where in-
creasing NaNOs concentration shifts the adsorption edge of Ba to higher pH values.
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Figure 6. Adsorption edges for Sr (diamonds [Sr]r=1-10" M; circles [Sr]r=5-10-> M) on iron(IIl) oxide (7.3 g/L) as a function
of pHe and at different NaCl concentrations. Adsorption data (symbols) as percentage uptake. Grey solid lines ([Sr]r =
1-10°M) and black dotted lines ([Sr]r=5-10"M) are for simulations with parameters from Tables 1 and 2 for (monodentate)
adsorption and Pitzer parameters for aqueous species. For the higher strontium concentrations (circles), the error bars are
added; for the other dataset, the errors are similar (data not shown).

A rather simple model is able to describe the complete set of uptake data. With only
one surface complex plus chloride co-adsorption, we are able to simulate the effect of salt



Minerals 2021, 11, 1093

13 0f 18

content over a factor of 50 as going from 0.1 M to 5 M NaCl and the effect of total Sr
concentration in a small concentration range. Two options were tested in the modelling,
one involving monodentate (A) and the other bidentate (B) surface complex formation.
Both were seen to be equally successful. It was found that charge distribution significantly
improved the fits in both cases. All parameters are given in Table 2. Thus, overall, two
surface species, =XOHSr*”2 and =XOHSr+¥2Cl- (where the strontium charge is distributed
over the two planes, while the chloride charge is placed in the d-plane, see Table 2), are
sufficient to obtain excellent simulations, whereas a more sophisticated model for triva-
lent actinide adsorption on magnetite [7] was used. This latter model includes molecular
level information in the definition of surface sites and the adsorption mechanism, whereas
the present model is a generic one-site model with a limited number of adjustable param-
eters.

Table 2. Parameters and reactions used to model Sr adsorption onto the synthetic iron(III) oxide
surface with an electrostatic SCM model at infinite dilution and zero surface potential. All parame-
ters were fitted.

(A) For Monodentate Surface Complexes

Reaction log K°
=XOH12 + Sr>* — =XOHSr*3?2 1.11=
=XOHSr*72 + Cl~ — =XOHSr+/2-Cl~ 1.052P
(B) For Bidentate Surface Complexes
Reaction log K°
(=XOH"12)2 + Sr2* — (=XOH)2Sr*! 1.17¢4
(=XOH)25r*! + CI” — (=XOH)25r*1+-Cl~ 1.04cde

Note: Strontium charge is placed in the 0-plane and 1-plane (for the bare complex one charge unit
in each, for the ternary complex 0.38 charge units in the 0-plane), °chloride charge is placed in the 1-
plane (d-plane, head end of the diffuse layer). <Strontium charge is placed in the 0-plane and 1-plane
(for the bare complex one charge unit in each, for the ternary complex 0.38 charge units in the 0-
plane); dbidentate formulation involves a stoichiometric factor of 1 for the A-matrix and consumes
two generic sites by setting the coefficient to 2 in the B-matrix [57,58], chloride charge is placed in
the 1-plane (d-plane, head end of the diffuse layer).

Figure 7A,B shows the surface speciation within the proposed model (Tables 1 and
2). For the low chloride concentration (Figure 7A), the surface ion-pair plays no role. At
the highest NaCl concentration, in turn, it dominates the surface speciation of Sr surface
complexes (Figure 7B). The model indicates a trend with NaCl concentration concerning
the difference between the two Sr concentrations at the high pH. For these two conditions,
the surface speciation is governed by one complex. In the two other cases (speciation not
shown) there is more equilibrated contribution from the two surface complexes. The
model inherent effect of Sr concentration in all cases involves a slight decrease of fractional
adsorption for the =XOHSr#” species with increasing Sr concentration, whereas the ion-
pair is not much affected. For the intermediate NaCl concentrations, the observed de-
crease due to electrostatics becomes relevant and visible.

Interestingly, the monodentate and bidentate options turned out to be equally suc-
cessful in terms of goodness of fit. As an example, we plot the comparison for the data at
0.1 M NaCl and 10 uM Sr in Figure 7C. The Charge Distribution (CD)-values suggest that,
in the bare complexes as given in the tables, the strontium charge is equally distributed
between the two planes, while the co-adsorption of chloride in both cases draws more
strontium charge towards the solution side of the interface. In both cases, equilibrium
constants and CD-factors are nearly identical, the former because the A-matrix involves,
in both cases, a stoichiometric factor of unity for the surface site component [57,58]. Over-
all, the combination of the conventional electrostatic SCMs with Pitzer aqueous solution
approaches is successful in describing the available data. The increased salt levels do not
seem to affect the performances of the adsorption models.
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Figure 7. (A) Surface speciation of Sr on the iron(III) oxide for 0.1 M NaCl and 10 uM Sr as a function
of —log([H*]/M). (B) Surface speciation of Sr on the iron(IIl) oxide for 5 M NaCl and 10 pM Sr as a
function of -log([H*]/M). (C) Comparison between mono- and bidentate simulations for Sr adsorp-
tion to the Fe(IIl) oxide mineral as a function of —-log([H*]/M) at 0.1 M NaCl. (D) Sr uptake in 0.1 M
NaCl solutions; comparison of data for 10 uM and 50 uM Sr data with literature data on hematite
[54]. Solid concentration is 7.3 g/L for all calculations and experimental data.

