
In situ Imaging of Interfacial Precipitation of Phosphate on Goethite
Lijun Wang,*,† Christine V. Putnis,*,‡,§ Encarnacioń Ruiz-Agudo,∥ Jörn Hövelmann,‡
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ABSTRACT: Adsorption and subsequent immobilization of
orthophosphate on iron oxides is of considerable importance
in soil fertility and eutrophication studies. Here, in situ atomic
force microscopy (AFM) has been used to probe the
interaction of phosphate-bearing solutions with goethite, α-
FeOOH, (010) cleavage surfaces. During the dissolution of
goethite we observed simultaneous nucleation of nanoparticles
(1.0−3.0 nm in height) of iron phosphate (Fe−P) phases at
the earliest nucleation stages, subsequent aggregation to form
secondary particles (about 6.0 nm in height) and layered
precipitates under various pH values and ionic strengths
relevant to acid soil solution conditions. The heterogeneous
nucleation rates of Fe−P precipitates at phosphate concentrations ranging from 5.0 to 50.0 mM were quantitatively defined.
Enhanced goethite dissolution in the presence of high concentration NaCl or AlCl3 leads to a rapid increase in Fe−P nucleation
rates, whereas low concentration MgCl2 inhibits goethite dissolution, this in turn influences Fe−P nucleation. Moreover, kinetic
data analyses show that low concentrations of citrate caused an increase in the nucleation rate of Fe−P phases. However, at
higher concentrations of citrate, nucleation acceleration was reversed with much longer induction times to form Fe−P nuclei.
These in situ observations may improve the mechanistic understanding of processes resulting in phosphate immobilization by
goethite-rich acid soils in the presence of various inorganic and organic additive molecules.

■ INTRODUCTION

Phosphorus (P) is a main limiting macronutrient for plant
growth1,2 and mineable resources of this essential nutrient are
limited while, on the other hand, excess P, especially more
soluble forms of orthophosphate leaching into water bodies is
polluting our environment.3,4 In addition to the potential for P-
induced eutrophication, the unique problem is low P
bioavailability in diverse alkaline and acid soils. In alkaline
soils, the mobilization of phosphate in the soil environment is
markedly influenced by calcite mineral surfaces, and that surface
adsorption reaction and subsequent precipitation are major
mechanisms of P immobilization,5 lowering its bioavailability
when dissolved P is added as a fertilizer. For acid surface soils,
(hydr)oxides of iron (Fe) and aluminum (Al), albeit different in
relative contribution, play key roles in phosphate sorption and
precipitation.6 On such soils, plants often show severe P
deficiency symptoms and relatively large amounts of P fertilizer
must be applied to meet plant requirements;7 however, excess P
in soil may increase the risk of P contamination through the
migration and eutrophication of surface and underground
waters and of phosphate-induced mobilization of arsenic,

chromium, and other anionic contaminants.8 Therefore,
predicting the transformation, mobility and the inseparable
link between the chemical species of phosphate may contribute
to an improved understanding of the fate of dissolved
phosphate species in diverse soil systems.
In this study, we chose goethite (α-FeOOH) because it has

long been recognized as one of the most abundant of the
naturally occurring iron oxides in soils. Although goethite may
only make up 1−5% of the mineralogical composition of soil,
goethite surfaces may account for 50−70% of the total surface
area of the soil, both due to its fine grain size and its prevalence
as a coating on other soil minerals.9 Goethite has been widely
used as a proxy and a representative iron oxide in P
adsorption.10,11 It is evident that phosphate interactions with
iron oxides in natural soils are complex, and that multiple
competitive and synergistic effects in pH dependent phosphate
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adsorption are widely present.12 The relative paucity of
available techniques has limited the progress toward an
understanding of the chemistry of phosphate uptake on Fe
oxides. Most studies focus on adsorption theory/modeling, and
directly analyze the nature of the phosphate-oxide surface
complexes. The main mechanisms include both nonspecific and
specific adsorption.13 In one of the earliest studies, Atkinson et
al.14 proposed that phosphate specifically replaces type A
hydroxyl group and forms bridges between adjacent Fe3+.
Afterward, many adsorption models and surface complex
formation models were unraveled:15−24 Adsorption of
orthophosphate on goethite mainly involves a ligand exchange
mechanism, and three different types of complexes are present
including protonated and nonprotonated bridging bidentate as
well as a nonprotonated monodentate between orthophosphate
ions and surface Fe3+ of α-FeOOH.15 Rahnemaie et al. showed
that various ligand models are dependent on the surface
coverage and solution pH.25 Recently, Kim et al.26 demon-
strated that the phosphate ions bind to the surface through two
P−O−Fe linkages by 31P NMR: the formation of innersphere
complexes between phosphate and goethite surface and the
presence of Fe3+−O−P covalent bonds. In general, phosphates
can form chemisorbed innersphere complexes via ligand
exchange reactions between phosphate oxygens and hydroxyl
oxygens of goethite,27,28 and outersphere complexes via
electrostatic interactions of phosphate anions with Fe−OH2

