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ABSTRACT

Goethite, a common Fe(III) oxyhydroxide found in soils and aquifers, is employed in water purification tech-
nology due to its high oxo-anion adsorption capacity. In a series of batch equilibrium experiments, goethite
suspensions were subjected to varying ionic strengths, concentrations of vanadate and molybdate, and pH values
ranging from 3 to 10. These experiments were also carried out at four distinct temperatures, ranging from 10 to
75 °C. The results from over 1400 individual batch equilibrium experiments revealed that the adsorption of
vanadate and molybdate generally decreases as the pH increases, as is typically observed for anion adsorption
envelopes. However, this decrease was found to be less pronounced for vanadate compared to molybdate, with
only the latter showing a sharp adsorption envelope decline at circumneutral pH values near the point of zero
charge of the goethite surface. To interpret these findings, the Charge Distribution Multisite Surface Complex-
ation (CD-MUSIC) model framework was employed. According to the model fit, the adsorption of molybdate is
primarily governed by an outer-sphere surface complex at circumneutral pH conditions, which remains relatively
unaffected by temperature variations, indicating a nearly zero enthalpy of reaction. Similarly, for vanadate, there
was also no significant temperature effect, but the reasons differed. For the two inner-sphere vanadate surface
complexes, a linear decrease in logK values with temperature was observed, suggesting an exothermic adsorption
reaction with negative enthalpy as typical for inner-sphere binding of oxyanions. This was counterbalanced by an
increase in logK with temperature for the strong dioxovanadium(V) cation surface complex, which exhibited a
positive enthalpy and thus an endothermic reaction typical for cations. As a result, the overall uptake of vanadate

by goethite was found to be almost temperature independent as well.

1. Introduction

Environmental issues with molybdenum (Mo) and vanadium (V)
have not often been reported, although they are common metal con-
taminants released into wastewater from industrial plants and other
anthropogenic sources, including coal combustion residues (Harkness
et al., 2017). Both metals are widely used in high-performance alloyed
steel production and are also important metal components for the green
transition. Future developments in vanadium usage, such as the growing
adoption of V-based sodium-ion batteries for energy storage, could have
a significant impact on the demand for this metal (Samarin et al., 2023).
However, even though they are designated as critical materials, there is
currently no effective circular economy for these metals. At their
end-of-life, they are treated as impurities to eliminate rather than
precious metals to recover (Graedel and Miatto, 2023). Environmental
contamination by these metals is therefore an ongoing issue and in
particular V biogeochemistry and bioremediation have gathered
increasing attention in the past decade (Zhang et al., 2023).
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Molybdate and vanadate species are the most soluble forms of Mo
(VD) and V(V) and can occur also as geogenic contaminations of
groundwater (Smedley and Kinniburgh, 2017; Gustafsson, 2019; Par-
nell, 2022). Because of their high toxicity, even at low concentrations (in
the pg L™! range), V species in groundwater with elevated geogenic or
anthropogenic concentrations can pose a significant health risk (White
and Levy, 2021; Vasseghian et al., 2021). A health-based guide value in
drinking water of 4 pg L' has been set by the German Environment
Agency. Health problems due to elevated geogenic V and Mo concen-
trations in groundwater may be exacerbated by co-occurrence with
other toxic oxo-anions, as has been found in the eastern United States
(Coyte and Vengosh, 2020). Elevated V groundwater concentrations up
to 0.2 mg L~! have been detected in volcanic areas worldwide (Hamada,
1998; Arena et al., 2015; Koh et al., 2016). In Argentina, elevated geo-
genic V concentrations have also been observed to correlate with
increased levels of silicic acid and arsenic in Tertiary and Quaternary
fluvial and aeolian (alluvial) deposits. The potential sources were
identified as volcanic ash layers containing up to 90% rhyolitic glass
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dispersed in the sediments (Bundschuh et al., 2004; Bhattacharya et al.,
2006). Similarly, in the semi-arid Province of La Pampa, Argentina, 40%
of analyzed groundwater samples have concentrations above the World
Health Organization (WHO) health-based value of 70 pg L™ (Smedley
and Nicolli, 2014), with a maximum value of 1715 pg L~! ever measured
in groundwater unaffected by anthropogenic activities (Nicolli et al.,
1989). Dissolution of mafic phenocrysts common in the local tuffaceous
aquifer rocks has been identified as a likely source of groundwater V in
Oasis Valley (Nevada, USA; Telfeyan et al., 2015). Fluorapatite with up
to 10% phosphate substitution by vanadate was identified as the pri-
mary geogenic source in a German volcanic area (Harter et al., 2020).
Many other groundwater data are provided by a recent compilation
(Zhang et al., 2023).

