
Ionic Strength-Controlled Mn (Hydr)oxide Nanoparticle Nucleation
on Quartz: Effect of Aqueous Mn(OH)2
Haesung Jung† and Young-Shin Jun*,†

†Department of Energy, Environmental and Chemical Engineering, Washington University, St. Louis, Missouri 63130, United States

*S Supporting Information

ABSTRACT: The early formation of manganese (hydr)oxide
nanoparticles at mineral−water interfaces is crucial in
understanding how Mn oxides control the fate and transport
of heavy metals and the cycling of nutrients. Using atomic
force microscopy, we investigated the heterogeneous nuclea-
tion and growth of Mn (hydr)oxide under varied ionic
strengths (IS; 1−100 mM NaNO3). Experimental conditions
(i.e., 0.1 mM Mn2+ (aq) concentration and pH 10.1) were
chosen to be relevant to Mn remediation sites. We found that
IS controls Mn(OH)2 (aq) formation, and that the controlled
Mn(OH)2 (aq) formation can affect the system’s saturation
and subsequent Mn(OH)2 (s) and further Mn3O4 (s)
nanoparticle formation. In 100 mM IS system, nucleated Mn (hydr)oxide particles had more coverage on the quartz substrate
than those in 1 mM and 10 mM IS systems. This high IS also resulted in low supersaturation ratio and thus favor heterogeneous
nucleation, having better structural matching between nucleating Mn (hydr)oxides and quartz. The unique information obtained
in this work improves our understanding of Mn (hydr)oxide formation in natural as well as engineered aqueous environments,
such as groundwater contaminated by natural leachate and acid mine drainage remediation.

■ INTRODUCTION

Manganese (hydr)oxide (for simplicity, Mn (hydr)oxide)
minerals are ubiquitous in aquatic and terrestrial environments.
These minerals have a high surface area, and undergo sorptive,
redox, precipitation, and dissolution reactions.1 Because of
these characteristics, in aqueous environments, precipitated Mn
(hydr)oxides on mineral surfaces are excellent scavengers of
redox active species and heavy metals, including As,2−4 Zn,5,6

Co,7,8 Cu,9 Ni,9,10 Pb,11 U,12−16 Cr,17−19 and Cd.20 Although
the impacts of the Mn oxide precipitation on aqueous
geochemistry are apparent, our current understanding of the
early stage of nucleation and growth of Mn oxide on
environmentally abundant mineral substrates is still limited.
Thermodynamically, nucleation occurs by creating particles

equal to or larger than the critical nucleus radius,21 when the
bulk free energy overcomes the interfacial free energy of nuclei.
Prior to these nucleation events, embryos or prenucleation
clusters can form. Depending on the absence or presence of
foreign substrates, nucleation can occur via homogeneous
nucleation or heterogeneous nucleation, respectively. In recent
years, using atomic force microscopy (AFM), transmission
electron microscopy (TEM), and synchrotron based X-ray
techniques, technical advances have illuminated early stage
homogeneous and heterogeneous nanoparticle nucleation
mechanisms and kinetics and their crystallization pro-
cesses.22−28

However, there are only a few studies on the formation of
Mn oxide on environmentally abundant mineral substrates via

heterogeneous nucleation. Junta and Hochella studied the
heterogeneous nucleation of manganese oxide using atomic
force microscopy (AFM) and X-ray photoelectron spectrosco-
py (XPS) on the surfaces of hematite (α-Fe2O3), albite
(NaAlSi3O8), and goethite (α-FeOOH).29,30 They found that
Mn oxide precipitates formed through substrate-controlled
growth on hematite or goethite (i.e., thin layers of Mn oxide on
hematite or goethite). On the other hand, on albite surfaces,
Mn oxide precipitates formed through precipitate-controlled
growth (i.e., large patches of Mn oxide formed only at the steps
and edges of albite). Jun and Martin reported on the
precipitation of manganese oxide from dissolved Mn2+ (aq),
which originated from Mn carbonate, rhodochrosite. This
carbonate mineral also served as the substrate for heteroge-
neous precipitation.31−34 Precipitation for this system was
driven by supersaturation of Mn2+ (aq) and oxidation of Mn2+

(aq) by molecular oxygen. While these previous studies
provided a good basis for understanding the heterogeneous
formation of Mn oxides, they focused primarily on the film
growth of Mn oxide. Thus, a more systematic study is needed
to elucidate the mechanism of early stage nucleation and
growth to better predict the fate and transport of toxic
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contaminants, and the cycling of nutrients in the environ-
ment.28

In abiotic processes, controlling IS can result in ion activity
and supersaturation ratio changes in solutions, as expressed by