Finally, Figure 7D compares our Sr uptake data in the 0.1 mM NaCl solution with
data on hematite from the literature [54]. To justify the comparison, we have calculated
the ratio of the amount of total Sr in the system and the surface area exposed by the re-
spective sorbents. The ratios for the 50 uM Sr data from the present work (0.33 pmol/m?)
and one series from Karasyova et al. [54] (0.42 umol/m?) are close. Figure 7D shows that
the two datasets overlap. With the five-fold lower value, the experimental results from the
present work do not differ. A ten-fold increase in Sr concentration in the literature data
(Figure 7D) causes a shift in the experimental data similar to the shift caused by an in-
crease of the NaCl concentration by a factor 50. For goethite, we did not find data obtained
on the proton concentration scale. Data on the pH scale from Carrol et al. [59] in 0.1 M
NaCl, when corrected to the concentration scale, coincide at the lower pH range with our
data for comparable Sr to surface area ratios, but at higher pH values our data show lower
adsorption.

One important aspect is that the adsorption edge in our dataset does not go to zero
as in many other datasets. We have previously observed similar behavior with goethite in
0.01 M NaCl solutions [56]. As shown in Figure 6, for the 50 uM total strontium concen-
tration, the “residual” uptake is significant. It is, therefore, of interest to discuss the onset
of Sr adsorption on oxide minerals. The present data suggest that Sr uptake is not zero at
the lower end of the pH range investigated, particularly for the lower salt level. However,
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the occurrence of broad pH-edges is not uncommon. For example, in the book by Dzom-
bak and Morel [14], in nearly all Sr adsorption edges, even a two-site model is not able to
capture the data at the lower pH range. One potential reason for this observation could be
that pH changes during the equilibration time towards a lower pH, such that fast initial
adsorption at the higher pH would require desorption with the lowering pH. Since de-
sorption is sluggish [60] this would result in an apparent uptake that is higher than if the
pH had always been at the lower value. With respect to our uptake data, the zeta-potential
results (Figure 3B) corroborate the batch experiment observations, because Sr causes a
shift of the IEP at the low pH range, where adsorption is not decreasing towards zero
(Figure 7). Pronounced uptake of Sr below the typical S-shape of the adsorption edge for
cations (or very broad adsorption edges or distribution coefficient curves as a function of
pH) were reported, for example, on ZrO: [61], hydrated TiO: [62], various other TiO:
sorbents [63], hydrous Al, and Fe oxides [64] or y-alumina [65]. While the pH range of the
data on hematite by Karasyova et al. [54] shown in Figure 7D does not allow a conclusion
concerning this issue, Carrol et al. report steeper pH-edges on goethite and amorphous
silica [59]. Their data on goethite might suggest that the presence of carbonate could en-
hance Sr uptake at the lower pH range [59], which also agrees with the promotion of Sr
uptake on goethite in the presence of selenite at low pH [56]. Mendez and Hiemstra [66]
recently modeled the adsorption of alkaline earth ions on ferrihydrite and involved a high
affinity site to fit the uptake data at the lower pH range in the absence of carbonate. They
also showed that the metal-ion to ferrihydrite ratio determines the steepness of the ad-
sorption edges in such scenarios. A similar approach was reported for y-alumina [65],
where the non-zero uptake of Sr covered a very broad pH range. From the available in-
formation, a definitive conclusion concerning the broad uptake curves as a function of pH,
which can be considered as established according to Trivedi et al. [64], cannot be drawn.
This could be a subject for further research.

4. Conclusions

In this work, we presented experimental data for Sr adsorption to an iron(IIl) oxide
mineral. It was found that the synthesized solid involved crystalline hematite (>90%) and
goethite. Sr adsorption on this solid was found to increase with pH, and at high pH it
decreased when increasing NaCl concentration.

The present work is the first that reports experimental data and a successful model
for the adsorption of Sr on an oxide surface up to very high salt levels. The model also
describes charging curves in the same range of salt concentrations.

The combination of self-consistent experiments with a simple model that merges a
conventional electrostatic SCM with a Pitzer approach to calculate the activities of ions in
solution describes the uptake of Sr on the synthetic iron(Ill) oxide up to 5 M NaCl back-
ground electrolyte concentration; the model successfully simulates the strong effect of the
increasing NaCl concentration on Sr uptake. Unlike for Sr in the present case, for previ-
ously studied systems up to such high salt levels involving trivalent cations, nearly 100%
uptake was observed, even at the highest salt concentrations. The adsorption model in-
volves few adjustable parameters, including the simulation of charging curves up to the
high salt level. We conclude that using such a combination is a robust approach to simu-
late contaminant uptake from highly saline solutions, given that the model is calibrated
self-consistently on a consistent set of experimental and solution speciation data. Previous
models that used high salt levels [7,27-30] were more complex (involving more sites and
more adjustable parameters). The fact that the very simple adsorption model framework
(1-site, 1-pK, Basic Stern model) with fewer adjustable parameters can also be combined
with Pitzer approaches in aqueous solution lends credibility to the approach on a general
level and, in particular, for nuclear waste management in geochemical settings that in-
volve high salt concentrations.
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