+

groups may also be present. That is, no covalent Fe−O−P
bonds are formed.29

In addition to surface adsorption, an alternative mechanism
(i.e., another source for P uptake by iron oxides) is surface
precipitation.30,31 Ler and Stanforth confirmed the slow
increase in ζ-potential of goethite after long-term reactions,
indicating that this most likely involves the dissolution of
goethite to release iron and the subsequent precipitation
reaction between the iron and surface-bound phosphate.32

Nooney et al.33 first demonstrated initially rapid phosphate
chemisorption, followed by island growth on a thin film of iron
oxide when exposed to a sodium phosphate solution. While
these results have suggested that the adsorption/surface
precipitation process involves the dissolution of goethite,32

details concerning the coupled dissolution and precipitation
processes occurring during P adsorption on goethite remain
unclear. Specifically, a direct observation of the kinetic
pathways of precipitation at the goethite-phosphate solution
interface at microscopic levels is lacking. In this study, we
investigate, by in situ imaging, the Fe−P nucleation and
subsequent growth on goethite surfaces using atomic force
microscopy (AFM) coupled with a fluid reaction cell through
which solutions with varying compositions relevant to acid soil
solution conditions flowed. To our knowledge, there has been
no experimental effort to directly measure the thermodynamic
and kinetic contributions to the surface nucleation rates of Fe−
P phases on goethite under chemical conditions that mimic
natural phosphate precipitation environments. These direct
observations may improve the mechanistic understanding of
processes resulting in phosphate immobilization in diverse soil
systems. The purpose of this study is to define the potential
role of goethite surfaces in controlling phosphate precipitation
at the nanoscale by probing the interaction of phosphate-
bearing solutions with goethite (010) cleavage surfaces, using in
situ atomic force microscopy (AFM).

■ EXPERIMENTAL SECTION
A natural goethite crystal (Michigan) was cleaved in order to
expose a fresh cleavage (010) surface immediately prior to each

in situ dissolution experiment, which was performed using a
Digital Instruments (Bruker) Nanoscope IIIa AFM working in
contact mode and equipped with a fluid cell. The collected
AFM images using Si3N4 tips (Bruker, tip model NP-S10,
spring constants of 0.12 N/m and 0.58 N/m) were analyzed
using the NanoScope software (Version 5.31r1).
Ammonium dihydrogen phosphate (5−50 mM NH4H2PO4,

pH 4.5) solutions were passed through the fluid cell (2 mL per
1.5 min) in order to ensure surface-controlled reaction rather
than diffusion control.34 The pH values of NH4H2PO4
solutions were adjusted to 6.0 using 0.01 M NaOH or pH
2.0 and 3.0 using 0.01 M HCl. NaCl, AlCl3 or MgCl2 at
concentrations ranging from 10−500 mM was added to the
phosphate solutions to investigate the effects of ionic strength
and inorganic additives on goethite-phosphate interaction. In
addition, the effect of an organic additive was studied by adding
monosodium citrate (1−50 μM) to the phosphate solution.
Nucleation rates of precipitated iron phosphate (Fe−P) were
measured from particle density data collected shortly after the
onset of precipitate formation, typically within the first 10−100
min at the earliest stages of nucleation. Different locations of