σ = KIAP/ sp (1)

where σ is the saturation ratio, IAP is the ion activity product of
the reactants, and Ksp is the solubility product (equilibrium
constant). Changes in electrostatic interaction under varying
the IS can also affect particle formation.35,36 Although IS is a
key factor controlling Mn oxidation and nucleation of solid
phases, its role is still elusive.
In solution, dissolved Mn(II) ions can exist as three aqueous

species: Mn2+ (aq), Mn(OH)+ (aq), and Mn(OH)2 (aq).
Among these, the formation of Mn(OH)2 (aq) is the rate-
limiting step for Mn(II) oxidation.37,38

+ →+ −Mn (aq) 2OH (aq) Mn(OH) (aq)2
2 (2)

In eq 2, Mn(OH)2 (aq) is produced by the reaction of two
hydroxide anions and Mn2+ (aq) cations, and is sensitive to pH
and IS changes. Furthermore, as described above, the changes
of ion activity can affect the formation of Mn(OH)2 (s), which
can be the initial form of Mn (hydr)oxide solid phases. In
addition to pH effects, overall Mn oxidation kinetics to form
Mn(III) (hydr)oxides can also be strongly influenced by the
effects of IS on the activity changes of Mn2+ (aq) and OH−

(aq), which control the concentration of Mn(OH)2 (aq).
Hence, elucidating the influences of IS on the formation of
Mn(OH)2 (aq) at a known pH can be crucial in understanding
Mn (hydr)oxide phase nucleation and growth behavior, as well
as Mn oxidation kinetics in environmental systems.
The aim of this study is, therefore, to investigate the

heterogeneous nucleation of Mn (hydr)oxide nanoparticles at
varied IS at a known initial pH (i.e., 10.1). The experimental
conditions were carefully chosen to be relevant to acid mine
drainage remediation sites, where high pH remediation
practices are used to mitigate high Mn2+ concentrations,1−3

but were simplified to clearly elucidate the role of IS in the early
stage of heterogeneous Mn (hydr)oxide nucleation. Based on
these experimental observations, for the first time, we show
how IS can induce supersaturation ratio changes with respect to
Mn(OH)2 (s) and further affect the structural match between
newly precipitated Mn (hydr)oxides and quartz substrates. We
also report here interesting changes in the morphology, size,
and number concentration of heterogeneously nucleated Mn
(hydr)oxide nanoparticles. This study will be beneficial not
only for understanding the environmental mechanisms of Mn
(hydr)oxide formation, but also for materials syntheses via
heterogeneous nucleation and growth on substrates.

■ MATERIALS AND METHODS
Substrate and Solution Preparation. Quartz, an environ-

mentally abundant mineral, was selected as a model surface.25

Synthetically grown, 0.5 mm thick (101 ̅0) quartz, which is one
of the three common crystal faces of natural quartz,42 was used
as a substrate for heterogeneous nucleation of Mn (hydr)-
oxides. The quartz wafer was cut to 0.5 × 0.5 cm to fit into
batch reactors. Before the reaction, quartz substrates were
cleaned and prepared as described in the Supporting
Information (S1). Reaction solutions (Table S1) were prepared
with reagent-grade Mn(NO3)2·4H2O (99.98%, Alfa aesar),
NaNO3 (J. T. Baker ACS Reagent grade), NaOH (J. T. Baker

ACS Reagent grade), and ultrapure deionized water (resistivity
>18.2 MΩ-cm).
All experiments used an initial pH of 10.1 and Mn2+ (aq)

concentration of 0.1 mM. The IS was changed by altering the
NaNO3 concentration to be 1 mM, 10 mM, or 100 mM.
Initially, solutions were mixed vigorously, and then reacted
without stirring. The initial pH of 10.1 and concentration of
Mn2+ (aq) were chosen for two reasons. First, this pH and
concentration of Mn2+ (aq) can be found in acid mine drainage
remediation processes.43−45 As a result of acid mine drainage,
higher concentrations of Mn2+ (aq) than allowed by govern-
ment regulation (1 μM, U.S. Environmental Protection
Agency’s federal secondary standard) frequently occur.45 In
order to remediate these concentrations, pH has been raised
higher than 10, as oxidation of Mn2+ under circum-neutral
conditions is very slow. Second, these conditions are optimal
for observing the nucleation and growth of manganese
(hydr)oxides within a short reaction time. The air-saturated
solutions were reacted on a clean quartz substrate in an open
system. While the initial pH is adjusted to be 10.1, to avoid any
unintended and unknown effects of buffer ions on nucleation
behavior (e.g., complexation and IS changes from the buffer
addition), we did not utilize any buffer to maintain the pH.
Based on the control experiments, changes in pH and dissolved
oxygen during the 1 h reaction are not significant in the absence
of Mn2+ (aq) (Figure S3). Detailed information about
measurement and sample preparation is given in the
Supporting Information. To confirm atomic force microscopy
(AFM) observations of heterogeneous nucleation trends under
the varied IS conditions, other complementary techniques were
utilized. We analyzed the extent of homogeneous nucleation
using inductively coupled plasma-optical emission spectroscopy
(ICP-OES) and small-angle X-ray scattering (SAXS). These
techniques revealed the effect of IS for the supersaturation
change of Mn(OH)2 (s). The mineral phases of heteroge-
neously and homogeneously nucleated particles were analyzed
by X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD), respectively. Based on the obtained
supersaturation and phase information, classical nucleation
theory was utilized to explain the observed behaviors of
heterogeneous nucleation under the varied IS conditions.

