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Abstract
A multisite surface complexation (MUSIC) model for ferrihydrite (Fh) has been developed. The surface structure and composition of Fh nanoparticles are described in relation to ion binding and surface charge development. The site densities of the
various reactive surface groups, the molar mass, the mass density, the speciﬁc surface area, and the particle size are quantiﬁed.
As derived theoretically, molecular mass and mass density of nanoparticles will depend on the types of surface groups and the
corresponding site densities and will vary with particle size and surface area because of a relatively large contribution of the
surface groups in comparison to the mineral core of nanoparticles. The nano-sized (2.6 nm) particles of freshly prepared
2-line Fh as a whole have an increased molar mass of M  101 ± 2 g/mol Fe, a reduced mass density of 3.5 ± 0.1 g/cm3,
both relatively to the mineral core. The speciﬁc surface area is 650 m2/g. Six-line Fh (5–6 nm) has a molar mass of
M  94 ± 2 g/mol, a mass density of 3.9 ± 0.1 g/cm3, and a surface area of 280 ± 30 m2/g. Data analysis shows that
the mineral core of Fh has an average chemical composition very close to FeOOH with M  89 g/mol. The mineral core
has a mass density around 4.15 ± 0.1 g/cm3, which is between that of feroxyhyte, goethite, and lepidocrocite. These results
can be used to constrain structural models for Fh. Singly-coordinated surface groups dominate the surface of ferrihydrite
(6.0 ± 0.5 nm2). These groups can be present in two structural conﬁgurations. In pairs, the groups either form the edge
of a single Fe-octahedron (2.5 nm2) or are present at a single corner (3.5 nm2) of two adjacent Fe octahedra. These conﬁgurations can form bidentate surface complexes by edge- and double-corner sharing, respectively, and may therefore respond
diﬀerently to the binding of ions such as uranyl, carbonate, arsenite, phosphate, and others. The relatively low PZC of ferrihydrite can be rationalized based on the estimated proton aﬃnity constant for singly-coordinated surface groups. Nanoparticles have an enhanced surface charge. The charging behavior of Fh nanoparticles can be described satisfactory using the
capacitance of a spherical Stern layer condenser in combination with a diﬀuse double layer for ﬂat plates.
Ó 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Ferrihydrite (Fh) is a natural nanoparticle. When freshly
precipitated, the particles are extremely small, on the order
of a few nm in diameter (Janney et al., 2000). Its reactive
surface area is correspondingly high (Davis and Leckie,
1978). For this reason, small amounts of these nanoparti-
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cles may dominate the ion-binding properties of natural
materials. Ion binding by ferrihydrite has been studied
extensively (Dzombak and Morel, 1990). The mineral is
considered as a proxy for the natural reactive oxide fraction
of soils and sediments. Modeling the adsorption behavior
of Fh is very challenging since the surface structure, as well
as its composition, is largely unknown. It is diﬃcult to
determine the mineral structure of ferrihydrite unequivocally (Navrotsky et al., 2008). A standard model for the
structure of ferrihydrite has been formulated (Drits et al.,
1993), but a new crystal structure for ferrihydrite has recently been proposed (Michel et al., 2007). This structure
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has been disputed by Rancourt and Meunier (2008) and
Manceau (2009). Most studies do not focus on the surface
structure and composition of ferrihydrite. The surface
structure is important because ions can form various types
of surface complexes by interacting with diﬀerent types of
surface sites.
For adsorbed ions, in-situ spectroscopy has identiﬁed
diﬀerent types of surface complexes and diﬀerent combinations of surface sites are involved. For instance at the
surface of goethite, Cd(II) ions may react with singly-coordinated surface groups forming double-corner complexes,
but these ions may also form an edge-sharing complex by
interaction with a combination of singly- and doubly-coordinated surface groups (Spadini et al., 1994, 2003). These
two types of binding sites have a diﬀerent aﬃnity for the
metal ion (Venema et al., 1996b). For ferrihydrite, ion binding at distinctly diﬀerent types of sites can also be expected
(Hiemstra et al., 2009). For instance, uranyl binds preferentially at the edges of Fe octahedra of ferrihydrite as a bidentate complex (Manceau et al., 1992) while ions such as
carbonate, phosphate, and others may form double-corner
bidentate complexes (Arai and Sparks, 2001; Hiemstra
et al., 2004; Bargar et al., 2005). If the challenge is to link
microscopic information to macroscopic adsorption data
in a surface complexation model (SCM), then these diﬀerences in types of reactive sites must be deﬁned, i.e. a multisite complexation (MUSIC) approach is needed.
A MUSIC model requires information about the proton
aﬃnity of the various types of surface groups. A complicating factor is that generally these aﬃnities cannot be derived
from classical acid–base titrations since the reactivity of the
individual types of surface groups is totally overshadowed
and suppressed by the action of the electrostatic ﬁeld
(Hiemstra et al., 1989). Therefore, theoretical or empirical
models are necessary to estimate the intrinsic aﬃnity and
to provide constraints when describing experimental data.
It has been suggested that the proton aﬃnity is related to
the degree of saturation of the oxygen charge by coordinating metals ions and protons, and an empirical model has
been proposed to calculate the saturation. For calibration,
a set of selected species in solution has been used and the
model has successfully predicted the point of zero charge
(PZC) of metal oxides (Hiemstra et al., 1996; Machesky
et al., 2001). Ideally, the proton aﬃnity constants can be
obtained from ‘‘ab-initio” calculations for systems that are
close to being realistic. A series of attempts has been made
to apply a variety of theoretical approaches to this task
(Rustad et al., 1996; Felmy and Rustad, 1998; Aquino
et al., 2008) using the MUSIC model to describe the PZC
and primary charge of iron oxide particles.
Nanoparticles may vary in size greatly. In some cases,
the smallest particles can be considered as aqueous metal
(hydr)oxide clusters with a well-deﬁned number of metal
ions and a well-known structure (Spiccia and Casey,
2007). A typical geochemical example is the Al13 hydroxide
ion (Evans et al., 2008). In other cases, nanoparticles have
been considered as nanocrystals with a rather well-deﬁned
mineral core and an additional surface region (Navrotsky,
2007). This surface region can change macroscopic properties such as the thermodynamic stability of the mineral