Once released into the aqueous environment, molybdate and vana-
date in aquifers tend to be sorbed to Fe/Mn oxyhydroxides (Gustafsson,
2019; Yang and Wang, 2021; Zhang et al., 2023). As a mitigation option
for groundwater V and Mo contamination, in-situ co-precipitation by
oxidation of Fe(II)-bearing anoxic groundwater or adsorption onto fixed
bed adsorbers based on Fe oxyhydroxides are often applied (Weidner
and Ciesielczyk, 2019; Dabizha et al., 2020; Leiviska, 2021; Mahringer
et al., 2023). Column and field tests related to aquifer thermal energy
storage (ATES) found significantly elevated Mo, V, and other oxo-anions
after hot water injection into the shallow aquifer that could not be
explained simply by reductive dissolution of Fe oxyhydroxide adsorbent
phases (Bonte et al., 2013, 2014; Liiders et al., 2021; Craig et al., 2021).
Based on batch tests, it was hypothesized that the significant
temperature-induced change in oxo-anion mobility could be related to a
thermal desorption process (Liiders et al., 2021). However, for an ac-
curate prediction of the concentration changes, there is a lack of ther-
modynamic parameters to prove the hypothesis of a temperature
dependent adsorption-desorption mechanism.

Surface complexation models can be used to interpret experimental
data, describe the adsorption processes, and estimate ion partitioning at
the solid/solution interface. Despite the increasing number of published
modeling studies on oxo-anion surface complexation, such as molybdate
and vanadate (e.g., Gustafsson, 2003; Xu et al., 2006; Gustafsson and
Tiberg, 2015; Larsson et al., 2017; Brinza et al., 2019; Wang and Sher-
man, 2021; Dabizha et al., 2020), the impact of temperature on
adsorption has received limited attention. Quantitative standard molar
enthalpy and entropy data for the molybdate and vanadate surface
complexation reactions with (hydr)oxides are not yet available, but a
comprehensive set of temperature-dependent surface complexation
constants would be highly valuable for various applications, including
(i) the removal of Mo and V from hot industrial wastewaters, (ii) the
study of Mo/V-containing canister materials in underground nuclear
waste repositories with long-term residual heat generation by fuel cells,
(iii) the investigation of Mo/V behavior in geothermal water plants
dealing with highly saline brines and addressing corrosion issues, and
(iv) the examination of Mo/V behavior during ATES activities. There-
fore, the aim of this study was to provide temperature-dependent surface
complexation constants for adsorption of both molybdate and vanadate
by goethite (a-FeOOH). Goethite was chosen for the experiments
because it is relatively inert towards temperature, at least below 100 °C,
while other Fe hydroxides such as ferrihydrite tend to change their
structure and amount of specific surface due to temperature-induced
ageing.

2. Materials and methods
2.1. Batch adsorption experiments

All chemicals used were of analytical grade and were purchased from
Merck (Darmstadt, Germany). All aqueous phase solutions and suspen-
sions were prepared using purified water (Milli-Q, Merck, Darmstadt,
Germany) with a resistivity of 18.2 MQ-cm at 25 °C. Argon gas was
bubbled through the water to avoid contamination with COj, as
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carbonate is known to interfere with oxo-anion adsorption (Villalobos
etal., 2009). Synthetic goethite was prepared from ferric nitrate solution
under alkaline conditions. Briefly, 40 g Fe(NO3)3-9H20 was diluted in
100 mL of water, and 28 g NaOH was dissolved in 1300 mL of water and
heated to 70 °C. The iron nitrate solution was slowly added to the stirred
hot NaOH solution and then aged at 90 °C for another seven days. The
aged goethite phase had a relatively low Brunauer-Emmett-Teller (BET)
specific surface area of 25 + 3 m? g~! as measured by N adsorption
(Quantachrome NOVA 1200, Anton Paar GmbH, Germany). A typical
needle-like submicrometer crystallinity with a low amount of capping
face areas was found by TEM-based imaging (Fig. S1, Supporting In-
formation). No phase transition of this goethite to hematite was found
even after heating the suspension to 140 °C overnight in a closed
autoclave, as analyzed by X-ray diffraction (Fig. S2), and no Fe disso-
lution was found at pH values > 3 (total dissolved Fe < 10 nmol L™H.

