
Geochimica et Cosmochimica Acta, Vol. 69, No. 6, pp. 1405–1411, 2005
Copyright © 2005 Elsevier Ltd

Printed in the USA. All rights reserved
doi:10.1016/j.gca.2004.08.030

The influence of edge sites on the development of surface charge on goethite nanoparticles:
A molecular dynamics investigation

JAMES R. RUSTAD
1,* and ANDREW R. FELMY

2

1Department of Geology, University of California, Davis, California 95616 USA
2Pacific Northwest National Laboratory, Richland, Washington 99352 USA

(Received April 20, 2004; accepted in revised form August 23, 2004)

Abstract—Large-scale molecular simulation of proton accumulations were carried out on (i) (110) and (021)
slabs immersed in aqueous solution and (ii) a series of model goethite nanoparticles of dimension 2 to 8 nm
with systematically varying acicularity and (110)/(021) surface areas. In the slab systems, the (021) surface
exhibits 15% more proton charge per unit area than the (110) surface. In the particulate systems, the acicular
particles having the highest (110)/(021) ratio accumulate the most charge, opposite to the trend expected from
the slab simulations, indicating that, at length scales on the order of 10 nm, the slab results are not a good
indicator of the overall charging behavior of the particles. The primary reason for the discrepancy between the
particulate systems and slab systems is the preferential accumulation of protons at acute (110)-(110)
intersections. Charge accumulates preferentially in this region because excess proton charge at an asperity is
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more effectively solvated than at a flat interface. Copyright © 2005 Elsevier Ltd
1. INTRODUCTION

The extent of protonation of oxide surfaces has a fundamen-
tal influence on virtually every aspect of their chemical behav-
ior in aqueous systems, governing dissolution/precipitation,
sorption, and redox reactions, and controlling the mobility and
aggregation state of colloidal-sized particles (Morel and Her-
ing, 1993; Sposito, 2004). Much attention has been focused on
relating proton surface charging to oxide surface structure. The
current intellectual framework for progress in understanding
mineral surfaces reactivity has been built on a series of well-
defined systems of increasing complexity (Brown et al., 1999).
For the oxides, a systematic path starts by investigating sur-
faces in vacuum environments and attempting to relate UHV
surface structures to bulk structures (e.g., in iron oxide systems:
Wang et al., 1998; Rustad et al., 1999; Chambers et al., 2000).
These surfaces are then exposed to small amounts of water to
ascertain the extent of dissociation and binding energies (Stirni-
man et al., 1996; Henderson et al., 1998; Kendelewicz et al.,
2000). Solvated surfaces are then studied with surface sensitive
X-ray scattering techniques (Fenter et al., 2000; Trainor et al.,
2002; Zhang et al., 2004). At each level, information is fed
upwards. Computational methods have been useful in amal-
gamating experimental results making up this framework (e.g.,
for oxides: McCarthy et al., 1996; Wasserman et al., 1997;
Hass et al., 1998; Parker et al., 1999; Lodziana et al., 2003;
Shapovalov et al., 2003; Zhang et al., 2004).

Surfaces may have different reactivities due to variations in
the coordination of oxide surface functional groups comprising
the surface (Hiemstra et al., 1989; Hiemstra and VanRiemsdijk,
1996; Rustad et al., 1996), anisotropic surface dielectric prop-
erties (Sverjensky and Sahai, 1996; Koretsky et al., 1998), or
from the influence of interfacial solvent structure. Once the
structures and reactivities of individual surfaces are worked
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out, it seems natural to assume that a given particle behaves as
a composite of its participating surfaces (Felmy and Rustad,
1998; Wesolowski et al., 2000; Boily et al., 2001; Gaboriaud
and Ehrhardt, 2003). This idea has been an important part of the
pathway connecting the molecular scale to thermodynamic
models.

Real surfaces are, of course, never ideal, and recent studies
have emphasized the relationship between structural and ener-
getic heterogeneity in complex environments (Rudzinski et al.,
2001; Boily et al., 2001). On sufficiently small scales, surface-
surface interactions may alter the patterns of reactivity ex-
pected for idealized interfaces. In this paper, molecular dynam-
ics simulations are used to compute proton distributions on
faceted goethite particles 3 to 8 nm in size. The major finding
is that, at these length scales, the simulated proton distributions
do not at all reflect the sum of contributions from individual
crystal faces. Instead, protons accumulate preferentially at edge
regions defined by the acute intersections of (110)-(110) sur-
faces. Although there are several possible explanations for this
behavior, we ascribe the effect to the more effective solvation
of excess charge at the acute edges. This pattern of charge
development is proposed to influence the thermodynamics and
kinetics of acid-base, surface complexation and oxidation-re-
duction reactions in these systems.