(Navrotsky et al., 2008), and this is measurable even if
the nanoparticles are still relatively large (5–10 nm) and
the surface areas relatively small (100–200 m2/g).
Freshly-prepared ferrihydrite is a rather exceptional
nano oxide particle in the sense that the particles do not
have a well-deﬁned structure, and moreover, the particles
are extremely small, i.e. 1.5–3 nm (Murphy et al., 1976; Janney et al., 2000). A considerable fraction of the metal ions is
directly exposed at the surface (Manceau and Gates, 1997;
Poulson et al., 2005) where they form the reactive surface
sites. These surface sites are partly created by the chemisorption of water to complete the coordination sphere of
the metal ions in the surface. For small particles, this site
formation should be observable in macroscopic properties
such as the molar mass and mass density. This will be analyzed theoretically in the present paper. We will show that
the relationship between surface site densities and these
macroscopic properties can be used to elucidate the chemical composition and mass density of the mineral core of a
nanoparticle and may constrain the site densities of surface
groups and vice versa.
The objective of this set of papers is to develop a suite of
consistent relations between the microscopic and macroscopic descriptions of ferrihydrite, its surface structure,
reactive site densities, primary charge, and its ion adsorption behavior. A quantitative MUSIC model will be developed in part I. In part II (Hiemstra et al., 2009), this model
will be linked to the adsorption and interaction of ions that
are supposed to react with diﬀerent sets of surface sites. The
latter approach can be very promising to understand the
surface chemistry of Fh in general and it is a challenge to
contribute to the elucidation of the surface structure with
the help of SCM modeling if possible.
2. MUSIC: SURFACE STRUCTURE AND
COMPOSITION
2.1. Surface structure
Freshly prepared iron oxide is almost X-ray amorphous
and known as 2-line ferrihydrite. Relatively high temperatures, aging, dehydration, and (freeze-)drying may produce
a more-structured 6-line ferrihydrite (Jambor and Dutrizac,
1998). The latter material can also be synthesized using ferritin protein cages (Kim et al., 2008). The structure of ferrihydrite has been described with diﬀerent models, such as
the standard model developed by Drits et al. (1993), and
a new model recently proposed by Michel et al. (2007).
An essential diﬀerence between both models is the multiphase character of the ﬁrst model and the presence of tetrahedral Fe in the latter.
The fundamental unit of the recently proposed structure
(Michel et al., 2007) is the d-Keggin moiety with a tetrahedral coordinated Fe(III) in the center. Each oxygen ion of
the tetrahedron is linked to three edge-shared Fe octahedra.
This unit has only singly- and doubly-coordinated oxygens
at the outside. In its idealized form, this Fh structure is isostructural with akdalaite (Michel et al., 2007) and its synthetic counterpart tohdite (Yamaguchi et al., 1964). These
minerals (5Al2O3H2O) may have a (sub)euhedral morphol-
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ogy with a basal 00(0)1 plane (Yamaguchi et al., 1964) that
is bounded by the 1 1 (0) 0 face and the 1 1 (0) 1 face
(Hwang et al., 2006) and its equivalents.
At the isostructural 0 0 1 face of the recently proposed
Fh structure (Michel et al., 2007), only doubly-coordinated
surface groups (13 nm2) are found if the crystal is terminated without breaking the Keggin moiety (no tetrahedral
Fe at the surface). The isostructural 1 1 0 face of Fh has
singly-, doubly-, and triply-coordinated surface groups.
Equal numbers of singly- and doubly-coordinated surface
groups (5.6 nm2 each) are present. If the Keggin unit is
maintained at this crystal termination, the density of the triply-coordinated surfaces groups is 7.5 nm2. The isostructural 1 1 1 face has the same composition.
In the standard model, ferrihydrite is a multiphase material. According to this model, the local structure of freshlyprepared ferrihydrite (Fh) may partly resemble that of goethite (Drits et al., 1993; Spadini et al., 1994). Similarly as
with goethite, two characteristic Fe–O bond lengths are
found (Combes et al., 1989; Waychunas et al., 1993; Rose
et al., 1997; Ulrich et al., 2006), i.e. dFeO  195 ± 1 pm
and dFeOH = 209 ± 1 pm. In this model, the fundamental
unit of synthetic 2-line ferrihydrite is the Fe(O,OH)6 octahedron. According to Drits et al. (1993), the octahedra
are linked together in short single and double chains, which
are cross-linked irregularly to form micro-domains. The
oxygen arrangement in the standard model is based on hexagonal (ABA) and cubic (ABC) stacking as found in goethite and lepidocrocite, respectively. In the case of Fh, the
main stacking is ABACA. In goethite (a-FeOOH) and lepidocrocite (c-FeOOH), half of the octahedra is occupied
with Fe but in Fh, the distribution is irregular (Manceau,
2009). In addition, a stacking as in feroxyhyte (d-FeOOH)
is assumed. Nano-diﬀraction supports the standard model
(Janney et al., 2001).
In the standard model, goethite can be chosen as a proxy
to understand the surface reactivity of ferrihydrite (Spadini
et al., 1994, 2003). Goethite is needle- or lath-shaped and
bounded by 1 1 0 and 1 0 0 faces (Weidler et al., 1999; Gab-
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oriaud and Ehrhardt, 2003). The needles have predominantly 1 1 0/1 0 0 faces which consist of long chains of
octahedra terminated at the top end by representative faces
such as the 0 0 1 and 0 2 1 faces. However, in the case of
nanoparticles, the chains of octahedra are very short and
ferrihydrite particles are close to spherical, and not elongated or needle-like. For a particle with a typical diameter
of 1.5–3 nm, the maximum number of octahedra in a
chain is only, respectively, 65–10. For spherical particles,
the contribution of the 1 1 0/1 0 0-like patches is smaller
and that of the 0 0 1/0 2 1-like patches larger than for needle-shaped particles. Note that the above indices for the
various crystal faces of goethite refer to the Pbma space
group (Manceau et al., 2000) as used in the Inorganic Crystal Structure Database (ICSD, 2008).
The 1 1 0 face of goethite contains rows of singly(FeOH), doubly- (Fe2OH), and triply-coordinated surface groups (Fe3O) (Hiemstra et al., 1996). The variable
charge is due to protonation and deprotonation of the singly- (FeOH1/2) and triply- (Fe3OH+1/2) coordinated
surface groups, both of which have an eﬀective site density
of about 3 nm2 (Hiemstra et al., 1996).
The structure and composition of two representative
faces (0 0 1 and 0 2 1 face) that terminate the chains of octahedra of goethite are shown in Fig. 1. Both surfaces have
equal numbers of singly- (FeOH) and doubly- (Fe2OH)
coordinated surface groups. The site densities on the faces
are similar, i.e. 7.5 nm2 (0 2 1 face) and 8.8 nm2 (0 0 1
face) for each type of surface group. A major diﬀerence between these two faces is their structure. The 0 0 1 face consists of pairs of singly-coordinated surface groups that form
the edges of a limited set of Fe octahedra while the 0 2 1
face consists of singly-coordinated surface groups present
at the corners of adjacent octahedra (Fig. 1). A similar difference in surface structure is also found in lepidocrocite
where the singly-coordinated surface groups form either
edges or adjacent double corners at the 1 0 0 and 0 0 1
faces, respectively. The fundamental diﬀerence in surface
structure with respect to the presence of singly-coordinated

