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ABSTRACT: In order to properly evaluate the ecological and human health
risks of ZnO manufactured nanomaterials (MNMs) released to the environment,
it is critical to understand the likely transformation products in various
environments, such as soils, surface and ground waters, and wastewater treatment
processes. To address this knowledge gap, we examined the transformation of 30
nm ZnO MNMs in the presence of different concentrations of phosphate as a
function of time and pH using a variety of orthogonal analytical techniques. The
data reveal that ZnO MNMs react with phosphate at various concentrations and
transform into two distinct morphological/structural phases: a micrometer scale
crystalline zinc phosphate phase (hopeite-like) and a nanoscale phase that likely
consists of a ZnO core with an amorphous Zn3(PO4)2 shell. The P species
composition was also pH dependent, with 82% occurring as hopeite-like P at pH
6 while only 15% occurred as hopeite-like P at pH 8. These results highlight how
reactions of ZnO MNMs with phosphate are influenced by environmental variables, including pH, and may ultimately result in
structurally and morphologically heterogeneous end products.

■ INTRODUCTION

Manufactured nanomaterials (MNMs) are increasingly being
employed in consumer products such as pharmaceuticals,
cosmetics, and electronics, exploiting their novel physical and
chemical properties.1,2 The commercialization of nanotechnol-
ogy is expanding rapidly and is expected to be a $1 trillion (U.S.
dollars) industry by 2015.3 However, MNMs can enter the
environment during their manufacturing, transport, use, and
disposal and several studies have demonstrated that MNMs will
be released into wastewater streams during their use from
consumer items, such as textiles and personal care products.4−6

Life-cycle inspired material flow analysis has indicated many
MNMs will partition to biosolids during wastewater treatment
and that soil will be a primary repository for MNMs in areas
where biosolids are land applied.2,6 Other possible routes of
environmental exposure are by direct application of MNMs to
agricultural fields as agrochemicals,7,8 or direct release to
surface waters from personal care products such as sunscreens9

or as wastewater treatment effluents.2 The potential risks to
environmental and human health posed by MNMs deposited
into aquatic and terrestrial ecosystems in this manner are not
fully understood.
Once discharged into the environment, MNMs will be

subjected to dynamic physical and chemical conditions, which
will result in transformation to largely unknown end products.10

For example, several studies have shown that silver (Ag)
MNMs are readily transformed to Ag2S during the wastewater
treatment process and Ag2S nanoparticles have been found in
wastewater effluent and sludge in a pilot wastewater treatment
plant,11 as well as in field sample sewage sludge.12 However, the
structure, morphology, and mobility of Ag2S may differ in
biosolids receiving Ag+ as compared to Ag MNMs.13 Recently,
two studies reported that ZnO MNMs rapidly transformed to
ZnS and Zn3(PO4)2 during anaerobic digestion of wastewater
and post-treatment processing of sewage sludge.14,15 These
transformations are expected to dramatically alter the
fundamental properties of the MNMs and will likely impact
their bioavailability, toxicity, and mobility in terrestrial
ecosystems. Therefore, characterizing the nature and mechan-
sims of these transformations is essential in assessing the
potential risk to the environment.16

Zinc oxide nanoparticles are among the highest volume
MNMs used in consumer products due to their widespread use
in semiconductors, pharmaceuticals, paints, personal care
products, and sunscreens.17−20 Modeling efforts predict ZnO
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MNMs will be present in wastewater treatment plant effluent in
the United States at concentrations of between 0.22 to 0.74 μg
L−1 potentially posing a toxicological risk to aquatic
organisms.17,20 Additionally, Gottschalk et al.20 estimated that,
based on usage, the concentration of ZnO MNMs in biosolids
increased from 2 μg kg−1 to 22 μg kg−1 in sludge treated soil
between 2005 and 2012, an increase of an order of magnitude
in seven years.20 Furthermore, ZnO MNMs are being explored
for direct application to agricultural fields as a Zn amendment.8

The bioavailability and toxicity of ZnO MNMs discharged into
terrestrial ecosystems via this pathway is not well understood.
Phosphates are a major constituent of wastewater.

Phosphorus input to municipal wastewater has increased
since 1950 as a result of the use of laundry detergents,
household cleaning products, cosmetics, and medicated
shampoos.21 A recent study revealed that the interactions
between ZnO MNMs and different concentrations of
phosphate resulted in the transformation of ZnO MNMs into
Zn3(PO4)2.