Batch equilibrium experiments were conducted under both acidic
and alkaline pH conditions using 50 mL polypropylene centrifuge tubes
containing 25 mL of a well-stirred suspension. Diluted goethite sus-
pensions (5.00 g L™1) were prepared in 10, 50, and 100 mM NaNOs
solutions as the background electrolyte at a pH 3. The suspensions had a
low enough density, as determined by Oman et al. (2007), to prevent
any suspension effect on pH measurements. Stock solutions of
NayMoO4-Ho0 or NagVO4 (Merck) were added to the suspensions to give
a total concentration of 10, 50, and 100 pmol L~! for molybdate, or 0.1,
0.3, and 0.5 mmol L™ for vanadate at a pH 3. The pH was adjusted by
adding drops of 0.1 M NaOH prepared from Titrisol stock standard so-
lution (Merck, Darmstadt, Germany) using CO,-free boiled deionized
water. The pH of a given suspension was determined using an Inolab
Level 2P pH meter (WTW, Weilheim, Germany) equipped with a Sen-
Tix81 combination electrode and a temperature probe. The electrode
was calibrated using CertiPur pH 4.01, 7.00, and 9.00 buffer solutions
(Merck) at their respective temperatures, considering the known tem-
perature dependence of the pH of these buffers (Covington et al., 1985).
The pH was considered stable if the measured drift was <1 mV per
minute during a 10-min period to avoid silicic acid and CO5 contami-
nation. The electrode was rinsed with reagent-grade HCl between
samples to avoid sample cross-contamination. Together with the line-
arity criterion, an overall uncertainty of <0.1 pH unit was achieved in
the pH measurements, as recommended by IUPAC for measurements
over a wide range of unknown pH values (Naumann et al., 2002).

All centrifuge tubes were capped and placed in a thermostatically
controlled water bath at the specified temperature (10, 25, 50, or 75 °C).
After 72 h, the final pH of the supernatants was determined and used as
input for the model fitting process. The tubes were then centrifuged at
1100 g for 20 min, whereby they cooled down. However, significant
concentration changes were not expected due to quick separation of
both phases. Subsequently, the supernatants were additionally passed
through a 0.2 pm membrane filter syringe. The total dissolved Mo and V
concentrations in the supernatants were determined using an Agilent
7700 inductively coupled plasma mass spectrometer (ICP-MS, Agilent
Technologies, Santa Clara, CA, USA) with a detection limit of about 0.01
jg L1, For the measurements, each solution after filtration was diluted
100-fold with acidified water to mitigate interference by the background
electrolyte. The concentrations of the blank samples were checked using
the acidified water to verify accuracy. The amount of Mo and V that had
been adsorbed was defined as the difference between the total initial Mo
concentration and the concentration in the supernatant filtrate after
equilibration and is presented here as the percentage of molybdate and
vanadate adsorbed. Experimental data were thus obtained from more
than 1400 individual batch experiments.

2.2. Surface complexation model
A unique feature of the 1-pK three-plane CD-MUSIC surface

complexation model developed by Hiemstra and Van Riemsdijk (1996)
is that surface complexes can be positioned between the different surface
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electrostatic planes, most commonly between the two innermost (0- and
f-) planes. Charges of surface complexes can be positioned in either of
these planes or distributed between them to distinguish between inner-
and outer-sphere complexation characteristics. This is achieved in the
model by providing the Boltzmann factors for the two planes, and
commonly not done by fitting but by accounting for the charge distri-
bution (CD values) of the surface complexes according to Pauli’s rules. A
multisite surface complexation (MUSIC) with singly and triply coordi-
nated O(H) groups, denoted = FeOH /2 and = Fe3O’1/ 2, is used to
describe the surface protonation reaction. The site densities fixed at 3.4
and 2.7 nm~2 respectively, are commonly used as a standard in
CD-MUSIC modeling of goethite. Clearly, there are an infinite number of
combinations of specific surface area (SSA), crystal plane contribution,
surface site and charge densities, capacitance values, and equilibrium
constants that can fit a given set of experimental data equally well (Han
and Katz, 2019). Total ion-reactive site densities ranging from 3.1 to 9.7
nm ™2 have been reported for different goethite preparations resulting in
different crystal morphologies (Villalobos et al., 2009). Sverjensky
(2003) has suggested using 100-10'® sites g~! as a standard for all
mineral surfaces, but we prefer to use the CD-MUSIC goethite standard
as proposed by Hiemstra and Van Riemsdijk (1996).

The pH dependence of oxo-anion adsorption is mainly controlled by
interactions with protons. To quantify the surface protonation reaction,
the logKy value at room temperature (25 °C) was set equal to the bulk
point of zero charge, pHp;c = 9.1, as determined by previous batch ti-
trations and electroacoustic measurements for goethite samples pre-
pared by the same procedure (Kersten and Vlasova, 2009). The 1-pK
model provides a sufficiently accurate description of the titration
behavior of the goethite solid-water interface (Borkovec, 1997). How-
ever, the pHp,. of individual goethite crystal planes may differ from the
bulk pHp,c used in this study (Hiemstra and Van Riemsdijk, 1996;
Gaboriaud and Ehrhardt, 2003; Boily, 2012; Han and Katz, 2019; Zhang
et al., 2021), and it has been shown that various published assumptions
with respect to the goethite morphology do not significantly affect the
final 1-pK model bulk parameters (Liitzenkirchen et al., 2008).

