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ABSTRACT: In order to evaluate the organic phosphorus (OP) and pyrophosphate (PyroP) cycle and their fate in the
environment, it is critical to understand the effects of mineral interfaces on the reactivity of adsorption and precipitation of OP
and PyroP. Here, in situ atomic force microscopy (AFM) is used to directly observe the kinetics of coupled dissolution−
precipitation on cleaved (001) surfaces of brucite [Mg(OH)2] in the presence of phytate, glucose-6-phosphate (G6P) and
pyrophosphate, respectively. AFM results show that the relative order of contribution to mineral surface adsorption and
precipitation is phytate > pyrophosphate > G6P under the same solution conditions and can be quantified by the induction time
of OP/PyroP-Mg nucleation in a boundary layer at the brucite−water interface. Calculations of solution speciation during brucite
dissolution in the presence of phytate or pyrophosphate at acidic pH conditions show that the solutions may reach
supersaturation with respect to Mg5H2Phytate.6H2O as a Mg-phytate phase or Mg2P2O7 as a Mg-pyrophosphate phase that
becomes thermodynamically stable before equilibrium with brucite is reached. This is consistent with AFM dynamic observations
for the new phase formations on brucite. Direct nanoscale observations of the transformation of adsorption/complexation-surface
precipitation, combined with spectroscopic characterizations and species simulations may improve the mechanistic understanding
of organophosphate and pyrophosphate sequestration by mineral replacement reactions through a mechanism of coupled
dissolution−precipitation occurring at mineral−solution interfaces in the environment.

■ INTRODUCTION

Phosphorus (P) is a major growth limiting nutrient of plants
and other organisms, and elevated P inputs into soil solutions
and aquatic environments leads to eutrophication, therefore
increasing the risk of environmental pollution.1 In waters and
sediments, dissolved or particulate organic phosphorus (OP) is
found in similar amounts to inorganic P.2 Moreover, OP was
recently proposed as a potential pool for bioavailable P,
promoting much research regarding OP decomposition,3

fractionation,4,5 and characterization.6

OP forms include phosphonates, myo-inositol hexaki-
sphosphate, and orthophosphate mono(di)esters.7 Phospho-
monoesters in supra-/macro-molecular structures were found
to account for the majority of soil OP across diverse soils.8 A
considerable proportion of OP in soils or wetlands occurs as
stereoisomers of inositol hexakisphosphate (IP6).9 The most
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abundant myo-IP6 occurs as a phosphorus storage compound
in seeds.10,11 When IP6 chelates metals such as Ca, Mg, or Fe it
forms an insoluble phytate, for example the common cereal
component phytin (Ca−Mg−K phytate).12,13 Phytate has also
been detected in plant root exudates.14,15 Glucose-6-phosphate
(G6P), a representative sugar monoester, has also been
detected in soils.16

In addition to OPs, increased amounts of pyrophosphate
form after pyrolysis of raw sewage sludge,17 and pyrophosphate
is present in aquatic ecosystems including marine particulates18

and estuary sediments,19 and also is common in soil samples.20

The function of pyrophosphate in terrestrial and aquatic P
cycles is unclear, though it has been shown to be bioavailable
even in the presence of high ambient soluble reactive P.19

Most inorganic phosphorus (IP) and OP in soils, eutrophic
water bodies or sewage sludges are present as surface adsorbed
species on minerals.21,22 The concentrations of both dissolved
(DP) and particulate phosphorus (PP) are correlated with the
organic component concentration23 in sediment containing
different mineral components.24 Various OP and IP com-
pounds including PyroP in these natural environments exhibit
significant differences in their chemical behavior with mineral
surfaces, reactivity and bioavailability.25

OP and PyroP constitute a major component of soil
phosphorus and play a key role in the P cycle.26 Therefore,
the dynamics of OP and PyroP in the environment,27

particularly the kinetics associated with OP/PyroP-mineral
surface reactions, including adsorption, complexation and
precipitation, will play a significant role in the biogeochemistry
of these molecules and their fate in different ecosystems.27

Although the roles of different mineral surfaces in OP and
PyroP adsorption and immobilization have been widely studied,
little is known regarding the kinetics of dissolution and
precipitation at the brucite mineral-solution interface. As a
model mineral, brucite was chosen because (1) it exhibits a
simple composition and structure and could be an analogue for
brucite-like minerals such as hydrotalcite-like layered double
hydroxides (LDHs that include clay minerals) with a high
chemical affinity for both OP and PyroP; (2) dissolution and
precipitation reactions at the brucite−solution interface occur
easily within the AFM experimental time frame. Therefore, the
objective of this study was to observe the kinetic processes of
brucite dissolution in the presence of phytate, G6P, and
pyrophosphate and coupled precipitation. In addition, we
aimed to determine how the number of phosphate groups in
molecules regulates complexation of OP/PyroP-Mg and
subsequent precipitation, providing insights into the funda-
mental mineral interfacial phenomenon in controlling OP and
PyroP sequestration in the environment.