Figure 1. (A) AFM deflection image of a goethite (010) cleavage
surface and (B) depth profile along line 1 → 1′ on the height image
showing that the step height is close to 1.5 nm corresponding to the
thickness of 5 unit cells along the c axis. (C) (010) and (D) (001) face
of the goethite structure. Oxygen atoms are red, iron atoms are yellow,
and hydrogen atoms are pink. Image A, 3 × 3 μm.
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three different crystals per solution condition were imaged to
ensure reproducibility of the results. All data with their mean
values ± standard deviation (SD) of three independent
experiments are presented.
Ex situ dissolution experiments (50 mM NH4H2PO4, pH

4.5) were performed following in situ AFM experiments. The
sample removed from the AFM fluid cell was placed in a beaker
filled with ca. 10 mL of different solutions at room temperature.
After 1−3 day reaction, the reacted crystal surface was carbon
coated and observed in a scanning electron microscope (SEM,
JEOL JSM 6460 LV) equipped with an energy dispersive X-ray
(EDX) detector (Oxford Instruments) at an acceleration
voltage of 20 keV for elemental analyses of newly formed
precipitates on the goethite surfaces.
The PHREEQC modeling software35 was used to calculate

solution speciation in a volume of ca. 38 μL of phosphate-
bearing solution in the AFM fluid cell in goethite dissolution
experiments. This reaction was simulated by the addition of
small increments of FeOOH to the solution until equilibrium
with respect to goethite was reached. The saturation index (SI)
of each solution with respect to the different Fe−P phases was
calculated using the MINTEQ database when the solution was
in equilibrium with respect to goethite. Based on our
PHREEQC simulations, formation of a Fe−P phase on
goethite surfaces under the AFM fluid cell conditions is
thermodynamically favorable/possible. The relative super-
saturation for a given Fe−P phase36 including cacoxenite
(Fe4(PO4)3(OH)3·12H2O), tinticite (Fe3(PO4)2(OH)3·3H2O),
strengite (FePO4·2H2O), or an Al−P phase, wavellite
(Al3(PO4)2(OH)3·5H2O)

37 can be expressed by

σ = − = −
K
IAP

1 SI 1
sp (1)

where IAP is the ion activity product and Ksp is its value at
equilibrium (the solubility product for a Fe−P phase). This
simulation is just an approximation as (i) the flow conditions in

the AFM cell will most likely prevent equilibration with respect
to goethite; (ii) any new phase could precipitate from a fluid
layer at the interface in contact with the solid, while the bulk
solution may remain undersaturated. The simulations per-
formed represent the threshold thermodynamic limit for the
process, that is, the equilibrium with respect to the substrate.
An exact characterization of the saturation state of the solution
from which the new formed phase precipitates is not possible
with the experimental set up used in the present study.
The goethite structure is orthorhombic (unit cell a 4.59, b

9.94, c 3.02 Å, space group Pbnm) with perfect {010} cleavage
faces (Figure 1A, B). The structure can be described in terms of
double chains of edge-sharing octahedra running parallel to the
[001] direction.10 Figure 1C, D shows these chains are linked
to adjacent double chains by corner-sharing with one chain and
the OH groups are linked to another O atom in a chain
diagonally opposite. The perfect cleavage on (010) is parallel to
the approximately hexagonal close packed oxygen layers in the
structure. The structure of the (010) goethite surface studied
here has been described by Rakovan et al. (1999).38

■ RESULTS AND DISCUSSION

Dissolution of Goethite (010) Cleavage Surfaces. The
AFM images of goethite surfaces exposed to NH4H2PO4
solutions (5.0 mM, pH 4.5) confirm that dissolution occurs
through a simple step retreat process by showing surfaces
comprised of multiple straight-edged and non- straight steps
without evidence of etch pit formation within the experimental
time frame (Figure 2). On contact with reaction solutions for
about 21 min, dissolution occurred with the removal of pre-
existing steps with constant height (about 1.5 nm) (Figure 2C,
F) from a flat surface. Note that these experiments used 10 mM
NaCl solutions, that, as shown below, increase rates and
probabilities of pit formation. We infer, therefore, that
dissolution in NH4H2PO4 solutions without background
electrolytes also proceeds by simple step retreat. At conditions

