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Abstract
In nature, zinc (Zn) ions interact with natural organic matter and soil metal (hydr)oxides. The resulting solid-solution partitioning is of major importance for the geochemical cycling and environmental risks of toxicity and deﬁciency. Ferrihydrite
(Fh) is an important proxy for the natural metal (hydr)oxide fraction in soils. At its surfaces, Zn2+ ions have multi-component
interactions, for instance with phosphate (PO3
4 ). In nature, the latter is particularly relevant in topsoils since PO4 is omnipresent and has a high aﬃnity for Fh. Zinc and phosphate ions may bind cooperatively by electrostatic forces and/or by ternary complex formation. This was studied presently with batch adsorption experiments using freshly prepared and wellcharacterized Fh nanoparticles. The data have been interpreted using the charge distribution (CD) model combined with a
surface structural model for Fh that includes site heterogeneity. The CD coeﬃcients have been derived independently by optimization of the surface geometries with molecular orbital calculations applying density functional theory (MO/DFT/
B3LYP/6-31+G**). These computations conﬁrm that upon adsorption Zn can change spontaneously its coordination number from 6 to 4. In agreement with literature results from X-ray absorption spectroscopy (XAS), Zn is bound at low loading as
a double-corner bidentate complex. At higher loading, the number of ions in the second shell of Zn decreases according to
published XAS results. Our model with the formation of surface complexes with single corner-sharing can quantitatively predict this decrease. Zn polymerization only occurs at a very high molar Zn/Fe ratio (>0.1), which can be described using a
neutral, hydrolyzed Zn-dimer species. The presence of PO4 enhances the Zn adsorption, especially in the pH range 5–6. At
the Zn and PO4 levels studied, no ternary Zn-P surface complexes can be revealed. For comparison, we re-interpreted copper
(Cu)-PO4-Fh adsorption literature data with similar metal and PO4 loadings. In line with the results for Zn, no ternary Cu-P
surface complexes were found. We conclude that electrostatic interactions explain metal adsorption at background levels in
multi-component systems, and that ternary complexes may form only at rather extreme metal or PO4 loading conditions.
Ó 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION
Elaboration of the mechanisms that control zinc (Zn)
speciation in soils is of major importance to understand
the fate and cycling of this element in nature. It is also crucial for optimizing various management practices since it is
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estimated that 1/3rd of the soils worldwide contain suboptimal levels of plant-available Zn (Sillanpää, 1982). Moreover, Zn contaminated soils can lead to serious
environmental problems (Boekhold and Van Der Zee,
1994; Degryse and Smolders, 2006).
Predicting the risk of deﬁciencies and toxicities of trace
elements such as Zn in the environment requires a thorough
understanding of their interaction with reactive surfaces
that control the solid-solution partitioning. Surface
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complexation modeling (SCM) and spectroscopic analyses
have shown that, next to soil organic matter, iron (hydr)oxides can be important for controlling soil Zn speciation in
contaminated sites (Kirpichtchikova et al., 2006; Buekers
et al., 2008; Mao et al., 2017) and in agricultural ﬁelds with
low Zn levels (Duﬀner et al., 2014).
Natural systems have a wide variety of metal (hydr)oxides with variable chemical composition and crystallinity,
which results in diﬀerent adsorption interactions with nutrients and pollutants. Within this heterogenic natural oxide
fraction, ferrihydrite (Fh) is the most reactive material
due to its very small size and the corresponding very high
speciﬁc surface area (Mendez and Hiemstra, 2020b). Moreover, it has been shown recently that Fh is a good proxy for
describing the overall reactivity of the natural oxide fraction for a set of Dutch soils (Mendez et al., 2020) as well
as soils from tropical climates (Mendez et al., 2022).
The interaction between Zn and ferrihydrite nanoparticles has been studied with adsorption experiments
(Kinniburgh and Jackson, 1982; Swedlund and Webster,
2001) and with spectroscopy (Waychunas et al., 2002;
Waychunas et al., 2003; Trivedi et al., 2004; Cismasu
et al., 2013). Surface complexation modeling can be used
to quantify the variation of the adsorption with the solution
conditions. To date, Zn adsorption to Fh has mostly been
interpreted with the general two-layer model (GTLM)
(Dzombak and Morel, 1990). This model approach uses a
hypothetical site density that cannot be related to the surface structure of Fh nanoparticles. Additionally, the
GTLM simpliﬁes the interface to a single plane in which
inner-sphere adsorbed complexes exist as point charges. A
more realistic physical representation of the interface is a
double layer model in which surface charge and countercharge are separated by a Stern layer (Stern, 1924). The
combination of the Charge Distribution model (CD) and
a Multisite Ion Complexation model (MUSIC) can constrain thermodynamic approaches by deﬁning reactive surface sites based on a surface structural analysis of the oxide
particle (Hiemstra and Van Riemsdijk, 1999), and considering inner-sphere surface complexes as spatial moieties that
distribute the corresponding charge over more than one
electrostatic position by introducing one or more Stern layers in the interface model (Hiemstra and Van Riemsdijk,
1996).
The charge distribution of surface complexes over diﬀerent electrostatics planes is determined by the speciﬁc type of
surface species. A major factor is the relative distribution of
the ligands in the interface, and secondly, the corresponding
bond lengths within the adsorption complex. For the Zn
ion, the coordination state can vary between 2 and 8, with
tetrahedral and octahedral coordination being most common (Burgess and Prince, 2011). In an aqueous solution,
Zn is present in octahedral coordination, as it is surrounded
by 6 water molecules as Zn(OH2)2+
6 (Pavlov et al., 1998).
Spectroscopic measurements have shown that upon adsorption, the coordination number can change depending on the
type of adsorbent, the pH, and the Zn loading at the surface. For example, the coordination of Zn adsorbed to
goethite is octahedral with a typical bond length of
dZn-O = 210 pm (Schlegel et al., 1997), while the