22 However, this study was conducted at neutral pH,
but wastewater pH varies mainly between 6 and 8,23 leaving a
knowledge gap regarding the influence of pH on the final
product and the transformation processes. In this study, we
evaluated the transformation process at different pH values,
(both acidic and alkaline conditions), over different time
periods (ranging from 24 h to 7 d), and characterized the
transformation products (aged MNMs) more extensively using
a variety of analytical techniques. Characterization techniques
included: X-ray absorption near edge structure (XANES)
spectroscopy, X-ray diffraction (XRD), 31P nuclear magnetic
resonance (NMR) spectroscopy, and transmission electron
microscopy-energy dispersive spectroscopy (TEM-EDS). The
results revealed that the chemical speciation and physical form
of the reaction products are dependent upon pH, phosphate
concentration, and reaction time. These details should enable
better prediction of the transformation of ZnO MNMs in a
variety of environmental release scenarios where they are likely
to encounter high phosphate concentrations at varying pH
values.

■ METHODS AND MATERIALS
Dispersion and Initial Characterization of ZnO MNMs.

Uncoated ZnO-Nanosun MNMs with a nominal particle
diameter of 30 nm were donated by a commercial producer
(Micronisers, Melbourne, Victoria, Australia). The ZnO MNMs
were dispersed in the various reaction solutions at 100 mg L−1

concentration by continuous ultrasonication using a probe
sonicator in an ice bath for 1 min (Misonix, Newtown CT,
U.S.A.). This concentration was chosen to be as low as possible
while allowing for sufficient material to be collected for
subsequent analyses. Samples were dispersed inside 50 mL
polypropylene centrifuge tubes delivering about 2150 J during
each sonication treatment. Mean hydrodynamic diameters and
electrophoretic mobilities of the MNM suspensions were
measured using a Nano-ZS zetasizer (Malvern, Worcestershire,
U.K.). Primary particle size was measured by TEM by drying
the particles on 200 mesh Formvar/carbon coated Cu TEM
grids (Ted Pella, Redding, CA) and the diameters of 100
randomly selected individual particles were quantified with
ImageJ software (http://rsb.info.nih.gov/ij/).
Aging with Phosphate. To examine transformations over

a pH range typical of wastewaters, 0, 5, 10, 50, 150 mg L−1

Na2HPO4 solutions were adjusted to pH 6 ± 0.2 or pH 8 ± 0.2
with HCl and NaOH. Then, ZnO MNMs were dispersed in the

phosphate solutions at a concentration of 100 mg L−1 and
incubated at 25 °C ± 0.1 on a shaker for 24 h, 72 h, or 7 d.
Following incubation, an aliquot was removed each sample to
measure the mean hydrodynamic diameter, pH, and electro-
phoretic mobility of the aged particles. Samples were then
centrifuged at 3250g for 2 h to separate the solid fraction
(particle size >10 nm for ZnO) from the supernatant. The
separated solids were lyophilized and stored at room temper-
ature for analysis. Supernatants were acidified to 0.15 M HNO3
for analysis of dissolved Zn concentrations by inductively
coupled plasma mass spectrometry (ICP-MS).

Dissolved Zn Analysis. Dissolved Zn2+ concentrations in
the supernatants were quantified using an Agilent 7500cx ICP-
MS (Santa Clara, CA, U.S.A.). Analytical runs contained
calibration verification samples, duplicate dilutions, and spike
recovery samples. Spike recovery averaged 97.7 ± 6.9% (n = 4)
and the mean relative percent difference (RPD) between
duplicate dilutions was 1.0 ± 2.5% (n = 4). Three replicates
were prepared for all treatment combinations. Visual MINTEQ
was used to predict the thermodynamic speciation and
solubility of ZnO as a function of phosphate concentration
and pH.

Synchrotron-Based X-ray Absorption near Edge
Spectroscopy (XANES). Lyophilized powders were ground
with a mortar and pestle and homogeneously distributed onto
Kapton or cellophane tape for analysis by X-ray absorption near
edge spectroscopy (XANES), eliminating presence of any
particles larger than 1 absorption unit thickness at the Zn K-
edge (47 μm). Zinc K-edge XANES spectra were collected at
beamline X-26A of the National Synchrotron Light Source,
Brookhaven National Laboratory (Upton, NY, U.S.A.). The
beam was focused to a spot size of approximately 10 × 10 μm2,
as previously described.24 XANES spectra were collected in
transmission mode by scanning the monochromator from 9600
to 9800 eV. Layers of tape coated with samples and standards
were stacked to achieve samples that were 1 ± 0.3 absorption
units and to eliminate any pinholes or voids in the samples.
ZnO MNM and hopeite were used as standards since hopeite
was the only transformation product predicted at these pH
values and solution compositions by Visual MINETEQ. The
energy range was scanned as follows: 9600−9645 eV in 5 eV
steps, 9645−9710 eV in 0.3 eV steps, 9710.5−9726 eV in 0.5
steps, and 9726−9800 eV in 0.5 eV steps. The XANES spectra
were processed and analyzed using the Athena software
package.25 After normalization, linear combination fits
(LCFs) were performed using ZnO MNM and Zn3(PO4)2 as
standards. A Zn foil was regularly used to perform energy
calibration of the spectra. We verified the quality of the fits by
analyzing standards containing known proportions of ZnO and
Zn3(PO4)2 performing LCFs.