Figure 2. A sequence of AFM deflection images (A, B, D) and the height image of D (E) shows dissolution on the surface of a goethite crystal when
exposed to the 5 mM NH4H2PO4 solution at pH 4.5 at (A) t = 0 s, (B) 67 s and (D) 1227 s, respectively. (C, F) the cross-sectional analyses of the
height (depth) of steps along dotted lines (a → b and c → d in B and E, respectively). A dotted rectangle in (A) shows the same area in (D) after
about 21 min of injecting reaction phosphate solutions and the removal of steps with about 1.5 nm in depth (C, F) became evident on the dissolving
goethite (010) surface. No etch pits were observed. Images A and B, 5 × 5 μm; D and E, 3 × 3 μm.
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where the driving force needed to initiate dissolution at
dislocation defects is exceeded, our AFM observations reinforce
the conclusion that the total dissolution rate is dominated by
retreat of these preexisting steps and density of step edges.
Iron Phosphate Nucleation and Growth on Goethite

(010) Cleavage Surfaces. The dissolution of goethite in the
presence of all the experimental phosphate solutions provided a
source of Fe3+ ions, which resulted in supersaturation of the
interfacial fluid with respect to a Fe−P phase and its nucleation
on the dissolving goethite surface. In situ AFM imaging
demonstrated that the observed nanoparticles/nanoclusters
were present partially as isolated entities with a height of 1.0−
3.0 nm (Figure 3B−E) at the earliest nucleation stages or small
spherical particles (about 6.0 nm in height) (Figure 3F) at the
subsequent growth stages. A slow, diffusion-limited growth
process is expected due to the reduction in the supply of Fe3+

ions from goethite surfaces as a result of the almost complete
coverage of the reacting surface by the deposition of Fe−P
plates (Figure 3F). The growth rate of Fe−P layers was not
expected to drop to zero because some release of Fe ions from
the noncovered areas of the dissolving goethite substrate
(Figure 3F) still existed, and the thickness increased up to a
final value of about 6.0 nm (Figure 3F′).

The growth of the nucleated particles led to the formation of
one-dimensional short chains shown by arrows in Figure 3C
and D along a specific direction. As shown in Figure 2,
dissolution occurred by a simple retreat of preexisting steps
with no evidence of forming etch pits on the exposed surfaces.
The preferential chain-like alignments of nanoparticles may be
related to the step orientation of the substrate, which is
determined by the crystallographic orientation of the goethite.
Moreover, these precipitates of nanoparticles were loosely
attached at the initial stage and could be removed or realigned
by scanning the AFM tip at higher contact force. The number
of Fe−P nucleated nanoparticles increased with time for a given
phosphate concentration, exhibiting a linear dependence with
time. Faster nucleation rates were observed with increasing the
NH4H2PO4 solution concentration when the solution pH was
kept constant (pH 4.5) (Figure 4A), whereas the nucleation
rate decreased when the pH was raised to 6.0 at a constant
concentration of 50 mM NH4H2PO4 (Figure 4A and
Supporting Information Figure S1). For a given NH4H2PO4

concentration (50 mM, pH 4.5), faster nucleation rates were
also observed with adding 10 mM AlCl3 (Figure 4B and
Supporting Information Figure S2). After 29 min, no further
growth of nucleated crystals was observed. This could be

Figure 3. AFM time sequence (deflection images) showing in situ nucleation kinetics of Fe−P phases and the growth evolution of precipitates on a
dissolving goethite surface in 50 mM NH4H2PO4 (pH 4.5) at (A) t = 90 s, (B) 15 min, (C) 32 min and (D) 93 min, respectively. (E, F) Ex situ AFM
images of the same goethite substrate as the above, reacting in solutions (50 mM NH4H2PO4, pH 4.5) for 3 days at room temperature. Images A-F, 5
× 5 μm. (D′-F′) Height profile of the initially formed Fe−P nanoparticles (circled for clarity in (B)) and their developing growth on a goethite (010)
cleavage face along section a → b (dashed lines in (D−F)). The average height of Fe−P nanoparticles is about 1.0−3.0 nm, that was almost
unchanged in a short period (90 min) of reaction time. The growth of the nucleated particles led to the formation of 1-D short chains shown by
arrows in (C, D) along the same orientation, and 2-D plates shown by a dotted ellipse in (E). Following a long period of reaction time (3 days),
secondary particles formed (about 3.0−6.0 nm in height) shown in section a → b in (E, F). Finally, layering occurred (F).
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related to the fact that the goethite surface was rapidly covered
by a layer of fine precipitates (Inset in Figure 4B), effectively
passivating the surface so that no Fe3+ ions could be released to
the interfacial fluid layer. Similar phenomena could be observed
in the presence of various concentrations of NaCl (10 to 100
mM) (Supporting Information Figure S3). However, the
nucleation rate significantly decreased when 1 μM MgCl2 was
added to the NH4H2PO4 solution (50 mM, pH 4.5) (Figure 4B
and Supporting Information Figure S4).
Upon input of a 50 mM NH4H2PO4 solution in the presence