Zn adsorbed to magnetite and hematite is a mixture of
tetrahedrally and octahedrally coordinated adsorbed Zn
(Bochatay and Persson, 2000; Ha et al., 2009). Tetrahedrally coordinated surface species with dZn-O = 197 pm have
been proposed for the Zn adsorption to ferrihydrite based
on spectroscopic measurements (Waychunas et al., 2002;
Waychunas et al., 2003; Trivedi et al., 2004; Ha et al.,
2009; Cismasu et al., 2013). Depending on the loading,
one or two second-shell Fe or Zn ions can be present in
the coordination shell of Zn (Waychunas et al., 2002).
The Fe-Zn distances are in the range of 340–350 pm, which
has been attributed to the formation of double corner complexes. Cismasu et al. (2013) resolved the contribution of an
additional surface complex with an Fe-Zn distance of
325 pm that has about 1 neighbor in the second shell. No
solid explanation has yet been put forward, particularly
with respect to the low number of second neighbors. At a
high Zn loading, Zn may form polymers and ultimately a
Zn(OH)2 network and precipitate (Waychunas et al.,
2002; Waychunas et al., 2003; Cismasu et al., 2013).
The above illustrates the large variety of possible Zn species that may be found in Zn-Fh systems. The delineation
between the various types of Zn surface species is not evident. Therefore, this study aims to improve our insight into
the speciation of Zn adsorption to Fh by integrating results
previously collected by X-ray absorption spectroscopy
(XAS), together with information from quantum chemical
calculations and SCM.
In natural environments, the adsorption of metal ions to
the natural oxide fraction will not only be governed by the
primary adsorption process but also inﬂuenced by coexisting ions. For Zn, and other metal cations such as Cu,
it has been shown that the adsorption is enhanced by the
presence of anions such as sulfate (Swedlund and
Webster, 2001), arsenate (Gräfe et al., 2004), and phosphate
(Tiberg et al., 2013; Liu et al., 2016). In general, the cooperative binding between cations and anions to iron (hydr)
oxides has been explained by electrostatic eﬀects (Rietra
et al., 2001) and/or by the formation of ternary complexes
(Swedlund and Webster, 2001; Tiberg et al., 2013; Liu et al.,
2016; Mendez and Hiemstra, 2020c).
Studying the cooperative binding of Zn and phosphate
(PO4) with ferrihydrite nanoparticles is particularly relevant
since PO4 is omnipresent in soil systems and used in agricultural fertilization practices. Phosphate exhibits a large aﬃnity for adsorption to Fh (Hiemstra and Zhao, 2016;
Hiemstra, 2018; Van Eynde et al., 2020), thereby strongly
changing the interfacial properties. The use of PO4 fertilizers is widespread and enhanced Zn adsorption to metal
(hydr)oxide particles by PO4 fertilization has been suggested for explaining the occurrence of Zn deﬁciencies in
crops (Agbenin, 1998; Pérez-Novo et al., 2011).
Based on the above, the objective of the present study is
to assess with experiments, quantum chemical calculations,
and surface complexation modeling the interaction of Zn2+
ions with freshly precipitated and shortly aged Fh in monocomponent Zn as well as multi-component Zn-PO4 systems.
For comparison, we will also re-interpret Cu adsorption
data from literature to assess possible similarities in the
eﬀect of PO4 on the metal adsorption to Fh. The geometry
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of various surface complexes will be optimized with molecular orbital (MO) calculations using density functional theory (DFT). For surface complexation modeling, we will use
a state-of-the-art modeling framework that is based on the
recent insights into the surface structure of Fh (Hiemstra
and Zhao, 2016). In the approach, the charge distribution
will be based on bond valence analysis (Brown and
Altermatt, 1985; Brown, 2009) of the MO/DFT optimized
structures. Importantly, our experimental adsorption data
will be scaled to the reactive surface area of the prepared
Fh that will be measured independently with surface ion
probing (Mendez and Hiemstra, 2020b). Consequently,
our data will become consistent with earlier data collected
in recent studies to derive the adsorption parameters for a
large range of other ions, comprising the major monovalent
electrolyte ions (K+, Na+, Li+, Cl, NO–3, ClO
4 ) as well as
the alkaline earth metal cations (Mg2+, Ca2+, Sr2+, Ba2+,
2–
Ra2+) and additionally PO3
4 , As(V) and As(III), CO3 ,
H4SiO4 and B(OH)3 (Hiemstra and Zhao, 2016;
Hiemstra, 2018; Mendez and Hiemstra, 2018; Mendez
and Hiemstra, 2020c; Mendez and Hiemstra, 2020a; Van
Eynde et al., 2020).
2. MATERIAL AND METHODS
2.1. Ferrihydrite synthesis
For each adsorption experiment, a ferrihydrite suspension was freshly prepared by adding 0.02 M NaOH to a
solution of  3.7 mM of Fe(NO3)3 dissolved in 0.01 M
HNO3, as described previously (Mendez and Hiemstra,
2018). The initial addition of NaOH was done in steps of
200 mL until a pH of 3.2 was reached. Afterward, the
NaOH was added in steps of 5 mL until a ﬁnal pH of 8.2
was reached. When the pH was kept stable for at least 15
minutes, the suspension was decanted into large centrifuge
bottles, and subsequently centrifuged for 45 minutes at
3270 g. Afterwards, the supernatant in each bottle was carefully removed and the ferrihydrite particles were resuspended in a 0.01 M NaNO3 background solution. This
ﬁnal suspension was used for the adsorption experiment,
after an aging time of four hours that started from the
moment that a pH of 8.2 was reached.
Each ferrihydrite preparation was characterized for its
Fe content, and its speciﬁc surface area (SSA), as it was
done in previous studies (Mendez and Hiemstra, 2018;
Mendez and Hiemstra, 2020a; Van Eynde et al., 2020).
Brieﬂy, the Fe content of each batch of Fh was measured
by dissolving an aliquot of the ferrihydrite suspension in
a matrix of 0.8 M H2SO4. The Fe content was measured
in this solution by Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES). The SSA was derived
by using PO4 as a probe ion (Mendez and Hiemstra,
2020b). For each Fh preparation, adsorption data were collected with a constant initial PO4 concentration at four different pH values in a background of 0.01 M NaNO3. With
SCM, the SSA was ﬁtted iteratively based on the PO4
adsorption data with an initial estimate of the SSAdependent molar mass (Mnano, g Fh mol1 Fe) to calculate
the Fh concentration based on the measured Fe concentra-

225

tion of the suspension (Hiemstra and Van Riemsdijk, 2009).
The measured Fe concentrations and SSA values derived
for each Fh preparation can be found in Table S1.
2.2. Adsorption experiments
The interaction between Zn and Fh was assessed by collecting pH-dependent adsorption data in systems with different initial Zn concentrations (0.3–94 mM), diﬀerent Fh
concentrations (0.15–0.36 g L1), and diﬀerent concentrations of the background electrolyte (0.01, 0.1, and 1 M
NaNO3). The speciﬁc conditions for the diﬀerent adsorption series can be found in Table S1.
All systems were made with a total volume of 40 mL.
First, an appropriate volume of 0.01 M NaNO3 was added
into a 50 mL polypropylene tube. For the experiments with
higher salt levels, higher concentrations of NaNO3 and
ultra-pure water were added to reach the pre-deﬁned ionic
strength. Next, a speciﬁc volume of the freshly prepared
Fh stock suspension was pipetted into the tube and the
pH was adjusted by adding predetermined amounts of
0.01 M HNO3 or NaOH. Finally, an amount of freshly prepared Zn(NO3)2 stock solution was added. The pH was
adjusted to values between 4 and 11. For studying the
adsorption of Zn to Fh in the presence of PO4, the systems
were prepared similarly, but now also 4.0 mL of a freshly
prepared NaH2PO4 stock solution was added right after
the Zn addition. During the experiments, contact between
solutions and air was minimized to avoid the interference
of CO2(g).
The prepared systems were placed in a reciprocal shaker
(120 strokes minute1) in a conditioned room at 20 °C for
21 hours. Afterward, the suspensions were centrifuged for
20 minutes at 3750 g. An aliquot of the supernatant was ﬁltered over a 0.45 mm membrane, acidiﬁed to 0.14 M HNO3,
and analyzed for Zn and PO4 using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) or optical emission
spectroscopy (ICP-OES), depending on the concentrations.
The Zn and PO4 concentrations of the stock solutions were
also measured. The adsorbed Zn and PO4 were calculated
as the diﬀerence between the initial and ﬁnal concentrations
in the adsorption systems. After sampling, the remaining
volume was re-suspended by shortly shaking before measuring the pH with a glass electrode. This ﬁnal pH was used
for modeling the adsorption data. The uncertainty of the
adsorption data is estimated to be 5 % or better, and the
uncertainty of the pH measurements within 0.1 units.
2.3. Modeling adsorption data
The adsorption of Zn to ferrihydrite, with or without the
addition of PO4, was modeled using the CD model
(Hiemstra and Van Riemsdijk, 1996). The surface sites
and corresponding site densities were set in correspondence
with the multi-site ion complexation model (MUSIC) for
Fh (Hiemstra and Zhao, 2016), which was recently developed based on knowledge of the bulk and surface structure
of Fh (Michel et al., 2007; Hiemstra, 2013). This structural
model deﬁnes diﬀerent surface groups based on the coordination number with Fe, namely singly coordinated groups
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(„FeOH0.5), doubly coordinated groups („Fe2OH0),
and a representative set of triply coordinated groups
(„Fe3OH0.5). The singly coordinated groups are divided
into surface groups with the ability to form bidentate
edge-sharing surface complexes („FeOH(a)0.5) or bidentate double corner surface complexes („FeOH(b)0.5) with
site densities of respectively 3.0 and 2.8 sites nm2
(Hiemstra and Zhao, 2016). Both types of singly coordinated groups can also form monodentate corner-sharing
surface complexes. The representative triply coordinated
groups, with a site density of 1.4 sites nm2, react with protons and electrolyte ions and therefore, contribute to the
surface primary charge development. The solution speciation and the surface reactions for the development of the
primary charge (Mendez and Hiemstra, 2020b), together
with the formation reactions of PO4 adsorption complexes
(Hiemstra and Zhao, 2016), are given in Tables S2 and S3.
These surface interactions have been parameterized with
the same CD modelling approach and for the same range
of ionic strength values (i.e. 0.01–1.0 M), using the Davies
equation for calculation of activity coeﬃcients (see below),
as used in this study.
The compact part of the electrical double layer of ferrihydrite was described with the extended Stern layer
approach (Hiemstra and Van Riemsdijk, 2006). Since Fh
is a nanoparticle with a strong surface curvature, the capacitance values of the Stern layers (C1 and C2) are sizedependent. This was taken into account using as reference
the capacitance values of a ﬂat Fe (hydr)oxide surface, i.e.
C1 = 0.90 and C2 = 0.74 F m2 (Hiemstra and Van
Riemsdijk, 2009). For each Fh preparation, the SSA and
the corresponding size-dependent molar mass and capacitance values were established using PO4 as part of the
probe-ion method (Mendez and Hiemstra, 2020b).
CD modeling was done with ECOSAT, version 4.9
(Keizer and Van Riemsdijk, 1995). Parameter optimization
was done using FIT, version 2.581 (Kinniburgh, 1993). The
activity coeﬃcients were calculated with the classical Davies
equation, using D = 0.2. The logK values for the surface
complexes were optimized using CD values that were
derived independently by optimization of the geometry of
the Zn surface species, using molecular orbital (MO) calculations with density functional theory (DFT). The optimization of the geometry of inner-sphere Zn complexes
was done using Spartan’14 and ‘18 parallel software of
Wavefunction.
3. RESULTS
3.1. Zn adsorption data
3.1.1. pH-dependency and surface loading
The pH-dependent Zn adsorption by Fh is shown in
Fig. 1 for Fh systems with a variation in the initial solution
concentration, studied for two diﬀerent Zn concentration
ranges. With increasing pH, the Zn adsorption increases
especially between pH 5 and 6.5, going from 0 to 100 %
adsorption. As the pH-dependency is thermodynamically
related to the proton exchange ratio, the high pH dependency of Zn implies a strong release of protons, in agree-