■ EXPERIMENTAL SECTION
Brucite Dissolution. In situ dissolution experiments were

performed using a Digital Instruments (Bruker) Nanoscope IIIa
AFM (Multimode) operating in contact mode. A natural
optically clear brucite crystal (Norberg, Sweden) was cleaved in
order to expose a fresh cleavage (001) surface. The brucite was
characterized as single phase by X-ray diffraction. The solutions
of phytate, G6P, and pyrophosphate (0.01 to 5.0 mM) at
different pH values (2.7−9.6), adjusted by the addition of 0.01
M NaOH or HCl, were passed over the cleaved brucite crystals
in the AFM fluid cell. NaCl (1.0−100.0 mM at pH 7.0) was
added to the phytate or pyrophosphate solutions (1.0 mM) to
observe the effects of ionic strength on brucite dissolution. In

situ experiments were conducted at a constant flow rate of 1
mL/min to ensure surface-controlled reaction rather than
diffusion (transport) control. Different locations of three
different crystals per solution condition were imaged to ensure
reproducibility of the results. In the present study, the
formation of precipitates followed brucite dissolution; thus
we used the time before the first particles (about 2.0−6.0 nm in
height) were observed on the brucite surface to characterize the
kinetics of nucleation.
Ex situ dissolution experiments (0.1−1.0 mM phytate at pH

2.7−3.7, 1.0 mM pyrophosphate at pH 4.3, and 5.0 mM G6P at
pH 3.5) were performed following in situ AFM experiments.
The reacted brucite samples were removed from the AFM fluid
cell and placed in a beaker filled with about 10 mL of the
different solutions at room temperature for 16−24 h in order to
observe further precipitation reactions. After 16 or 24 h, the
samples were removed from the solution and quickly dried
using absorbent paper and then immediately imaged in the
AFM.

Raman Spectroscopy. Raman spectra were collected using
a WITec Alpha 300R confocal Raman spectrometer operating
with the 785 nm line of a diode laser. A 50x long working
distance lens (NA 0.5) was used to obtain spatially constrained
information from surface precipitates produced during the
AFM and batch experiments. As the precipitates were sensitive
to the laser beam, the laser intensity was lowered until no
change was observed optically or in the spectrum. Depth scans
of the surfaces were taken using with an integration time of 3 s.
The brucite spectrum was generated from an average of four
spectra taken from 5 μm below the surface. After positions were
identified with additional peaks not related to brucite at the
surface, longer collection times were used to help identify the
precipitates. Single spectra were taken for 3 s and integrated 30
times to obtain the best signal-to-noise ratio. All spectra were
obtained using a grating of 300 grooves/mm and a pinhole of
20 μm. Spectral background removal and peak fitting was
conducted using the WITec Project Plus software (version 4.0).

Scanning Electron Microscopy (SEM). Imaging of the
phases precipitated at the brucite surfaces was conducted using
a FEI Helios Nanolab G3 SEM. Images of the surface
precipitates were taken at 10 kV acceleration voltage and 0.8
nA probe current.

PHREEQC Simulations. The PHREEQC program28 was
used to simulate the reactions between brucite and OP/PyroP
solutions using the database wateq dat. First, we calculated the
solution speciation using thermodynamic constants (Support-
ing Information (SI) Table S1−S7) during brucite dissolution
in the presence of 1.0 mM phytate at pH 2.5 and 7.0 by
PHREEQC. This provided simulations of brucite dissolving
until equilibrium with the solution was reached. For the
pyrophosphate system (1.0 mM) at more acidic pH (4.3)
conditions the solution reaches saturation with respect to
Mg2P2O7 as a Mg-pyrophosphate phase. Moreover, we made
further simulations for the same solutions of 1.0 mM phytate
and pyrophosphate at a fixed pH of 4.3 or 7.0, while allowing
the pH to vary as brucite dissolved.