The background electrolyte NaNO3 was accounted for by symmetric
outer-sphere surface complexation of the monovalent electrolyte cation
and anion, assuming that adsorption occurs in the outer Stern layer with
equilibrium reaction constants fixed at logKn, = logKnos — logKy = —0.6
for all surface sites (Hiemstra and Van Riemsdijk, 1996; Liitzenkirchen
et al., 2008). The binding of electrolyte ions to the surface was thus
assumed to be the same for the cation and anion. This adsorption sym-
metry assumption is reasonable since the ionic strength was low in all
experiments, and a small asymmetry has been suggested between Na™
and NO3 adsorption (Hiemstra and Van Riemsdijk, 2006). Conse-
quently, protonation and deprotonation of surface sites is assumed to be
the predominant process leading to surface charge at the hydroxide
surface in pure electrolyte solution (i.e., when no oxo-anions are
adsorbed). Under this constraint, it is possible to use the temperature
dependence of the point-of-zero-salt effect (pHp,se) as a method for
determining the enthalpy of the protonation process (Kersten and Vla-
sova, 2009). The inner-Helmholtz capacitance value depends on the
type of electrolyte used. A value of C; = 1.0 F m~2 was found based on
acid-base titration data in NaNOs electrolyte solutions (Kersten and
Vlasova, 2009) and is within 10% of many other reported goethite
studies reported (Han and Katz, 2019). The capacitance of the
outer-Helmbholtz layer (C) was set equal to Cj.

Changes in the permittivity of the water with temperature are
implemented in the Visual MINTEQ code, which contains a temperature
correction function for the relative permittivity such that it is 84 at
10 °C, 78 at 25 °C, 70 at 50 °C, and 62 at 75 °C (Gustafsson, pers.
commun.). Temperature dependence of the inner capacitance parameter
C1 has been neglected. Kulik (2000) found a significant increase in the
density of adsorbed NaNOj electrolyte ions already at moderate tem-
peratures (50-80 °C) and ionic strength (0.1 M). To compensate for this
effect with rutile (TiO2), he suggested that C; should be increased by
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0.15 Fm™~2 from 25 °C to 75 °C and modeled this effect using an equation
of C1(T) = C1(Tp) + 0.003(T—Tp), where temperature T is in degrees
Celsius (Tp = 25 °C). However, this change in the C; would only change
the pHp,c by < 0.1 units in this temperature range. In addition, Halter
and Pfeifer (2001) found an even smaller decrease of 0.02 F m~2 for the
alumina surface in the same temperature range (50-80 °C) for NaCl
electrolyte solutions, which was within the error margin (i.e., insignif-
icant). Therefore, the inner capacitance density parameter C; and thus
also the electrostatic term were assumed to be independent of temper-
ature to simplify the fitting exercise as also suggested earlier by Liit-
zenkirchen and Fink (2019). Overall, it is important to emphasize that
the logK values determined at other temperatures than 25 °C may not be
“real” constants in a strict thermodynamic sense, rather they represent
conditional logK values resulting from using the code with all simplifi-
cations mentioned above. However, it was not the aim to derive at such
real logK’s but rather to compare and derive at a trend in temperature
dependence, i.e., whether there is an exothermic or endothermic reac-
tion behavior, or no change in uptake affinity at all. Therefore, calcu-
lation of thermodynamic constants such as enthalpy and entropy values
from these logK’s using the two-term Van’t Hoff equation was avoided
here.

In the model fit, the change in pHp,. with temperature had to be
adopted manually with the data determined previously by Kersten and
Vlasova (2009) and compiled in Table 2. The CD values were fixed at all
temperatures to those determined at 25 °C, effectively reducing the
number of fitting parameters to the two to three reaction constants (logK
values) at T > 25 °C. Since the CD values are the dominant parameter
accounting for the slope of the adsorption envelope, which in turn is
determined nearly exclusively by the CD values of the outer-sphere
complex, fixing these parameters for all temperatures means also that
the slope does not change with increasing temperature. The experi-
mental data were ultimately fitted to determine the logK values for
molybdate and vanadate surface complexation using the Visual MINTEQ
ver. 4.0 code coupled with the shell optimizer PEST code (Gustafsson,
2022). PEST minimizes the weighted sum of squared differences be-
tween model-generated logK values and those estimated. This sum of
weighted, squared, model-to-measurement discrepancies is referred to
as the “objective function” (Doherty, 2015). In the PEST optimization
process, the contribution of different subgroups to this objective func-
tion is calculated. A set of initial logK values near to those expected (or
suggested in previous publication) for the surface complexes must be
supplied to PEST before each run. During the optimization, PEST mod-
ifies the logK values (2-3 for the CD-MUSIC fit) that are to be optimized,
passes them back to the Visual MINTEQ code, which provides a new set
of model-generated values, PEST modifies the logK values again, etc.,
until the objective function is minimized. Apart from the value of the
objective function, PEST also reports the correlation coefficient R as an
goodness-of-fit parameter, which is independent of the number of ob-
servations in the parameter estimation process, and it is also indepen-
dent of the absolute levels of uncertainty of the observations (unlike the
objective function). The uncertainty parameter R is defined as (Gus-
tafsson, 2022):