ment with H/Zn exchange data collected by Kinniburgh
(1983). It points to a strong interaction of the adsorbed
Zn2+ ions with protons at the surface and/or to hydrolysis
of adsorbed Zn ions.
An increase of the initial Zn concentration does not lead
to a signiﬁcant shift of the adsorption edges when the total
added concentration is relatively low (Fig. 1a). This is typical for systems with a linear adsorption isotherm. When
the total Zn concentration is substantially raised, the
adsorption edges switch to higher pH values (Fig. 1b),
due to the non-linear concentration dependency of the Zn
adsorption. Similar behavior is observed for the adsorption
of e.g. calcium (Mendez and Hiemstra, 2020a), and this is
typical for cation adsorption in general.
3.1.2. Variation solid concentration
The eﬀect of the concentration of Fh in the suspension
was studied with two experiments (Fig. 2a,b). A lower concentration of Fh at the same initial Zn concentration will
lead to a higher equilibrium concentration of Zn and a
smaller fraction of adsorbed Zn. Consequently, the adsorption edge will shift to higher pH values when less Fh is
added to the system.
3.1.3. Eﬀect of Ionic Strength
Fig. 3 shows the pH-dependent Zn adsorption for systems with a constant Zn and Fh concentration but a diﬀerent concentration of the NaNO3 background solution. The
variation of the adsorption with the ionic strength is relatively small as follows from the ﬁgure.
3.2. Zn -PO4 adsorption data
As shown in Fig. 4, the presence of PO4 in the Zn-Fh
systems enhances the Zn adsorption. The eﬀect is most evident at pH values between 5 and 6.
4. DISCUSSION
4.1. Modeling Zn adsorption
4.1.1. Adsorption mechanisms
The adsorption of Zn by freshly prepared Fh samples
has been studied with X-ray absorption spectroscopy
(XAS) applying extended ﬁne structure spectroscopy
(EXAFS) and X-ray absorption near-edge spectroscopy
(XANES) (Waychunas et al., 2002; Waychunas et al.,
2003; Trivedi et al., 2004; Cismasu et al., 2013). From this
spectroscopic analysis, it was concluded that the coordination state of Zn changes from octahedral (CN = 6) in solution into mainly tetrahedral coordination (CN = 4) upon
adsorption on the Fh surface in agreement with a relatively
low value of 197 pm for the average Zn-O distance
(Waychunas et al., 2002; Trivedi et al., 2004). The observed
average Zn-Fe distances fall in the range of 340–350 pm
(Waychunas et al., 2002; Trivedi et al., 2004). In later work
(Cismasu et al., 2013), a small contribution of an additional
complex with a shorter Fe-Zn distance (325 ± 4 pm) was
found. The dominant complex with a larger distance was
attributed to double corner-sharing (Waychunas et al.,
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Fig. 1. pH-dependent Zn adsorption by ferrihydrite in single ion systems with 0.01 M NaNO3 as background, as deﬁned in Table S1. The
markers are the experimental data, and the lines are the CD model calculations obtained with the parameter set of Table 1. The initial Zn
concentration was varied with a constant Fh concentration of about 3 mM Fe (see details in Table S1). In the systems with a low Zn content
(A), the speciﬁc surface area is 691 ± 6 m2 g1 with a corresponding molar mass Mnano = 96.8 ± 0.2 g mol1 Fe. In the other systems (B)
speciﬁc surface area of the Fh in the various batches is 683 ± 49 m2 g1 with a corresponding molar mass Mnano = 96.6 ± 1.3 g mol1 Fe.
More details can be found in Table S1.
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Fig. 2. pH-dependent Zn adsorption to ferrihydrite in single ion systems with 0.01 M NaNO3 as background, as deﬁned in Table S1. The
markers are the experimental data, and the lines are the CD model calculations obtained with the parameter set of Table 1. The initial Zn
concentration was kept constant at about 30 mM (Precise values are given in Table S1), and the amount of Fh was varied having a speciﬁc
surface area of 745 ± 9 m2 g1 and corresponding molar mass of Mnano = 98.3 ± 0.3 g mol1 Fe (A), or with a surface area of 688 ± 14 m2 g1
and corresponding molar mass of Mnano = 96.7 ± 0.4 g mol1 Fe (B).

2002; Cismasu et al., 2013), while the additional Zn surface
complex with smaller Fe-Zn distance was explained by a
decrease in Fe-O-Zn angle of the double-corner sharing
Zn complex (Cismasu et al., 2013).
EXAFS as well as XANES can also give information
about the number of ions in the second shell (N). According
to the analysis of Waychunas et al. (2002; 2003), the number of neighbors decreases from N  2 at a low Zn loading
to N  1 at a high Zn loading. The former is typical for
double-corner sharing and the latter might be due to
edge- and/or single corner-sharing.
For the present study, the geometry of the abovementioned Zn surface species (i.e. double corner, single corner, and edge-sharing complexes) has been optimized with
MO/DFT/6-31+G**/B3LYP calculations (Fig. 5 and
Table S4). The Zn complexes were deﬁned using a representative predeﬁned Fe2(OH)6(OH2)2 template (Rahnemaie

et al., 2007; Hiemstra and Zhao, 2016; Mendez and
Hiemstra, 2018) with ﬁxed atomic positions. On the top
of the moiety, two OH2 ligands were placed. Depending
on the type of Zn complex, these water ligand(s) were
exchanged against an OH ligand when the Zn2+ ion was
attached either as a monodentate (single corner) or bidentate (double corner) complex. To form a complex by
edge-sharing, Zn was attached to two singly coordinated
OH groups of one of the Fe octahedra of the template.
The coordination sphere of the attached Zn2+ ion was completed to form a Zn species with a coordination number of
either CN = 4 and/or CN = 6. Next, a shell of secondary
hydration water was deﬁned. During the optimizations,
the Zn ion, its primary ligands as well as the water molecules added for hydration, could relax. The remaining
ligands of the basic template were always ﬁxed, but depending on the option, the Fe in both polyhedra were able to
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Fig. 3. pH-dependent Zn adsorption to Fh in single ion systems as
deﬁned in Table S1, at diﬀerent NaNO3 background concentrations. The initial Zn concentration was 34.7 mM. The added
ferrihydrite has a speciﬁc surface area of 724 m2 g1 and a
corresponding molar mass of Mnano = 97.7 g mol1 Fe. Its
concentration was 0.33 g/L, equivalent to 3.4 mM Fe. The symbols
represent the adsorption data and the lines are the results of the CD
model calculations with the parameters from Table 1.