Analyses of Heterogeneous Nucleation. We used AFM
tapping mode in air (AFM, Nanoscope V multimode SPM,
Veeco Inc.) to study the nucleated particle sizes, distributions
and morphologies on the quartz substrates under different
experimental conditions. At different elapsed times, the reacted
substrates were rinsed with ultrapure deionized water to
quench further reaction and quickly dried using high purity
nitrogen gas. To confirm the reproducibility of AFM
measurements, triplicate tests were conducted at each condition
(more detailed description in S2 in the Supporting
Information).

Analyses of Homogeneous Nucleation. ICP-OES (ICP-
OES, Optima 7300DV, PerkinElmer) was used to determine
the aqueous Mn2+ (aq) concentration in the reacted solution.
All reactions were conducted in the absence of quartz substrate.
After reactions, the samples were first centrifuged at 11,000
rpm for 5 min. Then, 5 mL of the supernatant solution was
filtered using a 0.2 μm polypropylene membrane and acidified
using 5 mL of 2% HNO3 before ICP-OES measurements
(more detailed description in S3 in the Supporting
Information).
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Small angle X-ray scattering was utilized to compare the
homogeneously nucleated particles at 1 mM IS with those at
100 mM IS. To carry out these experiments, 1 mL of each
freshly mixed solution was injected into a specially designed cell
for SAXS experiments. At elapsed times of 5, 15, 30, and 60
min, 2D scattering images were collected from particles in
solution. The scattering intensity increased as both the size and
number of nanoparticles increased.28 SAXS measurements were
conducted at 14 keV at beamline 12 ID-B in the Advanced
Photon Source (APS), Argonne National Lab (ANL), IL. A
detailed description of the experimental methods is in the
Supporting Information (S4).
Surface Charge Contribution. Electrophoretic mobilities

were measured for both homogeneously and heterogeneously
nucleated particles and the sample preparation for the
measurement of zeta potential is available in the Supporting
Information (S5).
Phase Identification. For ex situ phase identification of the

homogeneously nucleated particles in the solutions, we used
high-resolution X-ray diffraction, (HRXRD, Bruker D8
ADVANCE X-ray diffractometer with Cu−Kα radiation (λ =
1.5418 Å)) and Raman spectroscopy (Renishaw inVia) with a
514 nm laser. X-ray photoelectron spectroscopy (XPS, PHI
5000 VersaProbe II, Ulvac-PHI with monochromatic Al Kα
radiation (1486.6 eV)) measurement was conducted to analyze
the oxidation states of heterogeneously nucleated Mn (hydr)-
oxide nanoparticles on the quartz substrate.
For the XPS analyses, the shift of the Mn 2p3/2 spin orbit and

Mn 3s multiplet splitting were analyzed. The reference peak
positions of Mn(II) and Mn(III) were considered to be 641.1
and 641.8 eV, and the reference Mn 3s multiplet splitting of
Mn(II) and Mn(III) were considered to be 5.8 and 5.2 eV,
respectively, based on the average values of previous literature
provided in Table S3 and our own references from Mn(OH)2
(s) and γ-MnOOH (s) in Figure S9. These samples are
originating from the N′Chwaning II Mine, Northern Cape
Province, South Africa and the Atikokan area, Ontario, Canada,
respectively. The fitting of the manganese oxidation state was
conducted based on Gaussian−Lorentzian curve-fitting because
XPS profiles are best described by a mixed function.48 The Si
2p of quartz (103.1 eV)49 was taken as the energy reference.

Sample preparation for phase identification is available in the
Supporting Information (S6).

Classical Nucleation Theory (CNT). To elaborate both
homogeneous and heterogeneous nucleation kinetics, the
nucleation rate is given according to classical nucleation
theory:50,51

πγ

σ
= ″ −

Ω⎡
⎣
⎢⎢

⎤
⎦
⎥⎥J J f m x f m x

kT kT
f m x( , ) ( , ) exp

16

3 [ ln( )]
( , )nf

0
1/2

3 2

2

(3)

where f and f″ are respectively the interfacial correlation
functions describing the influence of the substrate on the
nucleation barrier (eq S4), and the effective surface of
nucleating particle (eq S5). J is the nucleation rate, J0 is the
kinetic constant, γnf is the interfacial energy (J/m