R— > (wic; — m)(wico; — my)

B [ 2= (Owici — m)(wici — m) 32 (wico; — mo ) (Wicor — 1mp)]

= M

where ¢; is the i-th observation value, c; is the model-generated coun-
terpart to the i-th observation value, m is the mean value of the weighted
observations, mg is the mean of model-generated counterparts to ob-
servations, and wj is the weight associated with the i-th observation. As
recommended, R should be > 0.9 for an acceptable model fit (Bachmaf
and Merkel, 2011; Doherty, 2015). For a more accurate temperature
correction of the water dissociation reaction, an analytical expression is
implemented in the Visual MINTEQ code as follows:

logKy(T) = A + B-T + C/T + DlogT + E/T* (2)
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with parameters as compiled in Table 1. Such a temperature correction
was also taken from the THERMODDEM database (https://thermoddem.
brgm.fr/) for aqueous Mo(VI) and V(V) complexes where available
(Table 1), otherwise a one-term van’t Hoff extrapolation with ArHO
values (4, C = A, S} = 0) taken from Cruywagen (2000) was kept as
default in the Visual MINTEQ database.

The geochemistry of V is quite complex, with three oxidation states
(I1L, 1V, and V) that can occur under natural conditions in aquifers
(Shaheen et al., 2019). The thermodynamic database has been updated
by the Visual MINTEQ code developer based on an extensive review of
the V biogeochemistry (Gustafsson, 2019). Thermodynamic modeling
predicts that dissolved MoOz 2 and H,VO3 species dominate between pH
4-9, when dissolved concentrations are below 0.3 mmol L7t (Fi g. S3).
Both Mo(VI) and V(V) can also form polyoxometalate species under
acidic conditions at total dissolved concentrations >1 mmol L™! (Torres
et al.,, 2014; Gustafsson, 2019; Jelinek et al., 2021), for which the
database now includes all relevant species formation reaction constants.
Adsorption of polyvanadate species has therefore been reported at much
higher total concentrations then those used in this study (Vessey et al.,
2020).

3. Results and discussion
3.1. Molybdate adsorption

A typical molybdate adsorption envelope for goethite at room tem-
perature is plotted against pH in Fig. 1a—and a full data presentation for
all concentrations, ionic strengths, and temperatures (about 700 data
points) is plotted in Fig. S4. As is typical for anions, the highest amount
of the oxo-anion was adsorbed to goethite at the most acidic pH values.
Nearly 100% of the oxo-anion was adsorbed at pH 3 and decreased to
almost 0% at the highest pH 10 studied. The adsorption envelope
became steeper with a decrease from nearly 100% to zero within two pH
units as the total oxo-anion concentration decreased (Fig. S4). Increasing
the Mo concentration from 10 pM to 100 pM shifts the pHsg value from 9
to 7, i.e., towards more acidic pH values, thereby decreasing the amount
of molybdate adsorbed at near-neutral pH values (Fig. S4). However, no
significant adsorption envelope shift was induced by the temperature.

Two different surface complexation models have been published for
the possible adsorption configurations of tetrahedral molybdate oxo-
anion molecules on goethite surfaces. These are monodentate outer-
sphere and bidentate inner-sphere (Gustafsson and Tiberg, 2015) or
both inner-sphere monodentate and bidentate (Wang and Sherman,
2021). Both models are based on spectroscopic (EXAFS) speciation
and/or ab-initio molecular dynamics (MD) simulations and were both
also able to fit batch-equilibrium adsorption data. While Gustafsson and
Tiberg (2015) applied an outer-sphere surface complex, as often used for
oxo-anions, Wang and Sherman (2021) argued that the mono-dentate
configuration should be an inner-sphere rather than an outer-sphere
surface complex. However, it appears that Wang and Sherman (2021)
have performed MD simulations using only a neutral (110) slab. Clearly,
MD simulations using charged (protonated) slabs are challenging due to
polarization effects if the electrostatic charge is not balanced (Georgieva
et al., 2020). This approach limits MD simulations to the neutral surface
near the point-of-zero-charge (pHyp,c). Quite unusual, Wang and Sher-
man (2021) assigned the same EXAFS peak at 3.40 A with a poor fit and

Table 1
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Table 2

Surface complexation reaction constants (at 10 — 75 °C and 1 bar) for molybdate
and vanadate adsorption by goethite as fitted to experimental data using the 1-
pK CD-MUSIC model. The proton adsorption data were taken from Kersten and
Vlasova (2009).