Fig. 1. The composition and octahedral structure of the 0 0 1 and 0 2 1 faces of goethite that have been used as a model for explaining the
diﬀerence in reactivity of singly-coordinated surface groups (yellow spheres). For both faces, termination of the double chains of Fe octahedra
results in the presence of singly- and doubly-coordinated surface groups in a 1:1 ratio. On the 0 0 1 face, the singly-coordinated surface groups
are present in pairs on each octahedron, forming an edge, while when they are present on the 0 2 1 face, they are located on adjacent octahedra
with single corners. Bidentate complexation via interaction with singly-coordinated surface groups is only possible by edge sharing on the 0 0 1
face and by double-corner complex formation on the 0 2 1 face. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this paper.)
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surface groups in the form of edges or double corners can
lead to a very diﬀerent reactivity towards particular ions
(Manceau et al., 2000; Hiemstra et al., 2009).
2.2. Structure and binding
Some oxyanions are able to form double-corner bidentate complexes by interacting with singly-coordinated surface groups present at the corners of two adjacent
octahedra. A classical example is the binding of phosphate (Tejedor-Tejedor and Anderson, 1990; Arai et al.,
2001). Carbonate may also form double-corner complexes
(Hiemstra et al., 2004; Bargar et al., 2005). Other examples are arsenate (Waychunas et al., 1996; Farquhar
et al., 2002; Sherman and Randall, 2003; Majzlan
et al., 2007) and arsenite (Ona-Nguema et al., 2005) as
has been observed with EXAFS for goethite and ferrihydrite. These complexes may form at both the 1 1 0/1 0 0
and the 0 2 1 faces of goethite. According to the above
analysis, the double-corner complexes will not be formed
at the 0 0 1 face of goethite (Fig. 1, left). Bidentate complex formation is possible at the 0 0 1 face but only via
edge sharing. Edge sharing has been reported for arsenite
(Ona-Nguema et al., 2005) and is also found for uranyl
(Manceau et al., 1992; Waite et al., 1994; Ulrich et al.,
2006; Rossberg et al., 2009).
We may also analyze this aspect of the reactivity of Fh
using as proxy the recently proposed mineral structure of
Michel et al. (2007). The idealized 0 0 1 face has only singlyand doubly-coordinated surface groups that in combination
form the edges of the octahedrons. Both other faces, the
1 1 0 and 1 1 1 face, have a composition that allows formation of double-corner complexes because singly-coordinated surface groups are present in pairs at adjacent
corners. However, all mentioned faces do not have edges
with pairs of singly-coordinated surface groups that are
able to form bidentate surface complexes by edge sharing
with uranyl (Hiemstra et al., 2009). Large numbers of octahedral edges having two singly-coordinated surface groups
can only be rationalized when additional Fe octahedra are
linked to the crystal terminations or assuming many
defects.
2.3. Site densities
The above discussion shows that singly-coordinated surface groups may react to form distinct types of complexes
and for this reason, at least two types of FeOH groups
have to be distinguished in surface complexation modeling.
Unfortunately, the number of singly-coordinated surface
groups that should be attributed to each category is unknown, particularly for ferrihydrite where information
about the precise structure of the nanoclusters, their representative crystal faces and patches, as well as their composition is lacking. Nevertheless, some estimates will be made
to constrain possible numbers derived in other ways. Based
on the above analysis and later results, we give credit to the
standard model as proxy.
Ferrihydrite particles apparently have an almost spherical shape. The particles may have some anisotropic proper-

ties in the sense that on aging there is a tendency of the
particles to orientate in rows (Murphy et al., 1976; Burleson
and Penn, 2006). If the shape of a spherical particle is constructed from 1 1 0- and 0 2 1-like faces, then approximately equal contributions of both types of faces will be
found. In addition, 0 0 1-like terminations will be present.
In the case of an equal contribution of both types of terminating (0 2 1 and 0 0 1) faces, the total number of singlycoordinated surface groups on the 1 1 0 + 0 2 1 + 0 0 1
faces will be 0.5  3 nm2 + 0.25  7.5 nm2 + 0.25 
8.8 nm2 = 1.5 + 1.9 + 2.2 = 5.6 nm2. Irregularities and
defects in the actual structure may reduce the contribution
of sites with a high metal coordination as found on the 1 1 0
faces. Moreover, at a decrease to a very small particle size,
the number of sites that are common at two or more crystal
faces will increase and these common sites have a lower metal coordination too. Therefore, the fraction of sites representative for the 1 1 0/1 0 0 faces may decrease (<0.5) and
the fractions representative for the 0 2 1 and 0 0 1 faces
may increase (>0.25). If this is equivalent with for instance
an equal contribution of patches representative for the
three mentioned faces, the site density on the
1 1 0 + 0 2 1 + 0 0 1 faces will be 0.33  3 nm2 + 0.33 
7.5 nm2 + 0.33  8.8 nm2 = 1.0 + 2.5 + 2.9 = 6.4 nm2.
Based on these calculations, the site densities (Ns) of
FeOH that may form double-corner (c) and edge (e) complexes are estimated for the standard model. The former value is found by summation of the average values of the
calculated site densities at the 1 1 0 and 0 2 1 faces for the
two choices of the above face distributions, leading to
Ns(c) = 3.5 ± 0.1 and the latter value is the average value
for the 0 0 1 face, i.e. Ns(e) = 2.5 ± 0.4 nm2. According
to our sensitivity analysis, the greatest variation is for the
sites that may bind ions as an edge-sharing complex.
At each of the above crystal faces, the singly- and doubly-coordinated surface groups are present in a 1:1 ratio.
Therefore, the total site density of the doubly-coordinated
surface groups (Fe2OH) is equal to the sum of the
singly-coordinated surface groups i.e. Ns (Fe2OH) =
6.0 ± 0.5 nm2. These doubly-coordinated surface groups
are assumed to have no signiﬁcant proton reactivity in the
pH range around neutral (Hiemstra et al., 1996).
The total site density for the FeOH and Fe2OH sites
at the 1 1 0/1 0 0 faces of goethite is much smaller than for
the 0 2 1/0 0 1 faces, and this is related to the presence of a
considerable number of triply-coordinated groups
Fe3O(H) at the 1 1 0/1 0 0 faces. Actually, two types of
triply-coordinated groups exist. Both types of groups diﬀer
strongly in proton aﬃnity as follows from the MUSIC
model but this can also be understood directly from the
structure of FeOOH. The oxygens in goethite are all triply-coordinated, but one of them accepts a proton (OH)
and the other not (O). Both types of oxygens are also found
at the 1 1 0 face. The total site density of the triply-coordinated surface groups at the 1 1 0/1 0 0 face is 9 nm2. However, it can be shown that eﬀectively the proton reactivity is
less due to the large diﬀerence in proton aﬃnity of both
types of triply-coordinated surface groups (Hiemstra
et al., 1996). Therefore, the eﬀective site density is only
3 nm2. Using the above face/patch distribution, the
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2.4. Proton adsorption
In modeling, the charge on individual crystal faces may
be treated separately (Ponthieu et al., 2006), but in the present approach, ferrihydrite is treated electrostatically as a
single surface. This assumes that individual patches all
experience the same smeared-out potential. A rationale
for this is that the extent of the double layer (several nm)
can be quite large in relation to the size of the Fh nanoparticles and the distribution of the patches. This leads to a
large degree of double layer overlap between the individual
patches.
As with goethite, the protonation reactions for ferrihydrite are described by:
 FeOH1=2 þ Hþ ðaqÞ ()  FeOH2 þ1=2
1=2