2. BACKGROUND AND METHODS

Goethite (�-FeOOH) has received widespread attention in titration/
sorption studies on low-temperature earth materials. Goethite is com-
mon in natural environments and is morphologically well characterized
relative to other iron oxides and oxyhydroxides (Schwertmann and
Cornell, 1991). Goethite crystals are often acicular and elongated on
the crystallographic c direction. When they occur as euhedral crystals,
they are commonly terminated on (110) on the elongated faces and are
capped by (021) surfaces, as shown in Figure 1 (Weidler et al., 1998a).
Faces are indexed in the Pbnm setting of space group #62 used in
Schwertmann and Cornell (1991) with a � 0.4608 nm, b � 0.9956 nm,
and c � 0.30215 nm. This is a different setting with the original

structure determination of Szytula et al. (1968) (Pnma) but corresponds
to the convention used for isostructural diaspore (AlOOH), and is in
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common use. Canonical surface structures differ significantly on the
two faces, with the (021) surface presenting a higher density of singly
coordinated � FeOH surface functional groups (3.4 FeOH sites/nm2),
while the (110) surface has 2.8 �FeOH sites/nm2 when protonated to
neutral charge (Rustad et al., 1996).

Goethite crystals exhibit varying degrees of acicularity, depending
on the conditions of formation (Schwertmann and Cornell, 1991).
Using the common morphology as a guide, idealized particles of
goethite were extracted from the bulk solid, systematically varying the
aspect ratio from high to low. The three particles denoted hereafter as
long, medium, and short are shown in Figure 1, along with surface
areas and volumes estimated using the method of Connolly (1985). In
the bulk, goethite has two unique oxygen atoms, O1 and O2, each with
three bonds to Fe3�. The O1 oxide ions are also bound to a proton.
After cutting the crystal out of the bulk, terminating on oxygen atoms,
singly and doubly coordinated sites are left on the surface in addition
to the two types of triply coordinated sites. The particles were brought
to zero charge by adding protons to all the singly coordinated FeO sites
(making �OH groups) and doubly coordinated Fe2O sites (making
�OH groups). Triply coordinated O1 sites retain the protons they have
in the bulk (they remain �3OH groups). Additional protons were added
to randomly chosen FeOH sites (making �H2O groups) until the total
charge (3NFe � 2NO � NH) was zero. In other words, every singly
coordinated oxygen (FeO) has at least one proton (�OH), and possibly
two (�OH2). No protons were added to the triply coordinated O2 sites
(which do not have protons in the bulk), and these �3O groups show no
tendency to protonate during the simulation (which they are free to do).
We did not investigate starting configurations having protonated O2
sites. The crystals were maintained in an idealized state by coupling
each iron atom to its optimized site location using a weak harmonic
spring. The particles are quite stable as constructed, and show no
tendency to reconstruct upon removal from the bulk environment. The
harmonic springs are introduced to inhibit rare surface hydration reac-
tions from altering the surface structure. The reactions are very similar
to those seen on Al13

7� polynuclear ions, where they govern the
lifetime of OH ions within the Al13 structure (Rustad et al., 2004a).
While such surface hydration could certainly be relevant to the actual
surface structure, such complications are ignored for the present; the
hydrated groups are formed and destroyed on timescales too slow to

Fig. 1. Long, medium, and short goethite nanoparticles used in this
study. Iron atoms are small dark atoms, oxygen atoms are large light
atoms. Initial proton distributions are not shown. Numbers indicate
dimensions of particle faces in nm. The particles were constructed to
have nearly the same number of singly coordinated � FeO surface
functional groups. Planes normal to the page are given in italics. The
number of singly coordinated FeO surface functional groups, the Con-
nolly solvent accessible surface area (nm2), and the Connolly solvent-
excluded volume (nm3) (probe radius 0.14 nm) are as follows, Long
(296, 125.2, 43.2); Medium (288, 108.5, 43.9); Short (298, 108.6,
46.6).
average over in this study. Each particle was immersed in a bath of
�25,000 polarizable, heterolytically dissociable water molecules (de-
scribed below), and molecular dynamics calculations were carried out
over 2 � 105 timesteps (1 timestep � 0.27 fs). An extended Lagrangian
method was used to treat oxide polarization as described in Rustad et
al. (2004b). The temperature of the nuclear centers was 400 K and the
fictitious dipole temperature was 5 K.