of 10 μM citrate (pH 4.5), greater nucleation rates were
observed than in the absence of citrate (Figure 5A−C). The
rapid growth of the nucleated particles with different sizes
(height) almost fully covered the goethite substrates in a short
time period (32 min). When the citrate concentration was
raised to 50 μM, the goethite dissolution was completely
inhibited as no precipitation was seen under AFM (Figure 5D,
E). Similar results have been shown in calcium phosphate
growth on calcite surfaces.5

Identification of Surface Precipitates on Goethite
(010) Cleavage Faces. After exposing cleaved goethite
surfaces to 50 mM NH4H2PO4 solutions (pH 4.5) for 3 days,
the goethite surfaces were covered by layers and scattered
particles of precipitates (Figures 6A). SEM-EDX analyses
indicated these precipitates are composed of Fe, P, and O
(Figure 6B). These precipitates formed on goethite (010)
surfaces were also analyzed using Raman spectroscopy,
however, no bands apart from those for goethite were detected
most likely because the thickness of precipitates on the goethite
substrates was too thin compared to the axial (depth)
resolution of the Raman spectrometer which is typically on
the order of a few microns.

Kinetics and Mechanisms of Coupled Dissolution and
Precipitation Reactions at the Goethite-Phosphate
Solution Interface. Depending on the chemical composition
of the aqueous solution, the dissolution of even a few
monolayers of a mineral surface can supersaturate a layer of
solution at the mineral−fluid interface with respect to another
solid phase, that subsequently may precipitate through an
interface-coupled dissolution−precipitation mechanism.39 The
dissolution of goethite in the presence of all phosphate
solutions provided a continuous source of Fe3+ ions, increasing
the driving force SI at the solid−fluid interfacial layer, with
respect to several Fe−P phases and eventually resulting in the
nucleation and growth of a Fe−P phase on the dissolving
goethite surface. Nucleation rates of the newly formed Fe−P
phases are controlled by the solid−fluid interfacial energy and
kinetic barriers related to desolvation, attachment, detachment,
and diffusion.40,41 Under the present conditions, we could not
strictly separate thermodynamic and kinetic contributions to
the control of the nucleation rate.
In general, iron oxides dissolve too slowly for in situ AFM

study, even in the presence of step retreat (Figure 2), except
under extreme conditions. In the absence of background
electrolytes, the density of steps on the surface controls the rate
at which a crystal dissolves. These steps can be preexisting on
the initial crystal surface or at the crystal edges, emerge from
dislocation sources, or be created by nucleating new vacancy
islands.42 In our experimental systems, no etch pits were
observed, suggesting that the free energy barrier is too high for
pit nucleation to occur on goethite on a time scale of our AFM
experiments, and dissolution then is dominated by retreat of
the preexisting steps as shown in Figure 2. For defect-free
goethite surfaces (only preexisting straight-edged steps with no
evidence of pitting, Figures 1 and 2) under far from equilibrium
conditions (as is the case for our solutions), the dissolution
rates increase with acidic pH (Supporting Information Figure
S1).
There are several parallel dissolution pathways having

different rate constants for goethite, including proton-promoted
(FeOOH + 3H+ → Fe(III)(aq) + 2H2O, pH 2−3), ligand-
promoted ((FeOOH)>FeIII−OH + L− + H+ → (FeOOH)
>FeIII-L + H2O → FeOOH + Fe(III)-L(aq), L

− = citrate, pH 4−
6), reductive (FeOOH + e− + 3H+ → Fe(II)(aq) + 2H2O), and
synergistic. Goethite is regarded as an infinite n-mer extension
of [Fe2(OH)2]