relax or not. To study the eﬀect of hydrolysis of the
hydrated Zn2+ ion, i.e. the formation of a ZnOH+ species,
a proton was removed from one of the OH2 ligands of the
primary coordination sphere of Zn, followed by reoptimization.
Table S4 shows the results from the MO/DFT calculations and gives the average distances and charge distribution values obtained for the various Zn complexes. The
number of water molecules added to form the second
hydration shell was usually about nH2O  10. The predeﬁned Zn complexes with CN = 6 spontaneously released
water ligands to change to CN = 4. For all the single and
double-corner Zn complexes, the calculated mean Zn-O distance was  198 pm. This relatively short distance is in
good agreement with a tetrahedral conﬁguration, and
within the uncertainty, this calculated value is equal to
the mean Zn-O distance obtained with EXAFS for Zn
adsorption complexes at the surface of Fh (Waychunas
et al., 2002; Trivedi et al., 2004; Cismasu et al., 2013).
The calculated mean Fe-Zn distances for the bidentate double corner (2C) surface species were between 340 and
350 pm and fall in the range of values derived by ﬁtting
of EXAFS data (Waychunas et al., 2002; Cismasu et al.,
2013).
In addition, we have optimized a monodentate single
corner (1C) complex, showing a Zn-Fe distance of either
376 or 343 pm, depending on whether it is complexed with
FeOH(a) or FeOH(b) surface groups respectively. The latter falls within the range of values (340–350 pm) reported
by Waychunas et al. (2002). This ﬁnding illustrates that a
ﬁtted distance alone may not be conclusive enough to diﬀerentiate between single and double corner-sharing surface
species if these have a similar distance, and it implies that
the number of Fe atoms present in the second shell (N) then
needs to be considered as well.

As mentioned above, the mean number of Fe ions in the
second shell decreases with increased Zn adsorption from
about N = 2 to N = 1 (Waychunas et al., 2002), suggesting
at a high loading, the formation of Zn complexes by for
instance edge-sharing or single-corner sharing. The Fe-Zn
distance, calculated with MO/DFT optimizations of the
edge-sharing complex, is small, i.e. 303 ± 1 pm
(Table S4). This would mean that the mean Fe-Zn distance
decreases with increasing Zn loading, which was not
observed by spectroscopy (Waychunas et al., 2002;
Cismasu et al., 2013). Instead, the formation of singlecorner complexes is more likely.
According to the EXAFS analysis of Cismasu et al.
(2013), there may be a contribution of an adsorbed Zn surface species with dFe-Zn = 325 ± 5 pm and N = 1 ± 0.5.
Again, edge complex formation cannot explain this observation as its Fe-Zn distance is too small (Table S4).
Cismasu et al. (2013) proposed that the shorter distance is
due to a slightly stronger bending of the Fe-O-Zn angle
for a certain fraction of the double corner-sharing (2C)
Zn complexes at the Fh surface. However, this view with
only bidentate surface complexes would result in a constant
number of second shell neighbors (i.e. N = 2) in contrast to
what has been observed with EXAFS (Waychunas et al.,
2002; Cismasu et al., 2013).
Alternatively, one may explain the data of Cismasu et al.
(2013) assuming monodentate complex formation. These
complexes are more ﬂexible in bending the Fe-O-Zn angle
compared to bidentate double corner complexes, as a set
of MO/DFT calculations showed. Furthermore, our calculations showed that the Fe-Zn distance in a Zn monodentate complex may vary depending on the number of
hydration water molecules involved. With little secondary
water, the observed distance from Cismasu et al. (2013)
can be reproduced. However, adding more water molecules
leads to larger Fe-Zn distances and the distance also
depends on which type of singly coordinated groups are
involved (Table S4), showing that deﬁnite conclusions cannot yet be drawn. In our approach, we propose monodentate complex formation most likely, and assumed that this
complex is formed based on the reaction with all singly
coordinated FeOH groups (see section 4.2.1).
For the optimized double-corner Zn complex, the coordination sphere is slightly asymmetrical. The bonds of Zn
with the OH ligands common with the Fe polyhedra are relatively short, resulting in a corresponding larger contribution of charge. This shift is most pronounced for the
Zn2+ present as a non-hydrolyzed double-corner complex
„(FeOH)2Zn(OH2)2, being about 0.21 v.u (Table S4). Formation of a ZnOH double-corner surface complex by
hydrolysis of one of the outer –OH2 ligands of the Zn2+
ion leads to a redistribution of charge of about 0.13 v.u.
(Table S4). The interfacial charge distribution becomes
more symmetrical and overall closer to a Pauling distribution (Pauling, 1929). This is also found for the monodentate
ZnOH complex with no = 0.56 ± 0.01 and n1 = 0.44 ± 0.01
v.u.
At a suﬃciently high concentration of Zn, the solution
will get oversaturated with respect to Zn(OH)2(s). Equilibrium calculations show that this occurs above a [Zn2+]
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Fig. 4. pH-dependent Zn adsorption to Fh in single ion systems (-P) and in the presence of 600 mM PO4 (+P), with 0.01 M NaNO3 as
background. Fh was added at a concentration of 3 mM, with a speciﬁc surface area of 716 ± 14 m2 g1 (See Table S1 for the speciﬁc
conditions of the batch experiments). The symbols represent the adsorption data, and the full lines are the CD model calculations with
parameters from Table 1. The dashed lines give the predicted adsorption assuming solely an electrostatic interaction between adsorbed Zn and
PO4, indicating that in these systems, a contribution of ternary ZnPO4 surface complexes is absent or negligible.

concentration of 101 M at pH 6.5 (I = 0.1 M) (Lindsay,
1979). At lower concentrations, Zn polymers may form at
the surface (Waychunas et al., 2002; Waychunas et al.,
2003; Cismasu et al., 2013), which may contribute to a high
sorption density (Kinniburgh and Jackson, 1982; Dzombak
and Morel, 1990; Waychunas et al., 2002). As will be illustrated in the next section, our modeling of the data of
Kinniburgh and Jackson (1982) suggests that Zn polymers
contribute to the surface speciation at a concentration
of  102 M and higher at pH 6.5.
Any Zn polymerization at the ferrihydrite surface
appears to be in the form of tetrahedral Zn complexes,
but it changes towards octahedral coordination when an
amorphous precipitate is formed at Zn/(Zn + Fe)  0.1
(Waychunas et al., 2002). We have performed MO/DFT
calculations assuming a Zn dimer that is attached as mon-

odentate surface species (Table S5). The CD value derived
has been used in our data analysis of the next section
(Table 1).
To summarize, based on published XAS studies in combination with our MO/DFT calculations, the formation of
Zn surface species at the surface of Fh by single and double
corner sharing is proposed, in combination with the formation of Zn polymers at a high surface loading (Fig. 5). In
the following section, SCM will be used to further evaluate
the formation and the importance of these surface species in
explaining the adsorption of Zn to Fh.
4.1.2. Surface complexation modeling
Based on the above analysis, a range of reactions have
been formulated for evaluating the Zn adsorption to Fh
with surface complexation modeling. In the reactions, two
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Fig. 5. MO/DFT/6-31+G** optimized geometries of hydrated clusters in which Zn tetrahedra (light blue) attached to a cluster of two edgeshared Fe polyhedra (dark blue), forming a double corner complex „Fe2(OH)2Zn (A), a single-corner complex „Fe(OH)ZnOH (B) or an
adsorbed dimer „Fe(OH)Zn(OH)2Zn(OH)2 (C). The red and white spheres represent the oxygen and hydrogen atoms, respectively.