 Fe3 O

þ

þ H ðaqÞ ()  Fe3 OH

þ1=2

ð1Þ

planes (0 0 1 face). This is also found for sulfate (Sugimoto
and Wang, 1998; Hiemstra and Van Riemsdijk, 1999).
However, we also note that synthetic single-crystals of
Fe2O3 with an exposed 0 0 (0) 1 face may certainly show
reactivity. In these cases, the reactivity is due to the presence of singly-coordinated surface groups rather than doubly-coordinated surface groups, for instance as result of the
presence of adatoms or a diﬀerent crystal termination
(Waychunas et al., 2006).
According to the MUSIC model (Hiemstra et al., 1996;
Venema et al., 1998), the proton aﬃnity (log KH) of the singly- (Eq. (1)) and the reactive triply- (Eq. (2)) coordinated
groups may be close to log KH  8 and log KH  11.7,
respectively, for goethite. This suggests that the singly-coordinated groups are the more acidic. The relative abundance
of both types of surface groups, expressed as the fraction
fFeOH = Ns(FeOH)/Ns(FeOH + Fe3O), will determine the
point of zero charge (PZC), provided that the doubly-coordinated groups, Fe2OH0, remain uncharged.
Mathematically, the corresponding relationship is
(Venema et al., 1998):


ðHþ ÞPZC K Fe3 O
ðHþ ÞPZC K Fe3 O
fFeOH ¼
 12
þ
1 þ ðH ÞPZC K Fe3 O
1 þ ðHþ ÞPZC K Fe3 O

ðHþ ÞPZC K FeOH

ð3Þ
1 þ ðHþ ÞPZC K FeOH
in which (H+)PZC is the aqueous proton activity at the PZC.
The relationship between the relative abundance of surface
groups and the PZC is given in Fig. 2 as a line. This can be
compared with the data.
For goethite as a whole, the fraction of singly-coordinated surface groups is slightly greater than 0.5. The

12

11

logKFe3O =11.7

10

PZC

overall eﬀective site density of Fe3O(H) can be estimated
as Ns(tr) = 1.2 ± 0.2 nm2. The total site density of all proton reactive groups, Ns (FeOH + Fe3O), is therefore
7.2 ± 0.7 nm2 in the case of goethite as proxy for the standard model.
It is important to note that the reactive site density is difﬁcult to estimate experimentally from a saturation of the
surface sites with ions. Attempts to determine the site density of singly-coordinated surface groups of goethite with
the ﬂuoride ion showed that at high concentrations doubly-coordinated surface groups might also be involved
(Hiemstra and Van Riemsdijk, 2000). The use of protons
to derive the site density of the proton reactive surface
groups is also questionable. Even in the case of an extremely large pH window, it is not possible to reach site saturation as recently shown for goethite (Lutzenkirchen et al.,
2002). The reason for this diﬃculty is the strong suppression of proton adsorption by the surrounding electrostatic
ﬁeld, itself created by proton adsorption. With the generalized two-layer (GTL) model for Fh (Dzombak and Morel,
1990), a site density has been derived by ﬁtting. In the GTL
model, the so-called Stern layer is absent and this will lead
in the model to an exceptionally high proton loading at low
pH, which is not shown by the data. The absence of a Stern
layer in the model has to be compensated by using a low site
density that limits the proton loading (Venema et al.,
1996a). Therefore, this low site density can be considered
as an artifact brought about by the limitations of that
model.

9

logKFeOH =8
Goethite PZC = 9.1±0.2

8

ð2Þ

Doubly-coordinated surface groups are probably not
proton reactive in the usual experimental pH window. This
assumption is strongly supported by experimental evidence.
On freshly-cleaved 0 0 (0) 1 faces of hematite, no charge is
developed over a large pH range (Eggleston and Hochella,
1992; Hiemstra and Van Riemsdijk, 1999), in contrast to
other crystal faces of hematite that generally will charge.
This strong anisotropic spread of charge is supported by recent cryogenic-XPS measurements (Shchukarev et al.,
2007). In addition, an extremely low reactivity for phosphate (Colombo et al., 1994) is found in those preparations
of synthetic hematite that have a large contribution of basal
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HFO PZC = 8.1±
±0.2

7
0.0

0.5

1.0

Fraction FeOH sites
Fig. 2. The PZC as a function of the relative abundance of singlycoordinated FeOH surface groups calculated (Eq. (3)) assuming
proton aﬃnity constants for singly- and triply-coordinated surface
groups as estimated with the MUSIC model (Venema et al., 1998).
Open symbols show the estimated fraction of FeOH and experimental PZC of goethite of 9.1 (diamond) and 2-line Fh (PZC = 8.1,
triangle). The black spheres represent the calculated PZC for a
surface with only one type of reactive site having a log KH as
indicated.
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presence of 5% top-end faces (0 2 1 + 0 0 1) leads to a
PZC value of about 9.1 ± 0.2 which is below the average
log KH value (9.8) for a 1:1 ratio. Increasing the abundance of singly-coordinated groups will decrease the PZC
until it approaches about PZC  8. This is consistent with
the experimentally-observed PZC values (8.1 ± 0.2) of
freshly-prepared ferrihydrites (Davis and Leckie, 1978;
Hsi and Langmuir, 1985; Dzombak and Morel, 1990).
For ferrihydrite, aged for 3 weeks, a higher value of the
PZC has been reported. Based on the reported proton concentration (ph = 8.2) at zero charge, the PZC is 8.25 (Spadini et al., 2003). This slightly higher PZC of aged Fh might
be due to a smaller fraction of singly-coordinated surface
groups.
As mentioned above, a number of attempts has been
made applying theoretical methods to predict the proton
aﬃnity constants of surface groups (Rustad et al., 1996;
Felmy and Rustad, 1998; Rustad and Felmy, 2005; Aquino
et al., 2008). In a recent approach (Aquino et al., 2008), the
protonation of aqueous Fe monomers as well as surface
species was calculated with an ab-initio molecular orbital
approach which explicitly included hydration. The aﬃnity
of the various monomeric Fe-hydroxyl species in solution
was predicted and compared to experimental data. This
showed a deviation of only Dlog KH 6 1–3 units, which
is promising.
In general, such a test is more problematic for surface
groups because the protonation of the surface is the result
of the interplay of various types of surface groups and is
strongly masked by the electrostatic ﬁeld. Usually, the predicted value of the PZC is used as a ﬁrst test. In the particular case of TiO2, FTIR data have also been used, and these
showed good agreement with predictions from the MUSIC
model (Hiemstra and Van Riemsdijk, 2002). For the 1 1 0
face of goethite, the estimated PZC is 9.8 when calculated
from the predicted log KH values of Aquino et al. (2008)
using a full speciation model (Hiemstra et al., 1996) with
equal site densities for the singly-, doubly-, and triply-coordinated surface groups. This predicted PZC is the same as
the value predicted from the MUSIC model, but the

individual log KH constants are rather diﬀerent. In particular, the newly-predicted log KH for FeOH is relatively
high (log KH = 12.1) compared to the value used in Fig. 2
(log KH  8). With the lower log KH value predicted by
the MUSIC model, the lower PZC values of Fh and goethite can be understood within a single framework
(Fig. 2). Fh samples are probably dominated by singlycoordinated surface groups and the low PZC of Fh suggests
that these surface groups are rather acidic. However, note
that the presently derived structural MUSIC model of Fh
is a simpliﬁcation at the molecular level and deﬁnite conclusions cannot be drawn yet.
Although singly- and triply-coordinated groups may differ in their proton aﬃnity, the description of the charging
behavior of e.g. goethite can be simpliﬁed by assuming
log KH = PZC (Hiemstra et al., 1996). This approach can
also be used for ferrihydrite (Table 1) and will be applied
below after introducing the double layer model.
2.5. Double layer model
The adsorption of ions at charged surfaces is usually
strongly aﬀected by electrostatic interactions. The location
of the ionic charge in the electrostatic double layer (EDL)
is very important for calculating the energy involved in
these electrostatic interactions. The EDL used in this study
consists of two Stern layers (Fig. 3). A series of measurements (Pashley and Israelachvili, 1984; Fenter and Sturchio, 2004; Catalano et al., 2006) and calculations
(Predota et al., 2004; Koppen and Langel, 2006) have
shown that the water molecules near a ﬂat mineral surface
are usually ordered in several layers. Currently, we assume
that water structuring will also be present around Fh nanoparticles. Near a charged surface, electrolyte ions can only
move in discrete steps towards the minimum distance of approach (Pashley and Israelachvili, 1984). In contrast, several water layers away from the surface, the electrolyte
ions are present in a diﬀuse pattern known as the diﬀuse
double layer (DDL). This molecular picture can be linked
to macroscopic observations. As described by Hiemstra