■ RESULTS AND DISCUSSION
Coupled Dissolution−Precipitation at the Brucite−

Solution Interface in the Presence of Phytate. Following
329 s of injection of 1 mM phytate (pH 9.0), slow dissolution
occurred on the exposed (001) surfaces with the formation of
shallow, equilateral triangular etch pits with a depth of 0.5−1.0
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nm (Figure 1A, B). Pit depth increased to about 1.5 nm and
2.5−3.0 nm after 7 and 43 min, respectively (Figure 1C, D).

The measured depth of shallow etch pits (about 0.5 nm)
closely resembles the thickness of one unit-cell layer (0. 47 nm)
(Figure 1E). Moreover, according to the brucite sheet structure
with edge-sharing Mg(OH)6 octahedra (Figure 1E), the
equilateral triangular morphology of the etch pits results from
the 3-fold rotation axis normal to the (001) cleavage surface.29

When the brucite surface was exposed to 1 mM phytate
solutions with 10 mM NaCl at pH 7.0, the pit depth gradually
increased to about 6.0 nm after 28 min of reaction (Figure 2A,
B). At the same time, spherical particles (2.0−16.0 nm in
height) (Figure 2A, B) and 2-D plates (14.0−16.0 nm in
thickness) (Figure 2A, C) formed. As the pH of the 1 mM
phytate solutions was further decreased to 3.0, simultaneous
occurrence of shallow and deep (>10 nm) dissolution pits was
observed following 279 s of dissolution reactions (Figure 2D).
Rows of etch pits associated with linear defects were evident on
areas of the surface that remained free of precipitate (Arrows in
Figure 2D, E). The brucite surface became heavily pitted after
360 s (Figure 2E), and finally, the surface was completely
covered by nanoparticles (about 40−60 nm in height) after 497
s of dissolution (Figure 2F, F′). Dissolution and precipitation
was occurring simultaneously in a coupled process at the
brucite-solution interface.30,31 The dissolution of brucite
releases Mg2+ ions to the interfacial solution in contact with
the brucite surface, so that this solution boundary layer
becomes supersaturated with respect to a new Mg-OP phase.
It is apparent that phytate-mediated brucite dissolution

occurs via a different process depending on the pH range.
Dissolution at point defects dominated at higher pH (>7.0),
and at linear defects (including screw defects, line dislocations,
and dislocation loops) at lower pH (<5.0) could be clearly
imaged, similar to ligand-driven dissolution at linear defects on
calcite.32 For blank solutions in the absence of any OP and
pyrophosphate used in this study, typical brucite (001) surfaces
dissolve very slowly by the formation and spreading of
equilateral triangular etch pits in pure water.33 Etch pit
spreading rates in water increased with decreasing pH, from
about 0.22 nm s−1 at pH 4−0.70 nm s−1 at pH 2.33 Above pH 8,
the etch pit retreat velocities rapidly decreased from about
0.030 nm s−1 at pH 9 to virtually zero at pH 10−12.33 This pH-
dependent retreat velocity at pH < 7.0 is consistent with step
velocities for water-promoted calcite dissolution,34 and can be
explained by considering that the dissolution rate of brucite is a
function of the > MgOH2

+ surface concentration (>indicates a
surface site).33,35 Increasing H+ activity results in enhanced
protonation of > MgOH0 surface sites and the formation of >
MgOH2

+, thus promoting brucite dissolution.33 In addition,
etch pit spreading is also promoted by the presence of
background electrolytes such as NaHCO3 at a constant pH.

33

Step velocity in the presence of phytate perceptibly increased
as pits deepened (depth >10 nm in Figure 2D), although the
relationship between step retreat velocity and pit depth and
dependence on pH could not be determined in the present
AFM experiments. The increase of step velocity in phytate
solutions would have contributions from the shallower, slow-
retreat pits at point defects promoted by water and the deeper,
fast-retreat pits along linear defects promoted by organic
ligands such as phytate. These observations are similar to those
reported for the case of calcite dissolution in the presence of
ethylenediamine tetraacetate (EDTA).32 Linear defects (such as
dislocations) penetrate deeply into the mineral structure,
resulting in deeper pits.32,36,37

Coupled Dissolution−Precipitation at the Brucite−
Solution Interface in the Presence of Pyrophosphate. In
the presence of 1 mM pyrophosphate at pH 9.6 for 23 h, scarce
isolated nanoparticles (about 2.0−6.0 nm) were formed along
step edges on dissolving brucite surfaces, where dissolution
occurred through the formation of typical equilateral triangular
etch pits (Figure 3A, SI Figure S1A′). When the pH was