2) between the
nucleating particle and the fluid, k is the Boltzmann constant
(1.38 × 10−23 J/K), T is the temperature, Ω is the volume of
nucleated particle growth unit (cm3/molecule), x is the relative
size of the substrate (Rs/rc, where rc is the critical radius and Rs

is the average radius of the substrate), and m is a parameter that
depends on the interaction and structural matching between
the nucleating particle and the substrate. It is related to the
interfacial energy between different phases by51

θ γ γ γ= = −m cos ( )/sf sn nf (4)

where γsf is the interfacial energy between the substrate and
fluid, and γsn is the interfacial energy between the substrate and
nucleating particle. Therefore, the nucleation rate on the
substrate, J, and the interfacial correlation (i.e., f and f″) can be
influenced by the structural match between nucleating particles
and the substrate, m (S7 in the Supporting Information). By
expressing the integrated interfacial energy term as m in eq 4, it
can be related to the contact angle between the substrate and
nucleating particles as shown in Figure S2. Because both f and
f″ are derived from the surface area and volume of nucleating
particles on the substrate, these are controlled by m. When m
→1, the contact angle goes to zero. Thus, nucleating particles
have a good structural match with the substrate, and f and f″ go
to zero. On the other hand, when m → −1 and x = 0, f and f″
become 1, and eq 3 describes the homogeneous nucleation rate.

Figure 1. AFM height images show that the 1 mM IS (A) system forms many big aggregated particles, the 10 mM IS (B) system has properties
intermediate between the 1 mM and 100 mM IS systems, and the 100 mM IS (C) system contains many small particles which have formed both on
quartz and on Mn oxides. The AFM height images from zoomed-in images (marked in Figure 1C) for the 100 mM IS system show the
pseudomonodispersed size distribution (C1) and oriented aggregation of nucleated particles (C2). The AFM image sizes ((A) to (C)) are 1 × 1 μm.
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When x > 100, a foreign particle can be considered a substrate
for heterogeneous nucleation.51

■ RESULTS AND DISCUSSIONS
Effects of Varied IS on Number, Size, and Morphology

of Heterogeneously Nucleated Particles. AFM measure-
ments allow us to monitor the heterogeneous nucleation of Mn
(hydr)oxide under varied IS conditions (Figure 1). As seen in
Figure 1A, round aggregated particles with lateral dimensions
larger than 100 nm were observed in the 1 mM IS system. To
investigate the temporal evolution of Mn (hydr)oxide
formation, AFM images were taken at various elapsed times
for each experimental condition. Figure S4 shows the AFM
images of 1 mM IS at 5, 15, 30, and 60 min. Particle
aggregation occurred as early as 5 min into the reaction. The
height profile in Figure S4E (circled area) shows the early
formation of aggregates. This could result from neighboring
individual particles joining together through the growth of
individual particles or through the collection of homogeneously
nucleated particles from solution by particles on the substrate
due to interparticle forces. Similar behavior can be observed
from 15 min as well. By reaction times of 30 and 60 min, 2.5 ±
0.5 nm individual primary particles had nucleated and grown on
the quartz substrate (arrows in Figures S4G and S4H).
Simultaneously, the aggregated particles from the earlier time
grew further in the z-direction. For example, after 60 min
reaction, heights ranging from 20 to 30 nm were measured
from 30 aggregated particles averaged over a 25 μm2 area. The
rod-shaped particles, having 4 ± 1 nm high, were observed on
quartz at 60 min. The height profile in Figure S4H shows that
the rod-shaped particles were formed by aggregation between
particles on quartz.
Unlike the 1 mM IS, in the 100 mM IS system,

heterogeneous nucleation occurred more favorably, with well
distributed nucleation on the substrate as well as Mn
(hydr)oxide particles nucleated on top of previously nucleated
Mn (hydr)oxide particles (Figure 1C). In Figure 1C1 and C2,
which are zoomed-in images in Figure 1C, the AFM height
information infers insight into the size similarity and its
distribution and oriented aggregation of the nucleated particles
on the heterogeneously nucleated Mn (hydr)oxide particles. As
shown in Figure 1C1, both the heterogeneously nucleated Mn
(hydr)oxide particles on the substrate and a new particle on the
heterogeneously nucleated Mn (hydr)oxides were 4.5 nm high.
The nucleated particle formed on Mn (hydr)oxide was almost
twice as high as an individual particle on the substrate. The
AFM image in Figure 1C1 indicates heterogeneously nucleated
particles on the substrate and on Mn (hydr)oxide as well. Also,
in Figure 1C2, AFM shows rod-shaped Mn (hydr)oxide on top
of heterogeneously nucleated Mn (hydr)oxide, and the arched
peaks of the nucleated particles are shown in the height profile.
Between each particle height peak in the height profile, a small
valley suggests that the rod-shaped particles formed again by
oriented aggregation, having apparent assembly between
particles. Oriented attachment occurs to reduce overall energy
by minimizing the surface energy.52 Thus, a similar approach
was taken to previous studies, which used the apparent
assembly as evidence of oriented aggregation.22,52,53 To the
best of our knowledge, this is the first experimental evidence
that shows the formation of rod-shaped Mn (hydr)oxide
particles on a quartz substrate by oriented aggregation.
In the 100 mM IS system, based on AFM analyses, we can