Table 1
Tableau deﬁning the surface components of the primary charging reactions. The proton charge is attributed to the surface (Dz0), the
electrolyte ion charge to the 1-plane (Dz1), no charge is added to the 2-plane (Dz2 = 0) (Extended Stern layer model with C1 = 1.15 F/m2,
C2 = 0.9 F/m2).
Speciesa

FeOH1/2 b

Fe3O1/2 b

Dz0

Dz1

Dz2

log Kc

FeOH2+1/2
FeOH1/2–Na+
FeOH2+1/2–Cl
FeOH2+1/2–NO3
FeOH2+1/2–ClO4
Fe3OH+1/2
Fe3O1/2–Na+
Fe3OH+1/2–Cl
Fe3OH+1/2–NO3
Fe3OH+1/2–ClO4

1
1
1
1
1
0
0
0
0
0

0
0
0
0
0
1
1
1
1
1

1
0
1
1
1
1
0
1
1
1

0
1
1
1
1
0
1
1
1
1

0
0
0
0
0
0
0
0
0
0

log KH = +8.06
log KNa = 0.60
log KH + log KCl = +7.61
log K H þ log K NO3 ¼ þ7:38
log K H þ log K ClO4 ¼ þ6:36
log KH = +8.06
log KNa = 0.60
log KH + log KCl = +7.61
log K H þ log K NO3 ¼ þ7:38
log K H þ log K ClO4 ¼ þ6:36

a

Doubly-coordinated sites (Fe2OH0) have been omitted since they do not contribute to the surface charge. See Section 2.4.
Singly-coordinated groups are present as FeOH(e) (Ns(e) = 2.5 nm2) as well as FeOH(c) (Ns(c) = 3.5 nm2), i.e. R Ns(FeOH1/2) =
6.0 nm2, see text. The eﬀective site density of Fe3O1/2 is Ns(tr) = 1.2 nm2.
c
The ion pair formation constants are from Hiemstra and van Riemsdijk (2006). The log KH was ﬁtted (Fig. 4).
b
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Fig. 3. Schematic diagram of the double layer structure of the
Extended Stern layer model showing a metal (hydr)oxide surface
(black spheres coordinating with surface oxygens) and the position
of bidentate inner sphere complexes of uranyl and carbonate that
both distribute their charge between the 0- and 1-planes (vertical
lines) of the inner Stern layer. The outer sphere complexes of
electrolyte ions such as NO3 and Na+ (ion pairs) locate their
charge in the 1-plane (vertical line in the middle). The DDL is
separated from the 1-plane by an outer Stern layer with a
capacitance C2 (C2  0.9 ± 0.2 F/m2). The curved lines illustrate
the non-scaled concentrations of counter- and co-ions in the DDL,
starting at the 2- or d-plane. Inner sphere complexes like carbonate
or uranyl distribute their charge between the 0- and 1-plane, see
part II (Hiemstra et al., 2009).

and Van Riemsdijk (2006), the interpretation of a consistent set of proton titrations of goethite suspensions, performed in range of electrolytes, showed that the data
could only be explained well by assuming that the DDL
is separated from the minimum distance of approach by a
Stern layer with a capacitance of C2 = 0.9 ± 0.2 F/m2. This
EDL model can be called an Extended Stern (ES) model
(Fig. 3). This interpretation also rationalizes the revised
TL model used by Sverjensky (2005).
2.6. Primary charge and surface area
The charging behavior of freshly-prepared ferrihydrite
(aged 4 h) has been studied by Davis and Leckie (1978)
and Hsi and Langmuir (1985). The results are given in
Fig. 4. The Fh has been produced in both cases using
NaOH free of carbonate, but explicit exclusion of CO2 during the titration has not been reported. Transmission Electron Microscopy (TEM) suggests the presence of individual
nanoparticles in freshly prepared Fh. However, it aggregates upon aging (Murphy et al., 1976; Burleson and Penn,
2006) resulting in alignment of particles and a gradual fusion after a number of days. Such a process will reduce
the number of available sites per mass unit and correspondingly the surface charge (C/g). One of the problems of
nanoparticles is the uncertainty in their reactive surface

6

8

10

pH
Fig. 4. The surface charge of ferrihydrite at three electrolyte
concentrations measured by Davis (1977) (closed symbols) as given
in Dzombak and Morel (1990) and by Hsi and Langmuir (1985)
(open symbols). The lines have been calculated using a total site
density for protons of 7.2 nm2. The Stern layer capacitances are
C1 = 1.15 F/m2 (spherical condenser, Eq. (4)) and C2 = 0.9 F/m2
(Fig. 3) The ion pair formation constants are from Table 1 and
log KH (=8.06) has been ﬁtted. The calculated lines are valid for a
reactive surface area of A = 650 m2/g.