4+ (Figure 1C, D), and its dissolution is then a
stepwise depolymerization.43 Protons have the role of
weakening bonds and thus increasing dissolution rates44 and
subsequent availability of Fe ions for Fe−P nucleation (Figure
4). Ligands binding as innersphere complexes to the surface
groups of goethite increase dissolution rates, and the increase is
proportional to the ligand surface concentration and the ligand

Figure 4. Kinetic analysis of surface nucleation of Fe−P phases on
goethite substrates in short periods of reaction times. (A, B) Plot of
time against different concentrations of NH4H2PO4, pH values, and
background electrolytes (AlCl3 or MgCl2), showing linear scaling of
surface nucleation with time and dependence of the nucleation rate
given by slopes of the lines (the solid line is a linear fit to the AFM
data (the number of nucleated particles in a short time period)). Inset
in (B) shows that after 29 min of injecting reaction solution (50 mM
NH4H2PO4 +10 mM AlCl3, pH 4.5), the scan area (5 × 5 μm) was
almost fully covered with the new nucleating particles, that passivated
the reacting surface. Vertical error bars (the standard deviation of the
mean) correspond to the variation in measured number of nucleated
particles.
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binding strength.45−47 Fe cations bind much more strongly to
oxygen-containing ligands48,49 such as citrate. Two citrate-
goethite surface complexes exhibit one protonated species at
low pH, and one inner sphere complex prevailing at high pH
and coordinated via a combination of hydroxyl and carboxylate
groups.48,49 In addition, an inner sphere complex involving only
carboxylate coordination predominating at low pH has been
identified.50 Furthermore, ligands effective for promoting
dissolution have two or more functional groups (carboxylate
groups in citrate) capable of chelation to form innersphere
bidentate mononuclear complexes. In contrast, ligands forming
bidentate binuclear complexes may stabilize the surface against
attack by H+ and H2O and thus inhibit the dissolution rate.
Under our experimental conditions, the major dissociated

citrate species (H2L
− at pH 4.5; acid dissociation constant of

citrate: pKa1 = 3.13, pKa2 = 4.76, pKa3 = 6.40 at 298 K49) are
likely to complex Fe to form low concentration Fe(citrate) (C)
(log C = −7.03 M at citrate concentration of 50 μM,
Supporting Information Table S4). The addition of citrate
slightly decreases the SI of precipitating Fe−P minerals
(Supporting Information Table S4) by the formation of Fe
and P complexes in aqueous solution. An increase in the
interfacial energy following the introduction of a high
concentration of citrate (50 μM) may explain the observed
inhibition of goethite dissolution and subsequent Fe−P
precipitate formation on goethite (Figure 5D-E). At low
concentrations (1−10 μM), the interaction of carboxyl groups
of citrate with surface Fe3+ ions may increase the local
concentration of a carboxylated additive in the vicinity of these
cations,51 thereby lowering the energy barrier for nucleation to
promote the precipitation of Fe−P phases (Figure 5A−C).
Moreover, carboxylate-containing molecules (citrate) may also
reduce the magnitude of the diffusive barrier, EK, by
perturbations that displace water molecules. The result is a
decrease in the energy barrier for attachment of solutes to the
solid phase through cation desolvation.52,53

In the experiments aimed at determining the effect of
background electrolytes on goethite dissolution, we adjusted

the solution composition by adding AlCl3 or NaCl or MgCl2 to
the 50 mM NH4H2PO4 (pH 4.5) solution, which changed ionic
strength. At the surface of goethite, two different types of
reactive surface groups are present, that is, singly (
FeOH(H)) and triply (Fe3O(H)) coordinated oxygens.54

The presence of salts will influence both aqueous speciation of
goethite (Supporting Information Tables S1−3) and the
phosphate primary speciation (H2PO4

− and H3PO4 at pH
4.5) adsorbed on goethite, which determine the goethite
dissolution rates. Moreover, electrolyte ions like Na+, Cl− or
Mg2+ may change the charge distribution in the inner and outer
Stern layer by ion-specific weak interactions, that is, ion pair
formation.55 A different electrostatic interaction of the cations
with the proton charge at the goethite surface would occur. The
effect is stronger for the divalent cations like Mg2+ than for the
monovalent ions such as Na+. The modeling revealed that Mg2+

is mainly adsorbed as a bidentate innersphere complex by the
combination of a FeOH−1/2 and a Fe3O