Figure 1. Time sequence AFM (deflection mode) images of natual
brucite dissolution. (A−D) Time-lapse images show equilateral
triangular etch pit formation and evolution on the (001) cleavage
plane (the white circles in B−D) after injection of 1 mM phytate (pH
9.0) into a flow-through cell. Images A−C, 3 × 3 μm; D, 5 × 5 μm.
(A′−D′) Depth profile of the etch pit at t = 245 s, 329 s, 7 min, or 43
min, respectively, measured along the white dashed lines in (A−D).
(E) The brucite atomic structure projected along the b-axis (in right
panel of E; 0.47 nm of the thickness of one Mg(OH)2 layer), and the
c-axis (in left panel of E; the morphology and crystallographic
orientation of the edges of the triangular etch pits is indicated).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b05456
Environ. Sci. Technol. 2017, 51, 328−336

330

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b05456/suppl_file/es6b05456_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b05456


lowered to 7.0 and the pyrophosphate concentration was raised
to 5 mM, some particles of size 10−20 nm were present after
43 min of brucite dissolution (Figure 3B, SI Figure S1B′).
When the pH was further decreased to 4.3 in 1 mM
pyrophosphate, the immediate formation of pits associated
with linear defects (depths in 2.0−4.0 nm) was observed after
103 s of dissolution (Figure 3C, D, and SI Figure S1D′).
Spherical particles (about 2.0−10.0 nm in height) (Figure 3E,
SI Figure S1E′) and conical precipitates (about 40.0−120.0 nm
in height) (Figure 3F, SI Figure S1F′) were formed after 192 s
and 37 min, respectively.
Coupled Dissolution−Precipitation at the Brucite−

Solution Interface in the Presence of G6P. In the presence
of 1 mM G6P at pH 5.9, dissolution occurred with the
formation of equilateral triangular etch pits on the brucite
(001) surfaces, and their depth gradually increased from about
4.0 nm at 13 min, to about 8.0 nm at 41 min, and 8.0−10.0 nm
at 81 min (Figure 4). At the same time, their sizes (width) also
increased (Figure 4A′−C′). However, no precipitates were
observed even after 17 h of ex situ reactions (SI Figure S2). As
the G6P concentration was increased to 5 mM at pH 5.8,
precipitates were formed after 18 h in ex situ reactions (SI
Figure S3). When the pH of 5 mM G6P solutions was

decreased to 3.5, etch pits rapidly formed (Figure 5); the
brucite surfaces were completely covered by particles (Figure
5) with a height of 40−50 nm (SI Figure S4A, B) after 16 h of
dissolution reactions.

Dynamics of Nucleation and Growth of Mg-OP/PyroP
on Brucite. The dissolving brucite surfaces in the presence of
OPs and pyrophosphate provided a source of Mg2+ ions,
resulting in supersaturation of the solution in the brucite-
solution boundary layers with respect to an OP/PyroP-Mg
phase.38 This will drive surface-induced nucleation and growth
on the brucite surface. According to classical nucleation theory
(CNT), the steady-state nucleation rate (number of nucleation
events per square meter per second), J, can be calculated as39,40

= − Δ *⎛
⎝⎜

⎞
⎠⎟J A

G
k T

exp
B (1)

where A is a kinetic constant, depending on physical parameters
such as diffusional barriers,39,40 ΔG* is the total free-energy
cost to form a spherical crystallite, kB is Boltzmann’s constant,
and T is temperature.39,40 The technical difficulties involved in
directly evaluating crystal nucleation rates41 have led to an
approach to measure the induction period (t) prior to