Surface complexation reaction logKag3 logK2os logK323 logK34s

H,0 < H + OH™ —~14.54 -14.00 -13.29 —12.72

=FeOH *® + H" & =FeOH3*® 9.45 9.10 8.60 8.20

=Fe;0 %% + H' « =Fe;OH"® 9.45 9.10 8.60 8.20

=FeOH *® 4+ Na' & =FeOHNa"*® —0.6 -0.6 —0.6 0.6

=Fe30 %° + Na* < =Fe;ONa'%® —0.6 —0.6 —0.6 —0.6

=FeOH % + H" + NO3 « 8.85 8.50 8.00 7.60
=FeOH,NO3 %%

=Fe30 *° 4+ H" + NO3 < 8.85 8.50 8.00 7.60
=Fe3OHNO3 *°

=FeOH *° + MoOz2 + H & 12.05 12.37 12.13 12.21
=FeOH,Mo00;1®

2=FeOH *° + M00;? + 2H" & 17.46 17.06 16.32 15.58
(=Fe0);Mo003 + 2H,0

2=FeOH *° + HVO;2 + H' & 14.95 14.78 14.40 13.95
(=Fe0),V05? + 2H,0

2=FeOH *° + HVO;? + 2H" & 22.25 21.97 21.40 20.80
(=Fe0),VOOH ™ + 2H,0

2=FeOH *° + HVO;? + 3H" « 27.40 27.60 28.00 28.40

(=Fe0),V(OH) + 2H,0

thus an extremely high R-factor to both the monodentate and bidentate
corner-sharing surface complexes. In fact, they cannot exclude that this
peak represents only the bidentate edge-sharing complex, but this was
not simulated by their MD approach. In fact, the contribution of such a
bidentate inner-sphere complex is negligible near the pHp,. (Fig. 1a). In
addition, when fitting their batch equilibrium adsorption data, they used
a charge distribution for their mono-dentate reaction that is typical for a
monodentate protonated inner-sphere molybdate surface complex,
where a proton is added to the inner Stern layer (Azp = 1) and the charge
of the oxo-anion is completely located on the second Stern layer, Az; =
—2. However, this must be a monodentate binuclear surface complex
with a second binding to the proton of a surface hydroxyl group on
another surface site as proposed by Davantes et al. (2016) for molybdate
adsorption onto lepidocrocite (y-FeOOH). In fact, from the charge dis-
tribution model point of view, there is almost no difference to the model
parameters of Gustafsson and Tiberg (2015), who used Azy = 0.8 and
Az; = —1.8 for their CD-MUSIC model parameterization assuming an
outer-sphere surface complex. The only difference is the loss of one
water molecule in their chemical reaction, but this does not count for the
law of mass action logK value. Therefore, it is not surprising that the
logK values differ by no more than two units between the two models,
and that the surface species distribution is quite similar. To sum up, we
consider the arguments of Wang and Sherman (2021) not strong enough
to exclude outer-sphere molybdate surface complexation. As discussed
below, we deem just opposite the outer-sphere complexation most
important for molybdate adsorption and tend therefore to follow the
CD-MUSIC model of Gustafsson and Tiberg (2015) formulated by the
stoichiometry below:

2=FeOH %’ + Mo03?2 + 2H' < (=Fe0),M00; + 2H,0 3)
=FeOH *° 4+ Mo0;? + H & =FeOH,;Mo00; ' 4

In Eq. (3), the reaction consumes two H™ to release two water molecules

Temperature corrections used for aqueous oxo-anion species formations according to the polynomial expression 1ogK(T) = A + B-T + C/T + DlogT + E/T?, with
temperature in Kelvin and parameters taken from the THERMODDEM (https://thermoddem.brgm.fr/) database.

Aqueous complexation reaction 1ogK(To) A B C D E

H,O0 =H" + OH™ —14.00 —701.954 —0.112739 36168.09 253.600 —2423262
MoO3 2 + H* = HMoOy 4.40 797.837 0.128593 —45529.95 —287.642 2905031
HVO3? + H' = HoVOy 8.05 461.769 0.076743 —19387.97 —169.705 742814
HVO3;? + 3H" = VOF + 2H,0 15.14 627.653 0.111260 0 0 936959
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Fig. 1. (A) Percentage of adsorbed molybdate (A) and vanadate (B) plotted
against pH. The total element concentration was 100 pmol L7}, goethite
adsorbent concentration was 5 g L7}, the ionic strength was 50 mM NaNOg, and
the temperature was 25 °C for both cases. The curves were fitted using the CD-
MUSIC adsorption model. The coloured lines represent the respective surface
complexes as denoted in the legends, while the black lines represent the total
adsorbed amounts.