observe not only the nucleation on top of heterogeneously

nucleated Mn (hydr)oxide particles, but also their unique
oriented aggregation behaviors. The phase identification of
heterogeneously nucleated particles, which is discussed in next
section, showed that the observed round and rod-shaped
particles, which are nucleated on top of heterogeneously
nucleated Mn (hydro)oxide particles, have different phases,
Mn(OH)2 (s) and Mn3O4 (s), respectively.
In 100 mM IS system, at 5 and 15 min, small individual

particles covered the quartz substrate during the nucleation and
growth process (Figure 2). The height of the observed

heterogeneously nucleated particles on quartz is ∼5 nm in
Figure 2, which is much smaller than the diameter of
homogeneously nucleated particles measured by SAXS (∼50
nm). This considerable size difference strongly suggests that the
particles on quartz in AFM images (Figure 2) were formed by a
heterogeneous nucleation process, not by the deposition of
homogeneously nucleated particles. After many particles had
nucleated on the quartz substrate, further nucleation on top of
the heterogeneously nucleated Mn (hydr)oxide occurred
between 15 and 30 min. At 60 min, the nucleated particle
aggregates were rod-shaped and round.
The 10 mM IS system showed the number and size of

nucleated primary particles intermediate between the 1 mM IS
and 100 mM IS (Figure 1B). In the 10 mM IS system, less
quantities of round aggregated particles with lateral dimensions
larger than 100 nm were observed, and more individual primary
particles were observed than in the 1 mM IS system.

Mn (hydr)oxide Mineral Phase Identification. Phase
identification analyses of the heterogeneously and homoge-
neously nucleated Mn (hydr)oxide particles were conducted
under varied IS systems. The XRD peak positions showed that
the homogeneously nucleated Mn (hydr)oxide mineral phases
were pyrochroite (Mn(OH)2 (s)) and hausmannite (Mn3O4),
and they were observed under all three IS conditions (Figure
3A). Because Mn3O4 and Mn(OH)2 (s) had very similar peak
positions, it was hard to verify the presence of Mn(OH)2 (s) in
the systems. However, it is important to note that the peak at
18.9° originates solely from Mn(OH)2 (s) in our samples. In
addition, Raman bands of 310, 357, and 653 cm−1 indicated
Mn3O4 and Mn(OH)2 (s), and again, Mn(OH)2 (s) cannot be
distinguished from Mn3O4 (Figure S8).
The XPS spectra of heterogeneously nucleated Mn (hydr)-

oxide are given in Figure 3B. For both 1 mM IS and 100 mM

Figure 2. AFM height images from the 100 mM IS system at different
elapsed times: 5 min (A), 15 min (B), 30 min, (C) and 60 min (D).
The schematic drawings explain the heterogeneous nucleation of Mn
(hydr)oxide on the quartz substrate, followed by the nucleation and
growth of Mn (hydr)oxide on top of the heterogeneously nucleated
particles. The nucleated particles form both rod-shaped and round
particles through oriented aggregation. The AFM image sizes are 1 × 1
μm.
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IS, the Mn 2p3/2 peak position of the Mn (hydr)oxide was at
641.1 eV. The Gaussian−Lorentzian curve-fitting shows that
the heterogeneously nucleated particles have both Mn(II) and
Mn(III). Mn(II) was the dominant oxidation state, at 60.8%
and 73.0% for the 1 mM IS and 100 mM systems (Table S5),
respectively. Mn(III) is 39.2% and 27.0% for the 1 mM IS and
100 mM systems, respectively. The analyses of Mn 3s multiplet
splitting were consistent with the shift analysis of the Mn 2p3/2
orbital spin in Figure S11. 5.5 and 5.6 eV were observed at 1
mM and 100 mM, respectively. The magnitudes were in the
middle of the value range for Mn(II) (5.8 eV) and Mn(III) (5.2
eV). The magnitudes of multiplet splitting suggested that the
heterogeneously nucleated particles have both Mn(II) and
Mn(III).
To connect the different shapes (round and rod-shaped) of

heterogeneously nucleated Mn (hydr)oxide on quartz in AFM
observations with their phase identities, we conducted the same
experiment at 1 mM and 100 mM IS for 60 min in an anaerobic
Coy chamber (PO2 = 0 atm), using N2-purged DI water to
inhibit Mn oxidation during the reaction. AFM measurement of
samples prepared under the anaerobic condition shows that
there are only big round particles on quartz (Figure S13),
without any rod-shaped particles. The XPS spectra revealed
that the heterogeneously nucleated particles in the anaerobic
chamber are pure Mn(OH)2 (s) (Figures S11 and S13).
Although the results cannot give direct phase matching with the
different shaped particles in AFM images, we can infer that the
round particles are most likely Mn(OH)2 (s) and the rod-
shaped particles are Mn3O4. In addition, the higher percentage
of Mn(II) observed from the XPS fitting in the 100 mM IS
system, compared to the 1 mM IS system, can be explained by
the higher contribution from round particles (Mn(OH)2 (s))
compared to rod-shaped particles (Mn3O4) in the 100 mM IS