types of single coordinated surface groups are considered,
being either „FeOH(a)0.5 or „FeOH(b)0.5. The latter
can form double-corner complexes. The former can form
single-edge complexes. Both types of groups can react with
Zn to form monodentate complexes (Hiemstra and Zhao,
2016).
The reaction for the formation of a bidentate doublecorner surface species with the possibility of being hydrolyzed was deﬁned as:
2  FeOH ðbÞ0:5 þ Zn2þ ðaqÞ $ ðFeOH Þ1þDzo
ZnDz1
2

ð1aÞ

2  FeOH ðbÞ0:5 þ Zn2þ ðaqÞ þ H 2 OðlÞ $


ðFeOH Þ1þDzo
ZnOH Dz1
2

1  FeOH ðaÞ0:5 þ Zn2þ ðaqÞ þ H 2 OðlÞ $
 FeOH 0:5þDzo ZnOH Dz1 þ H þ ðaqÞ
1  FeOH ðbÞ
 FeOH

0:5

0:5þDzo

ð2aÞ

þ Zn ðaqÞ þ H 2 OðlÞ $
2þ

ZnOH Dz1 þ H þ ðaqÞ

ð2bÞ

To account for Zn polymerization at the surface, the
formation of a Zn oligomer is deﬁned as:
1  FeOH ðaÞ0:5 þ 2Zn2þ ðaqÞ þ 4H 2 OðlÞ $

þ H þ ðaqÞ

D

(a)0.5 or „FeOH(b)0.5, leading, in the case of hydrolysis,
to:

ð1bÞ

D

in which the sum of z0 + z1 is respectively 2 and 1.
Monodentate single-corner sharing complex formation
may occur by the reaction of Zn ions with either „FeOH

 FeOH 0:5þDzo ZnðOH Þ2 Dz1 ZnðOH Þ2 Dz2 þ 4H þ ðaqÞ

ð3aÞ

1  FeOH ðbÞ0:5 þ 2Zn2þ ðaqÞ þ 4H 2 OðlÞ $
 FeOH 0:5þDzo ZnðOH Þ2 Dz1 ZnðOH Þ2 Dz2 þ 4H þ ðaqÞ

ð3bÞ

Table 1
Zn surface species binding to various sites of Fh. The CD values (Dz0) have been calculated from MO/DFT-optimized structures (Tables S4
and S5). The logK values have been ﬁtted expressing the data from Kinniburgh and Jackson (1982) and the data collected for this study
(n = 311) in % adsorbed (RMSE = 6.54 %, R2 = 0.957). The data from Kinniburgh and Jackson (1982) have been modeled using
SSA = 585 m2 g1 (Mendez and Hiemstra, 2020b), a consistent molar mass of Mnano = 94.1 g mol1 Fe, and the corresponding capacitance
values of C1,nano = 1.14 and C2,nano = 0.92F m2. The data collected in this study for various Fh preparations were modeled using SSA values
measured with ion probing, applying a consistent value for Mnano and the capacitances (Table S1). In the Zn-PO4 systems, a ternary complex
may form at rather high concentrations of PO4 The logK value and charge distribution have been ﬁtted (n = 89), but no deﬁnite conclusion
can be drawn with respect to its structure (see text).
Species

„FeOHb.h

„FeOHb,l

„FeOHa

Zn2+

H+

PO4

Dz0

Dz1

Dz2

logK

„(FeOH(b,h))2 Zn
„(FeOH(b,h))2 ZnOH
„FeOH(a) ZnOH#
„FeOH(b,l) ZnOH#
„FeOH(a)Zn(OH)2Zn(OH)2
„FeOH(bl)Zn(OH)2Zn(OH)2
„FeOH(a)ZnH2PO4
„FeOH(b,l) ZnH2PO4
„FeOH(b,h)ZnH2PO4

2
2
0
0
0
0
1
0
0

0
0
0
1
0
1
0
1
0

0
0
1
0
1
0
0
0
1

1
1
1
1
2
2
1
1
1

0
1
1
1
4
4
+2
+2
+2

0
0
0
0
0
0
1
1
1

1.17
1.06
0.57
0.57
0.52
0.52
0.70*
0.70*
0.70*

0.83
0.06
0.43
0.43
0.52
0.52
0.54
0.54
0.54

0
0
0
0
0
0
0.24*
0.24*
0.24*

7.97 ± 0.02
0.69 ± 0.05
2.40 ± 0.03
2.40 ± 0.03
21.02 ± 0.27
21.02 ± 0.27
27.94 ± 1.03
27.94 ± 1.03
27.94 ± 1.03

#

Formation of a monodentate Zn2+ complex without hydrolysis could not be revealed.
* Fitted Dz0 = 0.70 ± 0.32 and Dz2 = 0.24 ± 0.42 (RMSE = 3.16 %, R2 = 0.993).
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Based on the assumption that for the Zn polymer the
exterior part of the dimer is close to a neutral Zn(OH)2 precipitate (Waychunas et al., 2002), the value of Dz2 was set to
0 (Table 1).
For all surface species, the values for Dz0 and Dz1
(Table 1) were deﬁned based on MO/DFT calculations
(Tables S4 and S5).
Kinniburgh and Jackson (1982) have studied the Zn
adsorption of Fh for a very wide range of solution concentrations corresponding to a change of the surface loading
by more than 6-orders of magnitude (Fig. 6). For the
adsorption isotherms measured at a given pH, they noticed
that from the perspective of modeling, the adsorption was
relatively high at low solution concentrations and relatively
low at high solution concentrations. Similar behavior has
been found for Ca2+ ions as well as for divalent metal ions
in general (Mendez and Hiemstra, 2020a). For the modeling
of this type of adsorption behavior, surface heterogeneity,
i.e. the existence of sites with a diﬀerent intrinsic aﬃnity,
has frequently been suggested (Dzombak and Morel,
1990; Mendez and Hiemstra, 2020a; Swedlund and
Webster, 2001; Tiberg et al., 2013; Tiberg and
Gustafsson, 2016; Swedlund and Zn, 2004), and this concept was applied here too.
In our modeling approach for describing the Zn adsorption to Fh, we have interpreted our own data set simultaneously with the data set of Kinniburgh and Jackson (1982),
using the adsorption reactions, deﬁned in Equations 1–3.
Various optimization approaches were explored for
describing these Zn adsorption data. Excluding siteheterogeneity resulted in a systematic deviation for describing the adsorption data: the adsorption was underestimated
at low loading and overestimated at a high loading
(Fig. S1). The introduction of high-aﬃnity sites improved
the description of the adsorption data (Fig. 6). The
„FeOH(b) sites were divided into two classes of aﬃnities.
For the high-aﬃnity sites, the site density was set to the
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value previously obtained in the evaluation of the Ca2+
adsorption of the same Fh preparation, i.e. 0.29 ± 0.02 sites
nm2 (Mendez and Hiemstra, 2020a), which was found to
be similar to the density of high-aﬃnity sites necessary for
explaining boron adsorption data (Van Eynde et al.,
2020). The remaining „FeOH(b) sites then have a site density of 2.8–0.29 = 2.51 nm2.
In Fig. 6, the description of the data Kinniburgh and
Jackson (1982) is shown using all the above-deﬁned species
(eqs.1–3). Applying the above set of species, generally, a
good description of the adsorption data was found. Relatively large deviations are only found at low pH in one system with 103 M Zn (Fig. 6b).
For the modeling of the adsorption of the Zn oligomer,
the degree of hydrolysis was tested. As polymerization only
occurs at very high Zn concentrations, the number of relevant data points is limited to n = 5 for a set measured at a
single pH. Therefore, no clear diﬀerence in the quality of
the ﬁt could be revealed assuming the hydrolysis of 3, 4,
or 5 water ligands. Fortunately, the level of hydrolysis of
the Zn ions in the dimer hardly aﬀects the logK values ﬁtted
for the monomeric Zn species (Results not shown). According to our model calculations, Zn polymerization starts to
play a role when the Zn adsorption becomes higher
than  1 mmol m2 or above a molar Zn/Fe ratio of 0.1.
Such a high loading is usually not relevant for natural systems but can be present in highly polluted environments
and industrial settings.
According to EXAFS, the increase of the Zn adsorption
at pH 6.5 leads to a decrease in the mean number of ions in
the second shell (Waychunas et al., 2002). This decrease is
predicted well with our model as shown in Fig. 7a. At a
low Zn loading, the adsorption is dominated by the highaﬃnity sites that form double corner complexes (Eqs.1a,
b). This leads to N = 2 in agreement with the data. At an
increase of the Zn loading, the number of ions in the second
shell decreases due to the formation of a monodentate sur-