area. Typical values of the BET surface area for Fh are
200–350 m2/g (Dzombak and Morel, 1990). However, the
validity of the N2 gas adsorption approach may be questioned because of the strong eﬀect of drying which could result in a large area of contact between particles and a lower
surface area than in the original suspension. Therefore,
Davis and Leckie (1978) suggested using the charging
behavior of ferrihydrite as a measure of the surface area
(m2/g) by comparing the calculated surface charge (C/m2)
to the experimental one (C/g). Following this approach,
the surface charge has been calculated using the ion pair
formation constants (Table 1) reported for goethite and a
speciﬁcally chosen inner Stern layer capacitance of
C1 = 1.15 F/m2, which represents the Stern layer properties
of nanoparticles, as discussed in detail below (Section
2.6.2). The outer Stern layer capacitance has been set at
C2 = 0.9 F/m2 (Fig. 3) and the total site density of the proton reactive surface groups set at Ns = 7.2 nm2 (Section
2.3). The calculated results are given in Fig. 4 as lines.
2.6.1. Surface area
The observed and calculated values agree in the case of a
speciﬁc surface area of A = 650 m2/g and so this value has
been used in our subsequent data analysis and in the modeling of ion adsorption by freshly prepared 2-line Fh as described in part II (Hiemstra et al., 2009) unless stated
diﬀerently. We note that aging as well as Fh preparation
at a relatively high initial Fe concentration may result in
a smaller surface area (Davis and Leckie, 1978). Ferrihydrite, aged 24 h and produced at a relatively high Fe concentration (Girvin et al., 1991), had a lower surface area
(450 m2/g) when calculated with the above approach. Of
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course, these estimated surface areas will also depend on the
assumed capacitance of the Stern layer. The actual value is
unknown. For instance, surface roughness (Hiemstra et al.,
1989; Van Hiemstra and Riemsdijk, 1991; Boily et al., 2001)
may result in a greater charge and a correspondingly larger
capacitance when modeled. In the case of a capacitance of
C1 = 1.5 F/m2, the estimated surface area of freshly prepared Fh would be 550 m2/g instead of 650 m2/g. The
estimated surface areas by ﬁtting are consistent wit the particle size (Section 2.7).
2.6.2. Spherical double layer
In the above analysis, for practical reasons, the calculations were done using a ﬂat double layer structure. However, the analysis also shows that the surface area is very
large which suggests that the freshly prepared 2-line Fh
consists of tiny nanoparticles (Section 2.7). For such small
particles, the double layer is relatively curved. One may argue that for this reason the use of a spherical double layer
model (Stern layer and DDL) is more appropriate. The effect of a spherical double layer on the charging behavior
has recently been evaluated (Abbas et al., 2008) using
Monte Carlo simulations. A clear eﬀect of particle size
was predicted. In our own (SCM) calculations with spherical double layer theory, we have included ion pair formation. Indeed, the surface charge is higher. However, our
modeling also shows that the use of a spherical DDL layer
is often (I P 102 M) not essential for the description of
charging behavior. The reason is that most of the surface
charge is neutralized in the compact part of the double layer
due to the presence of ion pairs. The higher surface charge
of nanoparticles (10%) is mainly due to the presence of a
curved Stern layer. The capacitance of a spherical condenser Cr of a particle with radius r and thickness Dr of
the Stern layer is related to the capacitance C of a ﬂat plate
according to:
Cr ¼

r þ Dr
C
r

ð4Þ

Two-line Fh may have an average particle size of 2.6 nm,
i.e. r  1.3 nm (Section 2.7). In combination with a Stern
layer thickness of Dr = 0.35 ± 0.05 nm and a capacitance
of 0.9 F/m2 for a ﬂat plate (Hiemstra and Van Riemsdijk,
2006), the equivalent capacitance value for the spherical
condenser is Cr  1.15 F/m2. In the case of 6-line Fh
(r  3 nm), the value will be 1.0 F/m2.
In the above calculations, one assumes the same dielectric properties. It can be shown that the capacitance Cr of a
spherical double layer is proportional with the relative (er)
and absolute (eo) dielectric constant according to:
C r ¼ er e o

r þ Dr
rDr

ð5Þ

The linear relationship implies that small diﬀerences in the
relative dielectric constant er have a relatively large eﬀect on
the capacitance Cr. To our knowledge, any inﬂuence of curvature on the dielectric properties is unknown. In the ﬁnal
calculations (Fig. 4), we applied the standard double layer
theory (ﬂat plate) but used an enhanced Stern layer capacitance of C = 1.15 F/m2 (Eq. (4)), which results in a satisfy-

ing and practical description of the main electrostatic
double layer properties of the nanoparticles.
2.7. Particle size
As mentioned in the Introduction, ferrihydrite can be
considered as a rather exceptional nano oxide particle in
the sense that the particles can be extremely small and
therefore will have a large surface area. For non-porous
spherical particles, the particle diameter d (m) and speciﬁc
surface area A (m2/g) are related according to:
d¼

6
qA

ð6Þ

in which q is the mass density (g/m3). A speciﬁc surface area
of 650 m2/g is equivalent to a spherical particle diameter of
d  2.6 ± 0.1 nm in the case of a mass density q of
3.5 ± 0.1 g/cm3 as reported for 2-line ferrihydrite (Murphy
et al., 1975, 1976). This calculated size falls in the range of
values (d = 1.5–3 nm) measured for the diameter of apparently spherical particles (Murphy et al., 1976; Janney et al.,
2000). The typical size of 6-line ferrihydrite particles is signiﬁcantly larger, i.e. d = 5–6 nm (Janney et al., 2000). At a
mass density q of 3.96 cm3/g (Towe and Bradley, 1967), this
is equivalent to a surface area of A = 330–270 m2/g, provided that the particles are non-porous.
The above particle sizes can be used for calculating the
number of Fe atoms present in the various particles, i.e.
using 1/6pd 3qNav/M in which Nav is Avogadro’s number
and M the molar mass (Section 2.8). For 2L-Fh
(d = 2.6 nm), this gives an average of only 200 Fe/particle
while for 6L-Fh the number is much higher, i.e. 1600
(d = 5 nm), 2800 (d = 6 nm), and 4500 Fe/particle
(d = 7 nm). These numbers approximately agree with
experimental data (Kim et al., 2008).
2.8. Molar mass
The molar mass M of goethite, lepidocrocite, and feroxyhyte (respectively, a-, c-, d-FeOOH) is 89 g/mol Fe. For
nanoparticles with essentially the same structure but a larger surface area, a greater molar mass per Fe is expected
since surface groups will make up a signiﬁcant contribution.
Part of the structure of surface groups of nanoparticles is
formed by the chemisorption of water completing the
coordination sphere of Fe at the surface. In the hypothetical extreme of a size reduction to a single octahedron, i.e.
Fe(OH)3(OH2)3, the molar mass would increase to 161
g/mol Fe.
In the case of the formation of two imaginary surfaces
by cleaving a Fe–O bond network, the oxygens would be
distributed over both surfaces. The reduced coordination
of the metal ions can be restored by the uptake of H2O.
The number of water molecules involved, N H2 O (nm2), depends on the change of the coordination number (DCN) of
the various surface groups created in comparison to the
coordination number of the oxygen before cleavage (CN).
The overall number of water molecules (N H2 O ) can be calculated with:
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in which Mcore is the molar mass of the mineral core of
the nanoparticles (g/mol), M H2 O the molar mass of water
(18 g/mol), N H2 O the site density of additional water (Eq.
(7)) to complete the metal ion coordination at the surface
(m2), and Nav is Avogadro’s number (mol1).
The molar mass as a function of the speciﬁc surface area
of the nanoparticles (Eq. (8)) has been given as a line in
Fig. 5 using Mcore = 89 g/mol and assuming a constant surface site density. For a large particle size and a corresponding low surface area (Eq. (6)), the molar mass of the
nanoparticles (Mnano) will approach the molar mass for
the mineral core Mcore, A strongly enhanced molar mass
(Mnano = 101 ± 1 g/mol Fe) is calculated for small ferrihydrite particles with a surface area of A = 650 m2/g (Fig. 5).
Larger Fh particles with a lower surface area of for instance
about a half (A  350 m2/g) or one-third (A  233 m2/g)
have calculated molar masses of Mnano  95 or 93 g/mol
Fe, respectively. These lower values are close to the molecular mass given by the classical chemical compositions suggested for Fh, e.g. 5Fe2O39H2O, Fe5(O4H3)3, or
Fe2O32FeOOH–2.6H2O (Schwertmann and Taylor, 1989)
that all can be reduced to approximately FeOOH–0.4H2O
with Mnano = 96 g/mol Fe. The experimental upper and
lower limits of the molar mass of Fh can also be estimated
from recent data (Mikutta et al., 2008; Rancourt and Meunier, 2008) resulting in Mnano  102 ± 2 g/mol Fe for 2-line
ferrihydrite (2L-Fh) and Mnano  92 g/mol Fe for 6-line ferrihydrite (6L-Fh).
The average of the above data is given as open squares
in Fig. 5 where they are plotted against the representative
surface area and particle sizes (Murphy et al., 1976; Janney
et al., 2000). The good agreement between the data and the
calculation suggests that the mineral core of Fh has an average composition close to FeOOH (M = 89 g/mol). This
agrees with the standard model that has structural elements