The slab systems shown in Figure 2 are �5 nm on a side, �2 nm
thick, and are solvated by a layer of water �3 nm thick. Molecular
dynamics simulations for the slab systems were carried out for �106

timesteps.
The interaction potentials have been described previously (Rustad,

2001 and references therein; Rustad et al., 2004a). The water potential
is that of Halley et al. (1993), which is a polarizable, dissociating water
model based on the work of Stillinger and David (1980). The short-
range interactions for the Fe-water potential were fitted to first-princi-
ples electronic structure calculations (Curtiss et al., 1987). This Fe3�-
O2--H� has since proved surprisingly versatile and has been
successfully applied to a wide range of problems in mineralogy, high-
vacuum surface science, and interfacial chemistry (Rustad, 2001 and
references therein; Rustad et al., 2004a; Rustad et al., 2004b). It has
been demonstrated that the interaction potentials provide a reasonably
accurate representation of acid/base reactions in the Fe3�-O2--H� sys-
tem of interest here.

The code used to do the simulations is available on request from the
corresponding author, and also through the links at www.geology.uc-
davis.edu/�Rustad. Briefly, the functional form consists of short-range
O-O, O-H, and Fe-O interactions; monopole-monopole, monopole-
dipole, and dipole-dipole interactions between pairs of oxygens; mono-
pole-monopole and dipole-monopole interactions between O and H,
and between O and Fe; and monopole-monopole interactions between
H-H, H-Fe, and Fe-Fe. The dipole-monopole interactions between O-H
and O-Fe are smoothly cut off as the O-H and Fe-O interionic distances
rOH and rFeO approach zero.

Long-range interactions were treated using Wolf’s method (Wolf et
al., 1999). Comparisons between Wolf’s method and the Ewald method
on smaller slab systems showed that Wolf’s method reproduced the
surface functional group populations obtained using Ewald summation
to within 1% for a cutoff distance of 1 nm. For cutoff distances less
than 1 nm, agreement between Wolf’s method and the Ewald method
was rapidly degraded.

3. RESULTS AND DISCUSSION

After immersion in the water bath, both the particle and slab
systems accumulate protons on the FeOH sites through the
reaction � FeOH � H2O3 � FeOH2

� � OH-. This reaction
was previously observed in simulations of magnetite-water
interfaces (Rustad et al., 2003); however, the surface protona-
tion is less complete in goethite than in magnetite because the
Fe2.5�OH sites that are predominant on the magnetite surface
are more basic than the Fe3�OH sites on goethite. The bridging
�OH and �3OH sites are inert on simulation timescales.

It is impossible at this point to make any precise statement of
the effective pH of the solution, as the accessible timescales do
not permit convergence of pH calculations. Previous work on
isolated Fe3� in solution indicates an effective pH of �4.6 for
our Fe3� - H2O model (Rustad et al., 2004b), and this may be
part of the reason why large numbers of protons are accumu-
lating at the surface. However, the rather pedantic definition of
charge accumulation, in this case simply counting up all pro-
tons attached to oxygens bound to irons, may be overly sim-
plistic. It is possible that the association of protons with the
oxide is much more subtle than direct attachment. For the
present, it is assumed that the higher the number of �H2O
groups on the surface, the more basic it is.

In the slab systems the charge accumulation per unit area on
the (021) surface exceeds that of the (110) surface by 15%, as

shown in Figure 3. In contrast, for the particle systems shown
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in Figure 4, the long particle with the highest (110)/(021) ratio
accumulates the most proton charge and the short particle with
the lowest (110)/(021) ratio accumulates the least proton
charge. Thus, at the length scales characteristic of the model
systems, the proton distribution on the particles could not have
been predicted from knowledge of the proton distributions on
the individual faces.

The origin of the discrepancy between the infinite slab and
particle systems can be seen in Figure 5, which shows the
arrangements of the singly coordinated �FeO functional
groups. The location of the spheres represents the average
positions of oxygen atoms in the �FeO groups. The spheres are
shaded according to their average protonation state over 105

timesteps. The figure reveals that the enhanced charge accu-
mulation on the acicular particle is due to the high basicity of
the FeO functional groups in the vicinity of the edges formed
by the intersection of the (110) surfaces. Thus, while the
interior regions of the (110) surface have a higher fraction of
unprotonated sites, the high degree of protonation of the high-
angle (110)-(110) edge regions dominates the distribution, giv-
ing the acicular crystal a higher basicity overall relative to the
short crystal.