Fig. 6. A) Zn adsorption isotherms for Fh at pH 5.5 and 6.5 in 1.0 M NaNO3. B) pH-dependent adsorption edges of Zn in 1.0 M NaNO3 at
diﬀerent initial Zn concentrations (M) for Fh systems with 93 mM Fe. Data (symbols) are from Kinniburgh and Jackson (1982); lines are
modelled (Table 1, option A) using SSA = 585 m2 g1, a consistent molar mass of Mnano = 94.1 g mol1 Fe, and capacitance values of
C1,nano = 1.14 and C2,nano = 0.92 F m2 (Mendez and Hiemstra, 2020b). The dashed upper line indicates the maximum adsorption by
monomeric Zn bound as a monodentate complex. The dotted line gives the maximum Zn binding to the high-aﬃnity sites as a bidentate
complex.
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Fig. 7. A) Number of ions (N) in the second shell of Zn. Experimental EXAFS data at pH  6.5 and I = 0.1 M NaNO3 (squares) from
Waychunas et al. (2002). The model results (spheres) without (blue) and with polymerization (white) were calculated for the experiment of
Kinniburgh and Jackson (1982) at pH 6.5 in 1 M NaNO3 using the parameters of Table 1. B) Surface speciation of Zn at pH 6.5 in 1 M
NaNO3 showing that the contribution of double-corner complexes is gradually overshadowed by the formation of single-corner complexes.
Only at a very high Zn/Fe ratio (>0.1), Zn-polymers are formed that compete with the monodentate single-corner complex. The formation of
the monodentate complex explains the decrease of the mean coordination number.

face complex (Eqs.2a,b) with N = 1. At a very high loading
(Zn/Fe > 0.1), the number of ions in the second shell
increases again due to Zn polymerization (Fig. 7a and b).
The relative contribution of the various species as a
function of the Zn/Fe ratio is given in Fig. 7b. At low loading, the bidentate complex is dominant. This complex is
bound to high-aﬃnity sites only. At higher Zn/Fe ratios,
the monodentate complex becomes dominant. This species
can be formed by the interaction with the other singly coordinated surface groups („FeOH(a) and „FeOH(b,l). As
the density of these surface sites is large (Ns = 5.5 nm2 =
9.1 mmol m2), Zn can potentially reach a very high surface
loading. Further increase of the Zn concentration in solution will likely lead to the attachment of Zn ions to the
adsorbed monodentate Zn species, forming a polymer.

According to our model, this occurs above a molar ratio
Zn/Fe of 0.1 (Fig. 7b). At pH 6.5, this is at an equilibrium
concentration of about 102 M. The contribution of the
polymers to the overall Zn adsorption is not more
than  25 %, as can be seen in Fig. 7b.
4.1.3. Description of Zn-Fh data
Our Zn adsorption data have been ﬁtted simultaneously
with the data collected by Kinniburgh and Jackson (1982),
accounting for the diﬀerence in surface area. The results are
shown in Table 1. These parameters were used to calculate
the model lines in Figs. 1–3. With the parameters from
Table 1, our own Zn adsorption data could be reasonably
well described (RMSE = 6.8 %), and no systematic deviations between model predictions and measured Zn adsorption data were found.
To test the generic applicability of the modeling parameters from Table 1, we modeled additional Zn-Fh adsorption data from literature. The results are shown in
Fig. S2, and the modeling calculations do not show systematic deviations, pointing towards the wide applicability of
the Zn-Fh modeling parameters found in this study.
4.2. Modeling Zn-PO4-Fh interactions

Fig. 8. pH-dependent adsorption of Zn by Fh (1.78 g L–1,
A = 574 m2 g1) in 0.01 M NaNO3 (colored spheres) with initial
Zn and PO4 concentration of 30 mM and 600 mM respectively. The
dotted line (green) is the calculated adsorption edge in the reference
system with only Zn. The full and dashed lines are the predictions
with and without the formation of a ternary complex. Electrostatic
(E) interactions dominate the cooperative binding of Zn and PO4.
A secondary contribution comes from the formation of the ternary
(T) complex, but this will only occur at a high concentration of PO4
and /or Zn in solution (see text).

As shown in Fig. 4, the introduction of PO4 in the Fh
systems enhances Zn adsorption. This can be due to either
electrostatics and/or the formation of additional surface
species. Modeling calculations have shown that the formation of Zn3(PO4)2 precipitates (logKso = 35.3 from
Lindsay (1979)) did not occur in the concentration range
used in this study.
Using the thermodynamic parameters that are derived
based on the monocomponent adsorption data (Table 1
and Table S3), we have calculated the Zn and PO4 adsorption in the multi-component systems. For all systems of
Fig. 4, our model calculations show that the enhanced Zn
adsorption in the presence of PO4 is well-predicted (dotted
lines) using solely the parameters from the monocomponent
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systems. It indicates that electrostatic interactions dominate
the enhanced Zn adsorption due to the presence of PO4.
Our calculations further show that there is no signiﬁcant
eﬀect of Zn on the adsorbed PO4 (Fig. S3), most likely
due to the low concentrations of Zn compared to the added
PO4. Liu et al. (2016) used X-ray photoelectron spectroscopy (XPS) and in-situ attenuated total reﬂectance
Fourier transform infrared spectroscopy (ATR-FTIR) for
studying the Zn-PO4 interaction in systems with dried and
ground Fh. For systems with a total initial concentration
of 1.5 mM Zn, in the absence and presence of 3.2 mM
PO4 (1 mM NaCl, pH 5), they found two peaks in the Zn
2p XPS spectra. In the absence of PO4, one of the peaks
(1021.6 cm1) was close to the value for ZnFe2O4
(1021.3 cm1) and shifted slightly towards the peak found
for Zn3PO4 (1022.7 cm1) in the presence of PO4. Resolving
the band using the peaks of Zn3PO4 and adsorbed Zn suggests the dominance of a ZnPO4 interaction. For PO4, XPS
showed two contributions (133.4 cm1 and 134.4 cm1)
that did not shift upon Zn addition, suggesting no or a
minor interaction of PO4 with Zn. As XPS is an ex-situ
technique, deﬁnite conclusions cannot be made per se
because the forced-drying and ultra-high vacuum may have
inﬂuenced the interaction of Zn and PO4.
With in-situ ATR-FTIR, Liu et al. (2016) measured a
diﬀerence spectrum for a system with 3.2 mM PO4 equilib-
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rium concentration without Zn and in the presence of a
high Zn concentration of 1.6 mM. Three spectral bands
related to the formation of inner-sphere PO4 complexes
were found, pointing to additional adsorption of PO4 in
the presence of Zn. This can be expected from the perspective of electrostatic interactions. However, a contribution
by ternary complex formation may contribute too, as the
Zn and PO4 concentrations used in their ATR analysis were
high very compared to the conditions in most of our PO4Zn experiments. According to our model, at least
0.4 mmol m2 Zn and 4 mmol m2 PO4 will be adsorbed
in the systems of Liu et al. (2016), while our data in the systems of Fig. 4 refer to a much lower Zn adsorption being in
the range of 0.001 to 0.1 mmol m2 and our mean PO4 loading was 2.5 ± 0.15 mmol m2. For this reason, an additional
experiment was done.
In addition to the experiments shown in Fig. 4, we have
studied a system in which we almost doubled the Zn/Fe and
PO4/Fe ratio, which resulted in an increase of the solution
concentration of PO4 by a factor of about 20. In this system, the measured Zn adsorption was signiﬁcantly higher
than predicted assuming only an electrostatic interaction
(Fig. 8). The formation of an additional ternary Zn-PO4
complex at these conditions may explain the diﬀerence.
The structure of such a complex is not known. It might
be similar to the dominant PO4-bridged ternary complex