to describe the bidentate inner-sphere surface complexation, and Eq. (4)
consumes one H' to describe the outer-sphere surface complexation.
Alternatively, one may think of the bidentate inner-sphere molybdate
complexation (reaction (3)) to occur via ligand exchange with two OH™
surface functional groups and (after protonation) simultaneous release
in the form of two HoO molecules. For both surface complexation re-
actions, the charge distribution parameters published by Gustafsson and
Tiberg (2015) were adopted, which are Azg = 0.5 and Az; = —0.5 for
reaction (3) and Azy = 0.8 and Az; = —1.8 for the outer-sphere
(H-bonded) complexation reaction (4). The fit results for all tempera-
tures are compiled in Table 2.

The overall adsorption reaction is dominated by the outer-sphere
surface complex of reaction (4). The logKr values of the outer-sphere
complex are almost temperature-independent, while those of the
inner-sphere complex are decreasing with temperature indicating an
exothermic reaction (Table 2 and Fig. 2). This is not surprising since the
heat effects of outer-sphere complexes such as electrolyte ions are small
to negligible and, therefore, the enthalpies of binding equal nearly zero
(i.e., zero slope in the logKr os vs. T curve, Fig. 2). This is because outer-
sphere complexes interact with the hydroxide surface in a predomi-
nantly electrostatic way, while any inner-sphere reaction of oxo-anions
induces significant change in charging of the surface (negative A.H).
Therefore, the latter is exothermic and becomes weaker with increasing
temperature (Kulik, 2006). The significant temperature effect found on
the inner-sphere model complex (red lines in Fig. 1a and S4) can be
shown also by the pH at which the contributions of the inner- and
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Fig. 2. Plots of the logKy data for molybdate and vanadate surface complexa-
tion reactions (3)—(7). The asterisks represent the pHp,. data published by
Kersten and Vlasova (2009). The linear regressions through the data are dis-
played, and the regression equations are provided next to the respective lines
for reference.

outer-sphere surface species became equal (i.e., the point at which the
curves crossed). This point shifts to higher pH values with increasing
ionic strength as to be expected due to the known negative impact of the
ionic strength on the outer-sphere complexation. On the other hand, this
point shifts to lower pH values with increasing temperature (Fig. 3 and
S4). The latter effect indicates that temperature-dependent electrostatic
properties of the goethite surface are affecting also the inner-sphere Mo
adsorption. The surface acidity (pHp,.) decreased with increasing tem-
perature (Table 2), meaning that there was less shielding of the negative
charges of the surface complexes (i.e., more repulsion) as the tempera-
ture increased. This shifted the inner-sphere oxo-anion adsorption to-
ward the acidic region by approximately 0.25 pH units per 10 °C, as
previously found for selenate (Kersten and Vlasova, 2013) and chromate
(Dabizha and Kersten, 2020). Finally, the inner-sphere complex nearly
vanishes at 75 °C in the pH > 3 region studied here (see Fig. S4d).
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Z 008 L 40
Z 0.07 35
=
E 0.06 - F30
£ O
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g 0.04 A - 20
% 0.03 - L 15
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Fig. 3. Location of the crossing point of equal amount of outer- and inner-
sphere molybdate surface complex formation on the pH scale in dependence
of the ionic strength (for 10 pmol L ™! molybdate at 10 °C, open dots) and of the
temperature (for 0.1 mmol L~ molybdate at I = 0.1 M, black dots). The size of
the dots represents the data error margins.
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3.2. Vanadate adsorption

An exemplary vanadate adsorption envelope is plotted against pH for
room temperature, the lowest total concentration of 100 pmol L™}, and a
fixed ionic strength in Fig. 1b. Data for all other concentrations, ionic
strengths, and temperatures are presented in Fig. S5. Unlike for
molybdate, no impact of the ionic strength was found on the vanadate
adsorption envelope. Accordingly, no outer-sphere but solely inner-
sphere surface complexation has been proposed for vanadate, for
example, in bidentate corner-sharing (Peacock and Sherman, 2004), or
more recently in bidentate edge-sharing coordination (Larsson et al.,
2017; Abernathy et al., 2022). Neither of these researchers found any
evidence for monodentate inner-sphere surface complex formation
using EXAFS measurements. The CD-MUSIC model by Larsson et al.
(2017), which utilizes this bidentate complex with different degrees of
protonation to account for various vanadate species (see Fig. S3), was
adopted by the stoichiometry shown below:

2=FeOH *% + HVO;? + H' © (=Fe0),V0;32 + 2H,0 ©)
2=FeOH ° + HVO;? + 2H" © (=Fe0),VOOH™ + 2H,0 (6)
2=FeOH *° + HVO;? + 3H" < (=Fe0),V(OH)} + 2H,0 )