(Figure S14). Considering the Mn (hydr)oxide nucleation and
Mn oxidation kinetics in our experimental systems, Mn(OH)2
(s) and Mn3O4 are the most possible phases of Mn (hydr)oxide
because direct formation of Mn(IV) from Mn(II) in inorganic
systems is kinetically controlled, and Mn(OH)2 (aq) makes
polymerized Mn(OH)2 (aq) clusters. The polymerized cluster
can form Mn(OH)2 (s) subsequently as the initial form of solid
Mn (hydr)oxide.54,55 Phase transformation to Mn3O4 can be
promoted by oriented aggregation of round (i.e., Mn(OH)2
(s)) particles52 and by sequential oxidation from polymerized
Mn(OH)2 (aq) cluster, or Mn(OH)2 (s).54,55 Therefore, the
phase analyses by HRXRD, Raman spectroscopy (Figure S12),
and XPS are also consistent with this discussion of nucleation
mechanisms and oxidation of Mn (hydr)oxide.

Electrostatic Contributions to Mn (hydr)oxide For-
mation. We measured electrophoretic mobility to determine
the role of surface charge on the nucleation and growth of Mn
(hydr)oxides on quartz surfaces. Under 1 mM, 10 mM, and 100
mM IS conditions at pH of 10.1, the zeta potentials of quartz
powders were −38.8 ± 2.2 mV, −40.1 ± 2.6 mV, and −14.8 ±
0.4 mV, respectively. However, there is a caveat that the
absolute values of zeta potentials measured with powders can
be different from those of single crystal quartz. The
homogeneously produced Mn (hydr)oxide particles without
substrates had almost neutral or slightly positive zeta potential
values under all IS conditions. To study the effects of the
surface charge on the reaction with Mn2+ (aq) on the quartz
substrate, quartz powders reacted with Mn2+ (aq) under
different IS conditions at an initial pH of 10.1 were measured.
The quartz powder at 100 mM IS shows the least electrostatic
attraction (−14.8 mV) for heterogeneous nucleation of
manganese precursors. The electrostatic potentials of quartz
powder under 1 mM and 10 mM IS conditions were more

Figure 3. (A) High resolution X-ray diffraction (HRXRD) analysis of the homogeneously nucleated and grown Mn (hydr)oxide particles under
different IS conditions (1 mM, 10 mM, and 100 mM). (B) XPS spectra obtained from the heterogeneously nucleated particles on the quartz surface.

Figure 4. (A) Concentrations of Mn2+ (aq) in solution at different elapsed times, obtained by inductively coupled plasma optical emission
spectroscopy (ICP-OES). Small angle X-ray scattering (SAXS) intensity curves from homogeneously formed particles in solutions: (B) 1 mM IS,
and (C) 100 mM IS.
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attractive than 100 mM IS, by −25 mV, to positive or neutral
materials, such as aqueous manganese ions, Mn2+ (aq), and
manganese (hydr)oxide precursors, Mn(OH)2 (aq). However,
from AFM observations (Figure 1), 100 mM IS showed the
most heterogeneously nucleated particle coverage. Therefore,
electrostatic interactions between the substrate and nucleating
particles cannot be the dominant nucleation and growth
mechanism to explain what we observed in the AFM images.
Monitoring Aqueous Mn2+ Concentrations Providing

the Pathways of Mn (hydr)oxide Formation at Varied IS.
To explore the influence of IS for saturation conditions and
nucleation rates of Mn (hydr)oxide in solution, aqueous Mn2+

concentration changes under varied IS at the same initial pH
were investigated. The ICP-OES results indicate the fastest
decrease of Mn2+ (aq) concentration under the 1 mM IS
condition (Figure 4A). From ICP-OES data, the measured
Mn2+ (aq) concentration is the net result of the initial Mn2+

(aq) concentration of 0.1 mM minus the Mn2+ (aq) consumed
by Mn (hydr)oxide nucleation. The larger decrease in Mn2+