Figure 2. Time sequence AFM (deflection mode) images of brucite dissolution and precipitation in the presence of phytate. (A) In situ AFM images
show both etch pit formation and precipitation on a brucite (001) surface in 1 mM phytate +10 mM NaCl (pH 7.0) at t = 28 min. (B and C) Height
profiles of nucleated nanoparticles (about 2−16 nm) and 2-D nanoplates (about 16 nm in thickness) along the dashed lines 1 → 1′ and 2 → 2′,
respectively. (D and E) Time-resolved AFM images show the coexistence of point and line defects formed in 1 mM phytate (pH 3.0). Pits associated
with observable line defects are apparent (Arrows). (D′ and E′) Depth profiles of etch pits and line defects along the dashed lines 3→ 3′ and 4→ 4′,
respectively. (F) After 497 s, brucite substrates were covered by larger nanoparticles (about 50 nm in F′). Image A, 3 × 3 μm; D-F, 5 × 5 μm.
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nucleation based on the equation J = 1/(tV),41 where V is the
volume of the entire system (i.e., fluid + crystal, about 50 μL).
In the present study, we used the time required to observe the
occurrence of the first smallest particles (about 2.0−6.0 nm in
height) on brucite to characterize the kinetics of nucleation.
Moreover, we only compared the induction times for phytate
and pyrophosphate solutions on brucite surfaces because a
relatively longer time was required to form nucleated particles
for solutions containing G6P (SI Figure S2). The most likely
explanation for delayed nucleation in GP6 solutions is that G6P
contains the lowest number of phosphate groups (1) compared
to the other two molecules tested, 2() and hence indicates a
lower chelation ability. The induction time significantly
increased with the increase in pH for both phytate and
pyrophosphate solutions at 1 mM, and at the same alkaline pH,
the induction time for pyrophosphate (1 mM) is much longer
than that of phytate (1 mM) (Figure 6A). Shorter induction
times were observed with increasing phytate or pyrophosphate
solution concentration (Figure 6B) or NaCl concentration (in

1 mM phytate or pyrophosphate) (Figure 6C) when the
solution pH was kept constant (7.0).
Mineral dissolution kinetics is complicated in the presence of

inorganic/organic ligands42 and background electrolytes.34,43

Background electrolytes can enhance the mineral dissolution
rate due to the ability of salt ions to modify water structure as
well as solute and mineral surface hydration.43,44 The amount
of released Mg2+ ions by dissolution is increased in the presence
of NaCl, thereby resulting in rapid nucleation of a Mg-OP/
PyroP phase with shorter induction times because a higher
degree of supersaturation is reached within the boundary layers.
This phenomenon has also been observed in the calcite-G6P
system.44

Identification of Precipitates on Brucite (001) Cleav-
age Surfaces. Using Raman spectroscopy, the cleaved brucite
surface shows two sharp, intense peaks at 281 and 446 cm−1

and two broad peaks with centers at 725 and 809 cm−1 (Figure
7A). This is consistent with previous analysis of brucite using
spectroscopic methods.45 In contrast, precipitates on the
brucite surface show additional peaks depending on the
organophosphate present in the experiment solution. In
experiments with G6P, the precipitates were highly reactive
to the laser beam and even at the lowest laser intensity were
burnt during analysis. However, the burnt material produced
broad peaks at 1332 and 1575 cm−1 (Figure 7B) that are
characteristic for amorphous carbon material46 implying the
original material was carbon-bearing, consistent with the
precipitation of an organic-C phase during the experiments.
Precipitates on the surface of brucite produced during the
phytate experiments were stable in the Raman laser and
produced clear peaks in the Raman spectra (Figure 7C).
Additional peaks were observed as a broad peak at 544 cm−1,
three sharp and one broad peak at 954, 993, 1034, and 1100
cm−1 and two broad bands at 1282 and 1372 cm−1. These peaks
are consistent with known Raman peaks for solid samples of
phytate47,48 and particularly those between 950 and 1100 cm−1

are related to the symmetrical stretch of the phosphate moiety
within the phytate molecule. However, the peaks are
consistently shifted to higher wavenumbers in comparison to
previous studies by as much as 10 cm−1 compared to the initial
sodium salt.49 Such a shift could imply a difference in chemistry
of the precipitates through the incorporation of Mg released
from the dissolving brucite, as Mg−acetate has been found to
show a shift to higher wavenumbers in comparison to the Na−
acetate salt.50 No additional bands to those belonging to brucite
were observed on the pyrophosphate sample surface. This can
be explained from the SEM observations because the
precipitate forms very thin, spread out crystals on the surface
(SI Figure S5). In this case the laser beam would not sample
enough of the precipitate during Raman analysis to produce
bands in the spectra, precluding any possible identification of
other vibrational peaks from any nanometer thin precipitate
layer.

PHREEQC Simulations. Finally, we calculated the solution
speciation using thermodynamic constants (SI Table S1−S7)
during brucite dissolution in the presence of 1.0 mM phytate at
pH 2.5 and 7.0 by PHREEQC.28 This allowed simulations of
brucite dissolving until equilibrium. The simulations show that
for both initial pH values, the solution (volume of solution is
equivalent to that of the AFM fluid cell, about 35−50 μL)
wou l d r e a ch supe r s a t u r a t i on w i t h r e s p e c t t o
Mg5H2Phytate.6H2O as a Mg-phytate phase (SI Data 1 and
2). This is consistent with the AFM results (Figure 2). For the