The CD values of Azy = 1.0 and Az; = —1.0 for the (=Fe0),V032
complex render the mono-protonated complex even more inner-spheric
in comparison to the Azyg = 0.4 and Az; = —1.4 values suggested by
Larsson et al. (2017). The values of Azg = 0.65 and Az, = —0.65 for the
(=Fe0)2VOOH™ complex, and Azg = 0.9 and Az; = 0.1 for the
(=Fe0)2V(OH)2 complex, respectively, were used same as suggested by
Larsson et al. (2017). The thus fitted logKa9g values at 25 °C of 14.8,
22.0, and 27.6, respectively, are similar to those found previously by
Larsson et al. (2017). The respective fit parameters for other tempera-
tures are compiled in Table 2. While the curves for the (=Fe0O),V(OH)»
complex are negatively bend up to 50 °C, they become positively bend at
75 °C (Fig. S5d). The reason for this is not obvious but leads to an
overprediction of the percentage of V adsorbed at slightly acidic con-
ditions for the highest temperature studied. The quite good fit results (R
> 0.97) for the vanadate (=Fe0),VO3 2 and (=Fe0)2VOOH™ complexes
decrease linearly with temperature. The thus fitted logKy values vs. T
curves run nearly parallel to those of the inner-sphere molybdate
adsorption reaction (Fig. 2). This indicates an exothermic adsorption
reaction with increasing temperature, while an opposite behavior was
found for the (=FeO),V(OH), complex (reaction (7)), with a positive
slope of the logKr vs. T curve (Fig. 2). This indicates endothermic
adsorption behavior as typical for cations (Machesky et al., 2023). Since
this surface complex is formed by adsorption of the dioxovanadium(V)
cation VO3 (hidden in Eq. (7) by the formulation HVO32 + 3H" < VO3
+ 2H30), this behavior is not surprising. Adsorption of cations becomes
stronger at higher temperatures and is therefore endothermic (i.e., A;H
values should be positive), in agreement with the observed decrease of
PHp;c of oxides with increasing temperature, as well as with enhanced
cation-ligand complexation in bulk aqueous solutions at hydrothermal
conditions (Kulik, 2006). While the contribution of the dioxovanadium
(V) cation VO3 can be neglected at room temperature, it becomes
increasingly important with rising temperature at the expense of the
(=Fe0),VOOH™ complex out-compensating the exothermic adsorption
of the vanadate (=Fe0),V032 and (=Fe0),VOOH~ complexes (Fig. S5).
In effect, the overall adsorption reaction becomes almost
temperature-independent, despite the exclusively inner-sphere binding
of the V species by the goethite adsorbent.

4. Conclusions
Despite the temperature corrections in logK of aqueous oxo-anion

species formation (Table 1), no significant temperature effect was
found in the end for adsorption by goethite of both molybdate and
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vanadate but due to different reasons. The adsorption of molybdate with
a relatively steep adsorption envelope at circumneutral pH values is
dominated by outer-sphere surface complexation. The CD-MUSIC model
framework developed to quantify molybdate adsorption suggests that
the logK7 values of the outer-sphere surface complexation do not change
significantly with temperature in the range 10-75 °C studied. The model
results suggest that the bi-dentate inner-sphere complex (=Fe0);Mo002
is dominant only at acidic pH conditions. Formation of this inner-sphere
complex is, in fact, exothermic and more sensitive to temperature
changes, and the formation reactions of the two inner-sphere vanadate
oxo-anion complexes were found also to be exothermic. However, there
is a formation reaction of a vanadyl oxo-cation surface complex, which is
endothermic and counterbalances the exothermic oxo-anion reactions,
resulting in a strong but almost temperature-independent V(V) adsorp-
tion reaction.

The model data can be used to predict both molybdate and vanadate
adsorption behavior under various conditions, such as total concentra-
tions, the amount of adsorbent, pH, ionic strength, and now also varying
temperature. The logKr values thus derived and compiled in Table 2
could readily be used by the Visual MINTEQ code at any temperature
below 100 °C. The hypothesis conveyed that a temperature-induced
increase in vanadate mobility observed during aquifer thermal energy
storage (ATES) is due to a thermal desorption process appears to be less
well-founded based on these results. An alternative hypothesis to be
considered is microbial activity enhanced at increased temperatures,
since the organic compounds in deep soil are highly vulnerable to
decomposition under warming conditions potentially leading to the
formation of DOM-bound V(IV) complexes at suboxic (Eh < 0 mV)
conditions. This may enhance vanadium mobility during ATES as well,
but this alternative hypothesis should be verified by spectroscopic
speciation analysis of the dissolved vanadium speciation for a full
elucidation of the underlying scientific mechanisms governing vana-
dium mobility, an approach that has not been performed in any of the
ATES studies reported so far.
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