(aq) suggests a faster homogeneous nucleation rate in a
solution. In this approach, autocatalytically nucleated Mn
(hydr)oxide particles on previously formed Mn (hydr)oxide
particles in solution were counted as homogeneous nucleation
because the system is too dynamic to separate them.1 Within 10
min reaction, the 100 mM IS system had over twice as high an
Mn2+ (aq) concentration than the 1 mM and 10 mM IS
systems. When the reaction time was shorter, the differences in
the aqueous Mn2+ concentrations were greater. The ICP-OES
results suggest a higher consumption by Mn (hydr)oxide
homogeneous nucleation under 1 mM IS condition (i.e., higher
supersaturation ratio) than that under the 100 mM IS
condition. This can imply 1 mM IS and 10 mM IS condition
had higher supersaturation ratios compared to 100 mM IS.21

For more direct confirmation of the presence of different
supersaturation ratios and homogeneous nucleation rates at 1
mM and 100 mM IS, we conducted in situ SAXS experiments.
Both systems had similar radii of gyration, ∼25 nm. The SAXS
intensity (Figure 4) showed that the 1 mM IS condition had
more homogeneous nucleation than the 100 mM IS system. In
particular, at 1 mM IS, a significant increase of intensity can be
observed over 60 min as the scattering vector q range increases
from 0.008 Å−1 to 0.03 Å−1. In contrast, for the 100 mM IS
system, the intensity did not show any discernible difference
during the 60 min reaction period. In Figure S15, the calculated
invariants, Q, which are proportionally related to the total
particle volumes detected by X-ray in relative units,27 showed
an increasing total particle volume at 1 mM IS with increasing
reaction time. However, at 100 mM IS, there was no significant
change during 1 h. The ratio of homogeneously precipitated
particles detected by X-ray scattering at 1 mM IS compared to
those at 100 mM IS was 1.2:1 at 5 min (pH 9.6 and 9.9,
respectively) and 2.5:1 at 60 min (pH 7.3 and 8.1, respectively).
From this result, we can infer a higher number concentration of
homogeneously nucleated and grown particles for the 1 mM IS
condition than for 100 mM IS. The monitored results of ICP-
OES and SAXS strongly support our hypothesis that IS
controls the supersaturation ratio and nucleation rate of Mn
(hydr)oxide as well.
Structural Matches between Nucleated Particles and

the Substrate. To explain the potential mechanisms for the
different behaviors of heterogeneous nucleation and growth of
Mn (hydr)oxide in varied IS systems, we applied CNT (eq
3).51 The CNT discussion in this study considered Mn(OH)2

(s) as the initial nucleating particle phase based on the phase
analysis and the discussion in the Supporting Information (S7).
As confirmed by ICP-OES and SAXS measurements, the varied
IS controls the supersaturation of Mn(OH)2 (s), which is
related to the change in Mn(OH)2 (aq) concentrations. Based
on CNT, at each supersaturation ratio, the fastest heteroge-
neous nucleation occurs between nucleating particles and the
substrate at a certain contact angle, θ. In other words, for each
supersaturation ratio, there is an optimum value of θ that gives
the fastest heterogeneous nucleation rate. Therefore, at each
supersaturation ratio, the structural match can be calculated by
making the nucleation rate fastest in eq 3. Based on our
experimental system, the calculated m, f, and f″ at each
saturation condition (σ) from eq 3 are shown in Figure 5.

Using the initial activities of OH− (aq) and Mn2+ (aq), the
supersaturation ratios were calculated with respect to Mn-
(OH)2 (s) in Table S6. For Mn(OH)2 (s), the supersaturation
ratios are respectively 9.2 and 6.8 for 1 mM and 100 mM IS.
The calculated m values of these points are 0.65 and 0.70 for 1
mM and 100 mM IS systems, respectively. Figure 5 shows that
at 100 mM IS, heterogeneous nucleation has a better structural
match with the substrate than that at 1 mM IS. The slower
nucleation rate can result from the 100 mM IS system ( f = 0.06
and f″ = 0.15) because of lower f and f″, than those at the 1
mM IS system ( f = 0.08 and f″ = 0.18).51 CNT analyses also
suggest that the incubation time of nucleation for the 100 mM
IS system can be longer than for the 1 mM IS system (eq S7),
because the nucleation rate is inversely proportional with
nucleation incubation time.51

Based on CNT and the faster Mn2+ (aq) concentration
decrease at 1 mM IS, more homogeneous nucleation in
solution and less heterogeneous nucleation on quartz would
occur at 1 mM IS than at 100 mM IS. After the steep decrease
of Mn2+ (aq) concentration caused by nucleation and oxidation
of Mn(OH)2 (aq), the supersaturation ratio might be lower
than the initial supersaturation ratio. This lowered saturation of
the 1 mM IS system can induce heterogeneous nucleation on
the substrate in the later stages of reaction, as shown in AFM
images of 1 mM IS system (Figure S4C and D). It explains why
many small individual particles on the quartz substrate can be