B)
Zn/Fe = 0.01

Fig. 9. pH-dependent surface speciation of Zn calculated with the parameters from Table 1, in the absence (A) and presence of PO4 (B and C)
in systems with Fh in 0.01 M NaNO3. The conditions are similar to those of the adsorption experiments shown in Fig. 4. The calculations were
done for systems with total initial concentrations of 30 mM Zn and 600 mM PO4 in the case of Figure B and C, 3 mM Fe (A and B) and
1.9 mM Fe (C). At the surface of Fh, Zn is present as a bidentate corner complex that binds to high-aﬃnity sites (BhZn), with the option of
being hydrolyzed (BhZnOH), or as a hydrolyzed monodentate single-corner surface species that adsorbs to the low-aﬃnity sites (MZnOH). In
the presence of PO4, Zn can also adsorb at ternary complexes (MPZn) which is only relevant at higher PO4 loadings as shown in Figure C.
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line gives the contribution of the ternary complex. This contribution is minor but evident. In all other systems (Fig. 4),
the contribution of the ternary complex is practically
absent.
In general, competitive and cooperative eﬀects by electrostatic interactions mainly occur via charge present in ﬁrst
Stern plane (Dz1). The introduction of PO4 in the system
changes the electrostatic potential in the 1-plane dramatically from a positive to a negative value (Fig. S4). This is
due to the introduction of negative charge by the PO4 surface complexes (Table S3). The created electrostatic ﬁeld
becomes attractive for the positively charged Zn ions
whereas it is repulsive in the absence of PO4. The adsorption of the non-hydrolyzed bidentate Zn surface species
introduces positive charge in the 1-plane in contrast to
the hydrolyzed ZnOH bidentate species, as follows from
the Dz1 values given in Table 1. In addition, the positive
charge of the bidentate surface species in the 1-plane is
higher than the positive charge introduced by the monodentate hydrolyzed surface species. Consequently, in the presence of PO4, the non-hydrolyzed bidentate double cornersharing Zn surface species is more preferred and becomes
the dominant adsorption species according to our calculations (Fig. 9) and the Zn edge switches to lower pH values
(Fig. 4).
Upon higher Zn or PO4 loadings, the ternary Zn-P complex becomes important and electrostatic interactions alone
are not enough to explain the enhanced Zn adsorption in
the presence of PO4. This resulted already from the batch
adsorption experiments, and is again shown in Fig. 9.

found for Ca and Mg ions (Mendez and Hiemstra, 2020c)
or a shared monodentate complex as suggested for Cu ions
(Tiberg et al., 2013). We have explored the possible description of the data by formulating a reaction in which we varied the ion stoichiometry and ﬁtted the charge distribution.
This exploration showed that a reaction in which 2H+ per
Zn and PO4 resulted in the best description of the data.
The formulated reaction is:
 FeOH ða; b; hÞ0:5 þ 2H þ ðaqÞ þ PO4 3  ðaqÞ þ Zn2þ ðaqÞ
$ FeOHZnH 2 PO4
ð4Þ
The resulting CD values and logK are shown in Table 1.
The ﬁtted charge distribution suggested the presence of
some negative charge in the second Stern plane, which is
quite diﬀerent from the ternary „FeOPO3Ca and
„FeOPO3Mg complexes (Mendez and Hiemstra, 2020c).
A possible explanation might be the formation of a ternary
complex in which an H2PO
4 ion is attached to a monodentate „FeOHZn surface species (Fig. S5). This could be in
line with the unique IR bands at 1045 and 1067 cm1 in
the diﬀerence spectrum measured by Liu et al. (2016) These
bands have been attributed to the presence of distorted,
loosely bound, phosphate molecules. Our MO/DFT calculations of such a ternary complex resulted in an optimized
Fe-Zn distance of 362 pm, and a corresponding charge distribution of 0.48 v.u. to the surface plane (Table S4). This
CD value is, within the uncertainty, similar as what has
been found by ﬁtting the adsorption data (Table 1). However, we acknowledge that our present data set is too limited to draw deﬁnite conclusions.
In Fig. 8, the adsorption data (symbol) for the system
with a high Zn/Fe and P/Fe ratio have been given (symbols) as well as the model line including ternary complex
formation (full line). The dotted line is the Zn adsorption
in the system without phosphate that serves as a reference,
and the dashed line is the predicted adsorption assuming
only an electrostatic interaction. The diﬀerence with the full

4.3. Interpretation of Cu-PO4-Fh interactions
In contrast to what we have found here for Zn, Tiberg
et al. (2013) found that the inclusion of ternary complexes
was necessary for explaining Cu adsorption to Fh in the
presence of PO4, at surface loadings similar to our
Zn-PO4-Fh adsorption experiments from Fig. 4. The

Table 2
Cu adsorption to Fh as edge-sharing or monodentate single corner-sharing surface species. The CD values (Dz0) have been calculated from
MO/DFT/B3LYP/6-31+G** optimized structures. Option A (logKa): Cu adsorption only as edge-sharing surface species. The logK values
have been ﬁtted expressing the data from Swedlund and Webster (2001) and the monocomponent data from Tiberg et al. (2013) , in %
adsorbed, with R2 = 0.98 and RMSE of 5.21 % (2 surface species). Option B (logKb): Cu adsorption as edge-sharing and monodentate singlecorner sharing surface species. The logK values have been ﬁtted based on the monocomponent and multicomponent (+PO4) adsorption data
(%) from Swedlund and Webster (2001) and Tiberg et al. (2013) with R2 = 0.974 and RMSE = 6.11 % adsorbed (3 surface species). The data
from Swedlund and Webster (2001) have been modeled using SSA = 582 m2 g1, a consistent molar mass of Mnano = 94.1 g mol1 Fe, and the
corresponding capacitance values of C1,nano = 1.14 and C2,nano = 0.89F m2. The value of SSA was ﬁtted using the Zn adsorption data and
the Zn adsorption parameters derived in the present study (see main text and Fig. S2). The data from Tiberg et al. (2013) have been modeled
using an SSA of 611 m2 g1 and corresponding molar mass of 94.8 g mol1 Fe.
Species

„FeOHa

„FeOHb

Cu2+

H+

Dz0

„(FeOH(a))2 Cu*
„(FeOH(a))2 CuOH**
„FeOH(a) CuOH***
„FeOH(b) CuOH***

2
2
1
0

0
0
0
1

1
1
1
1

0
1
1
1

1.03
1.00
0.58
0.58

±
±
±
±

0.00
0.00
0.00
0.00

Dz1

Dz2

logKa

logKb

0.97
0.00
0.42
0.42

0
0
0
0

8.21 ± 0.05
1.85 ± 0.04
-

7.60
1.83
0.23
0.23

±
±
±
±

0.08
0.09
0.17
0.17

* n-H2O = 6; d (Cu-Fe) = 302 ± 1 pm; CN = 5 with d (Cu-O)eq = 200 ± 7 pm, d (Cu-O)ax = 235 ± 2 pm;
** n-H2O = 7; d (Cu-Fe) = 306 ± 1 pm; CN = 4 with d (Cu-O)eq = 197 ± 7 pm;
*** n-H2O = 11; d (Cu-Fe) = 369 ± 1 pm; CN = 4 with d (Cu-O)eq = 197 ± 11 pm;
NB The variation in d (Cu-O) is the variation between the diﬀerent lengths within the Cu coordination sphere. In case of only monodentate
formation at the „FeOH(a) groups, the values are: logK1 = 7.62 ± 0.08, logK2 = 1.91 ± 0.07, and logK3 = 0.34 ± 0.22.