−1/2 surface group.55

Furthermore, natural Fe(III) (hydr)oxides contain numerous
impurities such as Al3+,56 which is a common and abundant
element in acid soils. Hu et al.57 also showed that Al3+ ions
affected the amount of water included in ferrihydrite, although
the water lost was thought to be due to Ostwald ripening.
Calculated SI values show that it could be thermodynamically

favorable for more than one iron phosphate phase to precipitate
if equilibrium were reached with respect to goethite. The three
most likely Fe-phosphate phases are cacoxenite, tinticite, and
strengite, the former (cacoxenite) being more favorable because
of its higher SI in all the experimental solutions (Supporing
Information Tables S1−S4). Saturation indices of possible Fe−
P phases including strengite, tinticite, and cacoxenite in the
presence of 50 mM NH4H2PO4 solution at pH 4.5 are 1.4, 19.8,
and 28.2, respectively. Following the addition of 100 mM NaCl
into 50 mM NH4H2PO4 solution at pH 4.5, SI with respect to
strengite, tinticite and cacoxenite at the equilibrium with
goethite would slightly raise to 1.5, 19.9, and 28.4, respectively.
However, as pH was decreased to 2.0 from 4.5 in 50 mM
NH4H2PO4 solution (pH 4.5), SI with respect to strengite,

Figure 5. Density of nuclei formed on a goethite (010) surface at different times, from which nucleation kinetics of Fe−P phases can be determined
in the presence of (A−C) 10.0 μM citrate and (D and E) 50 μM citrate with 50 mM NH4H2PO4 at pH 4.5. AFM images A−E, 5 × 5 μm.
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tinticite and cacoxenite would significantly raise to 3.5, 23.9,
and 34.4, respectively (Supporting Information Table S1). The
simulation results show an obvious increase in aqueous
phosphate including FeHPO4

+, FeH2PO4
+2 and FeH2PO4

+ by
increasing aqueous speciation concentrations of Fe3+ and
FeOH+2 (Supporting Information Table S1) as the pH
decreases to 2.0 from 4.5 to induce a rapid goethite dissolution
(Supporting Information Figure S1). Moreover, our AFM
observations show that faster Fe−P nucleation rates are
achieved with increasing ionic strength by adding NaCl or
AlCl3, and that the goethite surface is rapidly covered and
subsequently passivated by a layer of fine precipitates (Figure 4
and Supporting Information Figures S2 and S3). Surface
coverage by the new Fe−P phase should not armor the goethite
from further reaction; the newly forming precipitate layer must
have porosity and hence permeability to allow continued fluid
access to the parent phase.39 The new phase is more stable than

goethite (and hence less soluble in the soil solutions), meaning
that more goethite is dissolved than product precipitated within
the same external dimensions.39,58

The dependence of mineral dissolution rates is complex, and
a further complication occurs in the presence of background
electrolytes. Dove et al.42 have suggested that the “salt effect”
(dissolution rate enhancement by the major cationic solutes)
arises from a crossover in dominant nucleation mechanism to
greatly increase step density. In the present study, the AFM
images do not allow us to determine whether this transition is
present as NaCl or AlCl3 is added to NH4H2PO4 solution.
Previous AFM studies have demonstrated that the presence of
background electrolytes enhances the calcite dissolution rate,34

and the magnitude of this enhancement is determined by the
nature and concentration of the electrolytes, possibly through
modifying water structure dynamics as well as solute and
surface hydration.59 In addition to the influence of the ionic
strength, aluminum species have a high affinity for P and at pH
4.5, AlOHP species (nanoprecipitates) may form in solution
and be adsorbed on the surfaces of goethite; the effect of
changing the concentrations of Al3+ ions (primary speciation
including Al3+ and AlOH+2 in 50 mM NH4H2PO4 solutions at
pH 4.5), which is a key reactant to forming Al-substituted
cacoxenite (Fe3+24Al(PO4)17O6(OH)12·17H2O) or wavellite
(Al3(PO4)2(OH)3·5H2O) (Supporting Information Table S2),
may be much more significant than that of ionic strength. This
suggests that a continuum of processes may be coexisting, from
adsorption (inner-sphere complexes) to precipitation to solid-
phase transformation. However, in the present study the nature
of initially formed precipitates (crystalline or noncrystalline/
amorphous or coexistence) still remains unknown.
As shown in Figure 4 and Supporting Information Figure S4,