Different types of edges vary significantly in their Broensted
acidity. In contrast to the positive charge accumulated at high-
angle (110)-(110) edges, the low-angle (110)-(110) intersec-
tions and the (110)-(021) intersections appear to have little
effect on protonation. The (021)-(021) intersections appear to
have enhanced acidity. The behavior of the edges appears to
depend rather specifically on the crystallographic relationships

Fig. 2. Stick representation of atoms in the (021) (left),
are gray. Systems are �5 nm on a side.
of the interacting surfaces.
Average Fe-O bond lengths on �H2O groups are signifi-
cantly higher at the acute edge regions than at other sites. In
Table 1, we give bond lengths and hydration numbers for the
�H2O sites in regions 1, 2, 3, and 4 for the long particle as
indicated in Figures 5a and 6b. Note that these averages are
taken only for water molecules; if the site is deprotonated to
OH-, the site is not included in the average. The hydration
number of a bound water molecule is defined by the number of

Fig. 3. Excess proton uptake on (110) and (021) slabs, in units of
protons/Å2, as a function of time over the first 100 picoseconds of the

0) (right) slab systems. Fe-O bonds are dark, O-H bonds
simulation. In the slab systems, each slab is initialized to neutral
charge.
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oxygen ions (not bound to an iron ion) within 3.2 Å of the
molecule.

There are two underlying physicochemical causes that likely
give rise to the observed charge distributions. First, it seems
reasonable that the charge accumulations should take place in
regions where the dielectric relaxation is large. The high-angle
(110)-(110) intersections are surrounded to a greater extent by
water, so it is perhaps not surprising that protons are preferen-
tially accumulated in these regions (see Fig. 6a). A related
effect is that, since the system overall is neutral, each positively
charged surface functional group is associated with a hydroxide
ion in solution. Thus, it is not only the ability of the water to
solvate the positively charged surface functional group, but also
the ability of the water to solvate the associated OH- counterion
that determines the surface charge distribution. Second, the
singly coordinated �H2O and �OH groups at the high-angle
(110)-(110) edges do not have hydrogen bond donating �3OH
groups underlying them, making them more basic (see Fig. 6b).
These causes will impact the pH dependence of the charge
distributions in different ways. If the effect is primarily gov-
erned by the dielectric relaxation of the solvent around the
surface functional group, the dielectric will tend to solvate
negative surface charges as well as it solvates positive surface
charges, and the point of zero charge will be more or less
independent of particle shape. In other words, under basic
conditions, the edge sites would be preferentially deprotonated
relative to the surface sites. If, however, the effect is primarily
due to the intrinsic basicity of the edge sites due to crystallo-
graphic considerations, then the pH of zero charge of the long
particles will be higher than that of the short crystals. The
surprising similarity of the protonation states of oxygen ions in
rows 1 and 2 is notable, given their wide differences in average
bond length. This may indicate that dielectric effects are more
important than crystallographic effects in determining the pro-
tonation states. We note that the bulk dielectric constant of our
water model is somewhat underestimated, �60 (as estimated

Fig. 4. Charge development on the long, medium, and short particles
as a function of time over the first 30 picoseconds of the simulation.
Graph gives the fraction of doubly protonated, singly coordinated sites
(bound water molecules) divided by the total number of singly coor-
dinated sites. Initial fractions are 0.28 for the long particles, 0.29 for the
intermediate particles, and 0.32 for the short particles.
through applying the Born model to the heat of solution of a
proton), so we are probably underestimating the dielectric
response in the model calculations. It is also possible that the
effective dielectric constant of water at an acute edge is differ-
ent from that of water at a flat surface, but at present we ignore
such effects.