Figure 3. Time sequence AFM (deflection mode) images of brucite
dissolution and precipitation in the presence of pyrophosphate. In situ
AFM images show coupled dissolution (by etch pit formation) and
precipitation on a brucite (001) surface in (A) 1 mM pyrophosphate
(pH 9.6) at t = 23 h and (B) 5 mM pyrophosphate (pH 7.0) at t = 43
min. Time-resolved AFM images show (C and D) the formation of
pits associated with line defects, and (E and F) spherical particles and
conical precipitates in 1 mM pyrophosphate (pH 4.3). Images A and
C−F, 3 × 3 μm; B, 5 × 5 μm.
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pyrophosphate system (1.0 mM) at more acidic pH (4.3) the
solution reaches saturation with respect to Mg2P2O7 as a Mg-
pyrophosphate phase, that may become stable before
equilibrium with brucite is attained (SI Data 3). At pH ≥
7.0, the solution is saturated with respect to brucite before
saturation with respect to Mg2P2O7 is attained (SI Data 4 and
5). This means for the formation of Mg2P2O7 at higher pH
more brucite would need to dissolve (to release enough Mg2+)

through the addition of higher pyrophosphate concentrations
and/or longer reaction times. These simulation results are also
consistent with the AFM observations (Figure 3). Moreover,
we made further simulations for the same solutions of 1.0 mM
phytate and pyrophosphate at a fixed pH of 4.3 or 7.0, while
allowing the pH to vary as brucite dissolved. Results showed
that both Mg5H2Phytate.6H2O and Mg2P2O7 become
thermodynamically stable due to the solutions reaching
supersaturation with respect to these two phases (SI Data 6−
8). Because it is impossible to include all possible species in the
database and appropriate equilibrium constants are mostly
lacking, the simulations are incomplete, especially for the
formation of other solid phases, for example hydrated
Mg2P2O7.
Due to the limitation of appropriate thermodynamic data, all

PHREEQC simulations were an approximation to the real
scenario. However, the simulations predicted the fast formation
of a Mg-phytate phase at the pH values tested. The Mg-PyroP
phase did not form at pH ≥ 7 and only became significant at
lower pH values when dissolution of brucite was enhanced.
This is in accordance with the AFM observations and Raman
analyses, especially, as Raman analyses for ex situ formation of
precipitates on the surface of brucite verify the utility of
speciation modeling. The lack of equilibrium constant data did
not allow for simulations with G6P.
In summary, from our observations a higher number of

phosphate groups in a phosphate molecule seems to enhance
the chelating ability of the molecule to sequester Mg2+. The
reaction rates of dissolution and subsequent precipitation
followed the order: phytate (with six phosphate groups per
molecule) > pyrophosphate (two phosphate groups) > G6P
(one phosphate group) at all pH values tested.

Implications. A fundamental challenge in the study of soil
organic and inorganic phosphate dynamics is to assess the
relative importance of adsorption and precipitation processes
on mineral surfaces in the environment as this plays an
important role in the global P cycle.44 In this study, direct AFM
observations and kinetic analyses have been applied to observe

Figure 4. Time sequence AFM (deflection mode) images of brucite dissolution in the presence of G6P. (A−C) In situ AFM images of a brucite
(001) surface dissolving in 1 mM G6P (pH 5.9). (A′−C′) Depth profiles of the etch pits evaluated along the white dashed lines in A−C. Images A−
C, 3 × 3 μm.

Figure 5. Time-resolved AFM (deflection mode) images of brucite
dissolution and precipitation in the presence of G6P. In situ AFM
images show both (A−C) etch pit formation and evolution, and (D)
precipitation on a brucite (001) surface in 5 mM G6P (pH 3.5). After
16 h, brucite substrates were covered by larger nanoparticles. Images
A−D, 3 × 3 μm.
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and predict the behavior of OPs and PyroP on brucite mineral
surfaces. Our results may provide dynamic insights into how
OP and PyroP can be sequestered through mineral interfacial
dissolution−precipitation reactions.51 The approach used in
this study may readily extend to further investigate the
adsorption and precipitation dynamics of guest anions/cations
on the surfaces and in the interlayer spaces in brucite-like
minerals such as hydrotalcite-like layered double hydroxides
(LDHs).52 These minerals are of considerable environmental
relevance because of their anion-exchange capacity that can
affect the mobility of chemical species and removal of toxic
anions.52 Moreover, these materials can accommodate a wide
range of different cations in the interlayer spaces for use in
environmental remediation of heavy metals.52,53
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