M

4.5

ð8Þ

110

Mass density ρ (g/cm3)

in which Ns,j is the site density (nm ) of the various surface
groups of type j, i.e. N H2 O is surface composition dependent.
For a mineral like goethite, the formation of the 1 1 0 face
leads to N H2 O = 3 nm2 (Eq. (7)), and for the 0 2 1 and
0 0 1 faces, these are N H2 O = 7.5 nm2 and N H2 O =
8.8 nm2, respectively. For 2-line ferrihydrite, the amount
of additionally coordinated water can be calculated based
on the above-estimated surface composition, resulting in
N H2 O = 6.0 ± 0.5 nm2. Experimentally, such a value is typically found for oxides in general (Navrotsky et al., 2008).
In the case of a surface area of A = 650 m2/g Fh, the
amount of chemisorbed water (N H2 O = 6.0 ± 0.5 nm2) is
equal to 0.12 ± 0.01 g H2O/g Fh. Per gram, ferrihydrite will
contain 0.12 g chemisorbed H2O and 0.88 g mineral core
(e.g. FeOOH). The latter is equivalent to 9.9 mmol Fe per
gram Fh and this yields a molar mass for the nanoparticles
of M  101 ± 1 g/mol Fe. In general, the molar mass of
nanoparticles Mnano is:

200

300

4.9

2

M core

M nano ¼ 
N H2 O A
1
M H2 O
Nav

Specific surface area A (m2/g)

ð7Þ
Molar mass M (g/mole Fe)

N H2 O ¼
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Fig. 5. The calculated relationship between the molar mass M,
mass density q, particle size d, and speciﬁc surface area A of nanoFh particles. The molar mass (dark blue line, left vertical axis)
decreases with increasing particle size (lower horizontal axis) and
decreasing surface area (upper horizontal axis). The corresponding
mass density (gray line, right vertical axis) increases with particle
size. The lines for the molar mass have been calculated assuming
FeOOH as the composition of the mineral core and using estimated
site densities for the singly- and doubly-coordinated surface groups
of 6 nm2 each. The mass density of the mineral core was estimated
using the average molar volume VO of oxide minerals (Fig. 6). The
squares represent the experimental molar mass (Rancourt and
Meunier, 2008) of 2L-Fh (left) and 6L-Fh (right), which have a
characteristic particle size of 1.5–3 nm and 5–6 nm, respectively
(Janney et al., 2000; Murphy et al., 1976). The spheres refer to the
experimental mass densities of 2L-Fh (Murphy et al., 1975, 1976)
and 6L-Fh (Towe and Bradley, 1967), and both are plotted against
the reported particle sizes. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version
of this paper.)

of a-, c-, and d-FeOOH. The greater molar mass of the
nanoparticles can be explained by the additional mass of
OH/OH2-containing surface groups, which complete the
primary coordination shell of surface Fe rather than being
attributed to physisorbed water as has been suggested previously in the literature (Manceau and Gates, 1997).
2.9. Mass density
A larger number of OH and OH2 per Fe (i.e. a higher
molar mass) will lead to a reduction in the overall mass density q (g/cm3). It can be shown (Fig. 6) that for minerals like
MgO, Al(OH)3, SiO2, FeOOH, Fe2O3, and others, the average
molar
volume
of
the
(hydr)oxides
is
VO = 10.8 ± 0.3 cm3/mol oxygen. This number can be combined with the average number of oxygens per metal ion
available in the nanoparticles (n) that can be calculated
from n ¼ nO þ ðM nano  M core Þ=M H2 O in which nO is the
number of oxygens per metal ion in the mineral core
(nO = 2), resulting in n = 2.7 for 2-line Fh. The combination of n and VO leads to the estimated molar volume for
2-line Fh that can also be expressed per mole Fe, giving
V = nVO= 28.6 ± 0.8 cm3/mol Fe. Using this value in combination with the calculated molar mass Mnano (Eq. (8)) results in an estimated mass density for 2-line ferrihydrite
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Fig. 6. The mass density q (g/cm3) of minerals versus its molar
mass expressed per mole oxygen in the structure for a series of
minerals. The open circles are for a number of ice structures,
known as ice I–VII. In order of increasing density, the open
triangles are for gibbsite, kaolinite, quartz, periclase, corundum,
anatase, and rutile. Similarly, the colored spheres refer to the Fe
(hydr)oxides: lepidocrocite (c-FeOOH), goethite (a-FeOOH), feroxyhyte (d-FeOOH), maghemite (c-Fe2O3), magnetite (Fe3O4),
hematite (a-Fe2O3), and wüstite (FeO). The black squares represent
the experimental data for, respectively, 2-line and 6-line ferrihydrites. The open squares refer to, respectively, the core of
ferrihydrite as derived in this study and the theoretical value for
the recently proposed Fh structure. The inverse value of the slope
of the line refers to the average volume of the minerals expressed
per mole oxygen, i.e. 10.8 cm3/mol O. The value is rather constant
illustrating that oxygen forms volumetrically the backbone (90%)
of these minerals and of the earth crust in general. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this paper.)

(2L-Fh) of q = Mnano/V = 3.5 ± 0.1 g/cm3. In general, the
mass density q as a function of the speciﬁc surface area A
or particle diameter d can be calculated with, respectively:
qnano ¼

M nano M core
¼
nV O
nO V O

1

M core
N H2 O A
 M H2 O
1þ
nO
Nav


ð9aÞ

and
qnano ¼



M nano M core
M core
N H2 O 6
¼

 M H2 O
nV O
nO V O
nO
Nav d

ð9bÞ

in which q can be expressed in g/m3, Mcore and Mnano in g/
mol, VO in m3/mol oxygen, nO in mol oxygen/mol metal
ion, N H2 O in m2, A in m2/g, d in m, and Nav in mol1.
The mass density relationship in Fig. 5 has been calculated
with Eq. (9) using the above-estimated value VO for the
mineral volume expressed per oxygen (Fig. 6). It is important to note that the molar mass of the core (Mcore) in
Eqs. (8) and (9) will control the vertical positions of the
lines in Fig. 5 while the particle size dependency will be predominantly determined by the site density, N H2 O , of chemisorbed water, i.e. the surface contribution. Moreover, note
that the lines have been calculated for a ﬁxed site density,
whereas the site density may decrease somewhat if the particles grow.