Figure 5. Plot of f, f″, and m versus 1/[ln(σ)]2 from calculating the
optimum values of m, which has the fastest nucleation rate from
enhanced classical nucleation theory, eq 3, x = 1000, γcf Ω2/3/kT =
1.55.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b02819
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02819/suppl_file/es5b02819_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02819/suppl_file/es5b02819_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02819/suppl_file/es5b02819_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02819/suppl_file/es5b02819_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b02819/suppl_file/es5b02819_si_001.pdf
http://dx.doi.org/10.1021/acs.est.5b02819


seen in AFM images between 30 and 60 min for the 1 mM IS
system.
Under the 100 mM IS condition, heterogeneously nucleated

particles did not aggregate on the substrate, and there was
uniform particle distribution during the 60 min reaction (Figure
2). In addition, greater coverage of the substrate by
heterogeneously nucleated Mn (hydr)oxide was observed
with 100 mM IS than with 1 mM IS. The better structural
match at lower saturation (100 mM) at the initial stage can also
explain the heterogeneous nucleation and further nucleation of
Mn (hydr)oxide on top of the heterogeneously nucleated
particles observed under the 100 mM IS condition. Under the
100 mM IS condition, Mn (hydr)oxide particles may better
follow the structure of the quartz substrate and nucleating Mn
(hydr)oxide particle than in the 1 mM and 10 mM conditions.
Therefore, the coverage of the substrate by heterogeneously
nucleated particles becomes higher at 100 mM IS than at 1 mM
and 10 mM IS because smaller strain and stress induce more
stable bonding with quartz.56 The less favorable bonding
between quartz and nucleating particles in the 1 mM and 10
mM IS conditions promotes more attachment among
prenucleated clusters or nucleation on the heterogeneously
nucleated Mn (hydr)oxide than on the quartz substrate,
minimizing the contact area with quartz substrates. However,
the nucleated Mn (hydr)oxide particles on top of heteroge-
neously nucleated Mn (hydr)oxides on quartz can aggregate
with neighboring particles more easily than individual
heterogeneously nucleated particles because they are grown
on top of the same or similar Mn (hydr)oxide lattice structure.
In sum, the CNT discussion, AFM measurements, and

monitored aqueous Mn2+ concentrations suggest that the low
saturation of the 100 mM IS condition can have favor
heterogeneous nucleation and a better structural match at the
Mn (hydr)oxide−quartz interface because of longer induction
time of heterogeneous nucleation (eq S7) and thus a slower
heterogeneous nucleation rate than that under the 1 mM IS
condition. Therefore, in 100 mM IS condition, we can
qualitatively infer a higher ratio of heterogeneous to
homogeneous nucleation than that in 1 mM IS. Nevertheless,
homogeneous nucleation is still more dominant than
heterogeneous nucleation in both 1 mM and 100 mM IS
conditions, based on the comparison between ICP-OES results
after 1 h reaction (70 μM and 60 μM at 1 mM and 100 mM IS,
respectively) and the approximately calculated concentration of
heterogeneously nucleated Mn (hydr)oxide (10 μM) (S21 in
Supporting Information).
Environmental Implications. Our finding has significant

implications for many Mn-contaminated environmental sys-
tems in which we seek to decrease Mn2+ (aq) concentration,
such as acid mine drainage (AMD),45 well water contamination
in North Carolina,57 and groundwater contamination by natural
leaching from organic matter.58 Specifically, in AMD
remediation sites, to decrease Mn2+ (aq) concentration, high
pH (>10) is required. Many AMD sites use lime or limestone
as an active AMD treatment.39−41 The use of lime to induce
high pH conditions (>pH 10) can increase IS to 90 mM−240
mM as well.43,59 As discussed in this study, along with pH, IS
change brings significant differences in heterogeneous
nucleation on quartz, and nucleation affects remediation
performance at AMD sites. For example, at 100 mM IS, quartz
was almost completely covered by Mn (hydr)oxide nano-
particles with ∼5 nm individual particle size. At 1 mM IS, the
unevenly distributed aggregates have larger lateral and vertical

dimensions than 100 nm, and 20 nm, respectively. Therefore,
nucleation of Mn (hydr)oxide can create a much larger surface
area on minerals under 100 mM IS conditions. The increased
reactive surface area could also affect the reactivity of inherent
mineral surfaces present in AMD sites. Furthermore, nucleated
Mn (hydr)oxides can armor lime or other chemicals, used for
increasing pH in AMD remediation, and can hinder the
dissolution of chemicals in remediation sites.60 While there
might be differences in the extents of homogeneous and
heterogeneous nucleation between specific field systems and
our experimental system due to different pH conditions and
aqueous complexations, our general conclusion that a more
even distribution and larger number concentration of
heterogeneously nucleated particles will occur in higher IS
conditions due to the lower supersaturation condition is valid.
Therefore, this improved understanding of the nucleation
behaviors of Mn (hydr)oxide under varied IS will help us to
understand and remediate Mn-rich sites.
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