E. Van Eynde et al. / Geochimica et Cosmochimica Acta 320 (2022) 223–237

surface speciation of Cu on Fh diﬀers from Zn, since Cu
adsorbs as a bidentate edge-sharing complex with a mean
Cu-Fe distance of about  300 pm (Scheinost et al., 2001;
Moon and Peacock, 2012; Tiberg et al., 2013). According
to the MUSIC model for Fh from Hiemstra and Zhao
(Hiemstra and Zhao, 2016), the surface sites that are
involved for Cu adsorption are consequently diﬀerent compared to the sites for Zn adsorption, and this may have
implications on the electrostatic interactions with PO4.
However, Tiberg et al. (2013) did not diﬀerentiate between
singly coordinated groups that can form double cornersharing and edge-sharing complexes. In addition, they ﬁtted
the CD values of the various surface complexes together
with the logK values, which may have major eﬀects on
the calculated electrostatic interactions. Therefore, we reinterpreted the Cu adsorption data to Fh from Tiberg
et al. (2013) in the absence and presence of PO4, to assess
whether ternary complexes are necessary or if electrostatic
interactions alone explain the multi-component Cu adsorption data, in line with what we have found here for most of
the Zn-PO4 adsorption systems. First, we derived adsorption parameters for the Cu-Fh monocomponent systems.
We used therefore the adsorption data from Swedlund
and Webster (2001) and Tiberg et al. (2013). To make the
Cu adsorption data internally consistent, we derived the
SSA for the Fh preparations from Swedlund and Webster
(2001) based on the Zn adsorption data that was collected
in the same study, using our adsorption parameters from
Table 1 (Fig. S2). For the Fh preparations from Tiberg
et al. (2013), we used an SSA of 611 m2 g1 based on previous analysis of PO4 adsorption data (Hiemstra and Zhao,
2016).
The resulting parameters are shown in are shown in
Table 2. Both the hydrolyzed and non-hydrolyzed species
was found to be important. This ﬁnding is not in agreement
with the results from Tiberg et al. (2013), who found that
only the hydrolyzed edge-sharing surface species played a
role for Cu adsorption based on a diﬀerent structural model
for Fh and diﬀerent CD values. As shown by Figs. S6 and
S8, both sets of Cu adsorption data could be generally well
described using a bidentate edge-sharing surface species
(Fig. 10a) in line with spectroscopic results (Tiberg et al.,
2013). With the parameters from Table 2, we could also
describe additional Cu-Fh data from literature as shown
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by Figs. S6 and S7, except for one system with high Cu
loading. However, the modeling calculation for this system
improves substantially when introducing an additional Cu
monodentate adsorption species, as discussed in the following section.
As shown for Zn, the presence of a non-hydrolyzed species may have serious implications for the electrostatic
interactions. Indeed, we found that the increased Cu
adsorption due to the presence of PO4 as found by Tiberg
et al. (2013), can be explained by electrostatic eﬀects only
if these newly derived adsorption parameters are used
(Fig. S8), in line with what we found for Zn. Tiberg et al.
(2013) did not only interpret Cu adsorption data with
SCM, but also with EXAFS analysis. The Fourier transforms of the EXAFS spectra for Cu, showed in the presence
of PO4 an additional signal that was attributed to a Cu surface complex with a larger distance of around  360 pm
(Tiberg et al., 2013). The spectra showed that this additional scattering was particularly present for one Cu-PO4Fh sample with the highest Cu loading. Tiberg et al.
(2013) proposed a ternary complex where both the Cu
and PO4 are attached to the Fh surface. However, when
combining both mono-and multicomponent Cu adsorption
data, we could not reveal such a species. In addition, our
MO/DFT calculations suggested a Fe-Cu distance of
345 pm for such a species, which is not completely in line
with the observed distance by EXAFS (Tiberg et al.,
2013). Alternatively, a monodentate species was also suggested by Tiberg et al. (2013) to explain the additional Cu
surface species. Based on our modeling, the inclusion of a
monodentate Cu surface species next to the bidentate
edge-surface species (Fig. 10), leads to a good description
of the Cu adsorption data with and without PO4
(Figs. S6-S8 and Table 2). Importantly, the contribution
of this monodentate surface species to the total Cu adsorption is in general low (between 10–30 %), except for the system with the highest Cu loading from Tiberg et al. (2013)
(Fig. S9). This ﬁnding is in agreement with the Fourier
transform of the Cu spectra measured by Tiberg et al.
(2013) for the Fh-Cu-P system with high Cu loading. The
Fe-Cu distance of this monodentate surface species is
according to MO/DFT calculations 369 ± 1 pm (Table 2),
which is reasonably in agreement with the observed
distance by EXAFS (Tiberg et al., 2013). Thus, we propose

Fig. 10. A) Hydrated edge complex of CuOH (CN = 4) with d(Fe-Cu) = 306 pm , optimized with MO/DFT/B3LYP/6-31+G**. B) Hydrated
single corner complex of CuOH (CN = 4) d(Fe-Cu) = 369 pm, optimized with MO/DFT/B3LYP/6-31+G**
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that this monodentate surface complex does more likely
explain the observed species with larger Fe-Cu distance
than the ternary complex suggested by Tiberg et al.
(2013). Further dedicated EXAFS studies of Cu-PO:4-Fh
systems at variable Cu loadings may provide more certainty
about the contribution of this surface complex.
Based on our results for Zn and Cu, we conclude that
electrostatic interactions explain metal adsorption at background levels in multi-component systems, and that ternary
complexes may form only at rather extreme metal or PO4
loading conditions. We have illustrated that conclusions
with regard to ternary complex formation in multicomponent systems, depend on the electrostatic model,
the surface species and CD values. If the electrostatic part
of the ion adsorption model is weakly described, for example when the GTLM is used (Swedlund and Webster, 2001),
caution is needed for the interpretation of ternary complexes for describing multi-component data.
5. CONCLUSIONS
The adsorption of Zn to Fh consists of various surface
species, from which the contribution depends on the pH
and surface loading. Interpretation of the Zn adsorption
data conﬁrms the existence of site heterogeneity, namely
that a set of singly coordinated groups act as high-aﬃnity
sites for bidentate double-corner sharing Zn surface complexes similar to what has been previously identiﬁed for
the alkaline earth metals and weakly adsorbing anions. In
addition, a monodentate single-corner sharing complex
was necessary to describe the decrease in Zn-Fe coordination number with increasing loading that has been observed
previously with X-ray absorption spectroscopy. The distances of both surface species that were calculated by quantum chemical calculations are in line with the distances
previously derived by spectroscopy.
The addition of PO4 results in increased metal adsorption to Fh. Based on our CD modeling, we conclude that
both Zn and Cu adsorption to Fh in the presence of PO4
can be described without the formation of ternary complexes for most of the systems studied. We have shown that
at high metal and/or PO4 loadings, additional surface species may become important. In the case of Zn, we suggest
the formation of a monodentate Zn species to which a
H2PO4 species is attached at high PO4 and Zn loadings,
which is also in line with previously collected ATR spectra.
We could not ﬁnd the presence of a similar ternary complex
for Cu-PO4-Fh systems. Based on our results, we conclude
that the cooperative eﬀect of PO4 on the adsorption of
metal cations such as Zn and Cu is mainly the result of electrostatic interactions.
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