For the small 2L-Fh particles, the impact of the surface
is high and a relatively large fraction of all iron will be exposed at the surface (Manceau and Gates, 1997; Poulson
et al., 2005). An increase in the particle size will decrease
this inﬂuence and the mass density of the nanoparticles will
ultimately approach the value of the mineral core. In the
calculations, this leads to q = 4.15 ± 0.1 g/cm3 for the mineral core when using a single value (no relaxation) for the
mineral volume expressed per oxygen (VO = 10.8 ±
0.3 cm3/mol oxygen, as derived from Fig. 6). This calculated mass density q is between the mass density of lepidocrocite (q = 4.00 g/cm3) and goethite (q = 4.26 g/cm3) or
feroxyhyte (q = 4.29 g/cm3).
The predicted mass density, q (line), can be compared
with experimental observations (Fig. 5). For 2-line ferrihydrite with a particle size of 1.5–3 nm (surface area weighted
average 2.6 nm), the reported mass density is 3.5 ± 0.1 g/
cm3 (Murphy et al., 1975, 1976), which is within the error
equal to the predicted value. For 6-line ferrihydrite, the reported density is 3.96 g/cm3 (Towe and Bradley, 1967). The
average particle diameter of this Fh preparation can be deduced from the reported molar mass of 200,000–250,000 g/
mol particles and gives d = 7.0 ± 0.3 nm. Both mass densities (q) have been given in Fig. 5. Data (spheres) and theory
(line) match. Note that the overall mass density of 2- and 6line Fh in relation to the molar mass has been given in Fig. 6
as black squares. In addition, with open squares, the theoretical density of the mineral core derived above is given (4.15 g/
cm3) and the theoretical density (4.8 g/cm3) of the recently
proposed Fh structure. In Fig. 6, the nano particles are at
the lower end of the range of Fe (hydr)oxides.

3. DISCUSSION
The above approach for deriving a consistent relationship between properties such as surface site densities and
molar mass can in principle be used for other nanoparticles
such as anatase (TiO2). At the surface of anatase, singly(TiOH1/3) and doubly-coordinated (Ti2O2/3) surface
groups are found in a 1:1 ratio with a site density of
Ns = 5.2–7.0 nm2 for each site depending on the type of
crystal face involved (Hiemstra et al., 1996). For nanoparticles with a surface area of 310 ± 10 m2/g (Ridley et al.,
2006), the amount of chemisorbed water is calculated to
be about 5.3 ± 0.5% (Eq. (7)). This number can be
compared with the water content measured by thermogravimetric analysis. Water is released from this commercial nano-anatase by two processes. Above about 100 °C,
the rate of water release becomes constant. If this process
is considered to be due to the release of chemisorbed water,
the water content that is released by this process will be
4% (g/g original sample). This is slightly lower than the
estimated value but the dehydroxylation is probably still
incomplete at 300 °C. The additional release of physisorbed
water below 100 °C was also about 4% (g/g). This loosely
bound water is physically adsorbed and may be present
partly in the pore space and may be released by outgassing
(Navrotsky, 2007). If it is possible to diﬀerentiate between
physisorbed and chemisorbed water, then the observed
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water content can be used to constrain the estimated site
density of such nanoparticles.
In the above analysis for Fh, we have not found evidence for a signiﬁcant contribution of physisorbed water.
This may be correct if the samples have been freeze-dried
or outgassed before the analysis. IR spectroscopy for Fh
has shown that physisorbed water is removed by evacuation
at room temperature (Russell, 1979). Without noticeable
changes in the BET surface area and the X-ray diﬀraction
pattern, the temperature of repeated outgassing can be
raised to a maximum of about 135 °C (Weidler, 1997).
The extra amount of water that is released is about
0.13 ± 0.02 g/g 2L-Fh and equal to the estimate given in
Section 2.8. This strongly suggests that this water is chemisorbed resulting in the calculated molar mass for 2L-Fh of
Mnano = 101 ± 2 g/mol Fe. We note that for a freeze-dried
2L-Fh sample a molar mass of 100 g/mol has been reported
recently (Mikutta et al., 2008).
The theoretical molar mass of the recently proposed idealized Fh structure (Michel et al., 2007) is signiﬁcantly lower (M = 82 g/mol Fe) and is close to that of hematite
(M = 81 g/mol Fe), and the proposed structure has a much
higher theoretical mass density, i.e. q = 4.9 g/cm3 (Rancourt and Meunier, 2008) or q = 4.8 g/cm3 (ICSD, 2008)
than the experimental and theoretical values for Fh discussed above. Therefore, the recently proposed idealized
Fh structure (Michel et al., 2007) is diﬃcult to reconcile
with our values unless such particles are severely defect.
The deviation is systematic, independent of the particle size
and occurs for 2-line as well as 6-line Fh. In both particles,
an important part of the Fe3+ in the structure has to be replaced by an equivalent amount of H+ to approach the estimated molar mass and mass density given in Fig. 5.
Calculations show that about 20% of the Fe in the structure
has to be replaced in the core by an equivalent number of
protons (i.e. 0.6 mol H+ per 0.2 mol Fe). With the standard
model, such an assumption is not required. We note that
the new structure of Fh contains 20% tetrahedral Fe which
so far has not been found by liquid helium Mössbauer spectroscopy as mentioned by Michel et al. (2007).

4. CONCLUSIONS
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 The estimated site density of the singly-coordinated
surface groups that form bidentate complexes by double corner or edge sharing coordination is estimated to
be Ns(e) = 2.5±0.1 and Ns(c) = 3.5±0.4 nm2, respectively. In combination with an eﬀective site density for
triply-coordinated surface groups (Ns(tr) = 1.2 ±
0.2 nm2), the overall site density of the proton reactive surface groups of Fh is 7.2 ± 0.7 nm2. This site
density is much greater than the values used in other
SCMs that have been derived by the ﬁtting of acid–
base titration data. The site density of the doublycoordinated groups equals the sum of the singly-coordinated ones (Ns(d) = 6 nm2).
 The mineral core of Fh particles has an average chemical
composition close to FeOOH and a mass density close to
4.15 ± 0.1 g/cm3. Theory shows that the molar mass, M,
and mass density, q, of nano-sized ferrihydrite particles
are signiﬁcantly aﬀected by the contribution of surface
groups. Types of sites and corresponding site densities
are the essential parameters. For 2.6-nm sized particles
(2-line Fh), the enhanced molar mass of the nanoparticles is estimated to be M  101 ± 2 g/mol. The corresponding mass density is reduced to about
q  3.5 ± 0.1 g/cm3. The surface area of freshly prepared 2-line Fh is estimated to be approximately
A  650 m2/g. A 6-line Fh with a particle size of
d  5–6 nm, has a surface area of A  280 ± 30 m2/g,
a corresponding molar mass of 94 ± 2 g/mol Fe and
a mass density of q  3.9 ± 0.1 cm3/g.
 The PZC of ferrihydrite can be rationalized in terms
of the estimated proton aﬃnity constants derived earlier (Venema et al., 1998). As a simpliﬁcation, one
proton aﬃnity constant can be used for all proton
reactive surface groups (FeOH and Fe3O). Doubly-coordinated surface groups (Fe2OH) can be
considered as non-reactive for the practical pH range.
 The surface charge of nanoparticles generally
increases at a decreasing radius. The charging behavior of Fh nanoparticles can be described satisfactory
using the ﬂat diﬀuse double layer (DDL) theory in
combination with an enhanced Stern layer capacitance that is particle size dependent, which can be calculated applying spherical condenser theory.

The above study can be summarized as follows:
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