Recent studies of proton uptake on goethite have noted that
surface roughness appears to have a noticeable effect on the
total proton uptake, but little effect on the pH of zero charge
(Boily et al., 2001). Variations in the amount of proton uptake
on a suite of goethite particles were interpreted as being the
result of variability in surface roughness (Venema, 1997; Boily

Fig. 5. Singly coordinated FeO functional groups indicated by
spheres. The spheres are grayscale coded according to the average
protonation states over the final 105 timesteps: (a) long particle and (b)
short particle. In (a), oxygen rows 1, 2, 3, and 4 refer to the bond
lengths and hydration numbers reported in Table 1. Groups 1 and 2 are
near the high-angle (110)-(110) edges. The core of the particle, defined
by the solvent accessible surface, is shown with translucent shading,
i.e., oxygens on the underside of the particle are visible.
et al., 2001). The roughest surfaces were shown to have the
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largest proton uptake. The cause of this behavior was not well
understood but was interpreted as a closer association of pro-
tons with the rough surfaces. The simulations on the model
particles reported here may indicate that the higher uptake of
the rough surfaces is due to dielectric effects favoring proton
accumulation in edge regions. In the present study, such effects
result solely from the dielectric response of water as there is no
background electrolyte. In a system with background electro-
lyte, the electrolyte contribution to polarization around the
surface charge would presumably also be enhanced in the edge
region.

Inhomogeneous proton accumulation on colloidal particles
and rough surfaces would have broad implications for ligand
exchange and electron transfer reactions. Because sites at acute
edges are more accessible to protons, and have longer Fe-O
bonds to bound water sites, they should be preferentially re-
duced in oxidation-reduction reactions involving electron trans-

Fig. 6. Possible reasons for the inhomogeneous proton charge accu-
mulation on the surfaces of the nanoparticles: (a) dielectric effects
allowing more effective solvation of excess positive charge at acute
edge sites; (b) crystal chemical variability in circled FeO sites due to
finite size of particle; and (3) an Fe3OH site underlies the circled FeO
site. Such underlying sites are absent in (1) and (2), presumably
increasing their proton affinities. Mechanism (a) should show up as an
increase in proton uptake, but will have little effect on the zero point of

Table 1. Average Fe-O bond lengths for �H2O sites on rows indi-
cated in Figure 5.

Row
Avg Fe-O

bond length Avg hyd. #
Avg. # of
protons

1 2.21 1.5 1.98
2 2.11 1.3 1.95
3 2.14 0.9 1.73
4 2.12 0.9 1.71
charge; whereas mechanism (b) will shift the zero point of charge in the
direction of increasing pH.
fer from the solution phase to the solid phase. Similarly, elec-
trons will be more mobile in edge regions for the same reason
that decreasing pH increases Fe2� -Fe3� exchange rates in
homogeneous solution. Ligand exchange kinetics would be
similarly enhanced due to the swelling effects and increased
M-O bond lengths at edge sites. The heterogeneity in the proton
distributions will also influence the aggregation behavior of
colloidal particles and provides a possible mechanism for elec-
trostatic complementarity, allowing interparticle attachment
pathways away from the point of zero charge (Penn and Ban-
field, 1998).

At some larger size, the behavior of the system overall must
be predictable from the slabs. Currently, it is not computation-
ally feasible to increase the simulated length scales by a factor
of 10, as this would increase the computational effort by a
factor of 1000, which is currently beyond our computer time
limitations. While it would certainly be interesting to know
where the crossover occurs, it is emphasized that the systems
here are highly idealized. Weidler et al. (1998b) show, in a
detailed study of the mesoscale crystallography of goethite, the
presence of pores on the (110) faces bounded by (021) surfaces.
Any real system will likely have significant roughness on 10
nm length scales, and hence, the edge effects highlighted in the
simulations would still influence the charging behavior of the
material. Thus, these results have some degree of generality
and are not necessarily limited to the small length scales
accessible through the simulations.

4. CONCLUSIONS

In a series of simple simulations, it has been shown, for
idealized goethite particles of dimension �10 nm, that proton
accumulation is significantly different than would have been
predicted from the proton accumulations on slabs parallel to the
faces defining the crystal morphology. These calculations un-
derscore the potential complexities of surface charging on
crystalline oxide materials at nanometer length scales and also
reveal the inherent limitations of attempting to build any un-
derstanding of the chemical behavior of such systems in terms
of a patchwork composite of interacting surfaces. These calcu-
lations suggest that a new direction is needed to build accurate
structure-activity relationships for mineral-water interface geo-
chemistry, one which must explicitly recognize the role of
surface structural heterogeneity at length scales up to at least 10
nm. Progress in development of nanometer-scale structure-
activity relationships will rely on the success of synthesizing
oxide nanoparticles having known structures and well-charac-
terized heterogeneity in this size range (Rowsell and Nazar,
2000; Allouche and Taulelle, 2003; Casey and Swaddle, 2003).
Reactivity studies focused on these systems will be necessary,
in addition to ongoing work focused on specific mineral sur-
faces, to put together interfacial models with any degree of
molecular level truthfulness.
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