in the presence of low concentration Mg2+ ions (1 μM) in 50
mM NH4H2PO4 solutions (pH 4.5), the Fe−P nucleation was
significantly inhibited when compared to its absence. The
quantitative AFM analyses have shown that Mg2+ inhibits etch
pit spreading, although it also increases the density and depth
of etch pits nucleated on calcite surfaces.60 Therefore, we
suggest for the present observation that Mg2+ may inhibit the
retreat of the preexisting steps on goethite, but the free energy
barrier to initiate a pit or dislocation on a perfect goethite
surface is high, thus the overall dissolution rate and subsequent
Fe−P nucleation rate are lowered (Supporting Information
Figure S4). Furthermore, phosphate is adsorbed preferentially
as protonated species at low pH and high surface coverage;15,61

that involves a ligand exchange reaction, and a Fe−O(H) bond
is broken and a new Fe−O−P bond is formed. Three surface
species have been described for the adsorption behavior of
phosphate on goethite, that is, a monodentate FeOPO3, a
bidentate (FeO)2PO2, and a protonated bidentate
(FeO)2POOH species.18,62,63 Kim et al.26 suggested the
most reactive sites for phosphate adsorption on each FeOOH
polymorph. For the competitive adsorption of cations such as
Mg2+ and phosphate on goethite, modeling has shown the
formation of both (FeOH)2Mg and (FeOH)2MgOH.64

Thus, their formation may inhibit phosphate adsorption and
subsequent Fe−P nucleation.
To summarize, the distribution of phosphate at the

goethite−water interface is dependent on the solution
composition, including the activity of phosphate species, pH
and ionic strength, thereby influencing phosphate availability.
Based on the present study, we predict a significant decrease in
the dissolved phosphate concentration of the soil solution due

Figure 6. (A) SEM image showing the ex situ formation of Fe−P
precipitates on goethite after 3 days of interfacial reaction in a 50 mM
NH4H2PO4 (pH 4.5) solution. The goethite substrate was almost fully
covered with the layer of precipitates. The dotted rectangles indicate
zones chosen for EDX analyses. The brighter contrast of zone 1
resulted from an earlier scan indicating that the surface was sensitive to
the electron beam. (B) EDX spectra taken from zone 1 and 2 shown
by dotted rectangles in (A), indicating an iron phosphate phase and
goethite substrate, respectively.
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to increased phosphate adsorption and the corresponding
precipitation on goethite mineral surfaces at elevated phosphate
concentrations and low pH. The bioavailability of phosphate
will be rapidly reduced at high NaCl/AlCl3 concentrations at
the earlier stages of P application. Following the goethite
surface passivation by this rapid Fe−P nucleation, phosphate
immobilization will be inhibited, and the presence of Mg2+ ions
will exert a further inhibition. Furthermore, concentrations of
organic acids such as citrate in the bulk soil solution typically
range from 0.1 μM to 0.1 mM,65 and the mean citrate
concentration in the rhizosphere is higher than the
concentration, 50 μM, used in our AFM experiments. The
presence of citrate can increase P availability by suppressing
crystallization of Fe−P phases such as cacoxenite.
Goethite in surface environments is generally present as

reactive nanoparticles, probably in equilibrium with interacting
solution where sorption processes are mainly dominant
(adsorption and/or chemisorption). However, in many
instances, when phosphate fertilizers are applied to soil, a
substantial disequilibrium situation that will drive goethite
dissolution and phosphate precipitation may occur. Therefore,
sorption processes may play a less important role; our present
results provide an alternative understanding of goethite mineral
surface-induced Fe−P precipitation, with possible implications
for the management of phosphate immobilization in goethite-
rich soils and phosphate-induced eutrophication in water
bodies.
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Andaluciá (research group RNM-179 and project P11-RNM-
7550), as well as the receipt of a Ramoń y Cajal grant from the
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