X-ray Diffraction (XRD). Powder XRD analysis of aged
particles performed using an X’Pert PRO MPD (PANalytical,
B.V., Almelo, Netherlands) diffractometer using a Cu Kα (λ =
0.154 nm) radiation source in the 2θ scanning range of 2−60°.
The XRD patterns were refined according to the high score
method with the material analysis using the diffraction (v.3.0.5)
software package.26 Crystalline phases were identified by
comparing experimental data with JCPDS files from the
International Center for Diffraction Data (PDF files 01-071-
6424 and 00-037-0465).

Solid State 31P Nuclear Magnetic Resonance (NMR).
Samples of 100−200 mg were packed into 5 mm zirconia NMR
rotors. 31P magic angle spinning (MAS) spectra were collected
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at 162 MHz for 31P (400 MHz for 1H) in a 5 mm HX
Chemagnetics-type probe using a Varian Inova spectrometer
(Santa Clara, CA, U.S.A.). Unbiased spectra of all 31P sites were
collected via direct polarization (DP) of 31P using a 5 μs 90°
excitation pulse, 80 ms data acquisition with 1H decoupling at
50 kHz,27 and a 100 s delay between scans, unless otherwise
noted. Spectra collected at MAS speeds of 3, 4, 5, and 6 kHz
were used for measurement of spinning sideband intensities.
These were used to calculate the principal values of the 31P
chemical shift tensors for each spectral component via
Herzfeld-Berger analysis using the software of K. Eichele.28,29

Averages of the principal values obtained at three different MAS
speeds are reported in Table S1 (see Supporting Information,
SI, Table S1). All 31P chemical shifts are quoted relative to
phosphoric acid (≥85% Fisher Scientific, A260−500) which
was run separately, nonspinning. Spectra obtained at spinning
speeds of 6 kHz were used for deconvolution of contributing
signals, using Agilent’s VnmrJ 3.2 software.
Spectra emphasizing 31P sites near to 1Hs were obtained with

signal enhancement via ramped cross-polarization (CP) from
1H at a CP field of 50 kHz for 1H,30 and 1H TPPM2 decoupling
at 50 kHz during the 80 or 50 ms acquisitions.27 The delay
between scans was 20 s. The CP contact time was varied from
0.1 to 18 ms in 12 steps to characterize polarization buildup
and decay at the different 31P sites due to 1H−31P cross
relaxation and 1H T1H,ρ. Signal amplitudes were fit with the
expression A = Mo(1 − e−t/τcp)e−t/T1H,ρ where τcp is the
characteristic time of the buildup of 31P magnetization based on
CP from 1H and T1H,ρ is the 1H rotating frame longitudinal
relaxation time at a CP field strength of 50 kHz (as used
here).31

■ RESULTS AND DISCUSSION

Solubility of MNMs in Phosphate Solutions. Measure-
ments of supernatants revealed that the concentrations of
dissolved Zn2+ in the supernatants after 24 h were 23.4 mg L−1

and 18.8 mg L−1 for the pH 6 and 8 treatments, respectively
(Figure 1). Concentrations of Zn2+ decreased both over time
and with increasing phosphate concentration at both pH 6 and
8, providing evidence for transformations of the ZnO that
decreased their solubility. The Zn2+ concentrations after 72 h
and 7 d at both pH 6 and 8 were near concentrations predicted
at thermodynamic equilibrium, as modeled using Visual
MINTEQ, suggesting a rapid chemical transformation. The
results of our modeling efforts suggest that the dissolution of
ZnO MNMs results in an over saturation of Zn2+ with respect
to a solid phase of Zn3(PO4)2.4H2O (hopeite) at both pH 6

and pH 8. There was a slight increase in pH values of around
0.1−0.5 pH units between initial and final pH values
irrespective of aging duration, or phosphate concentration.
The one exception is at the highest phosphate concentration in
the pH 8 treatment, where there was an increase of nearly 1 pH
unit (SI Figure S1). This is likely due to the dissolution of ZnO,
which is a proton consuming process.

XANES Data. Linear combination fit analysis of Zn K-edge
XANES spectra for the solid phases formed during incubation
suggest that the ZnO MNMs and phosphate reacted to form
Zn3(PO4)2 in various proportions (Figure 2, SI Figures S2 and

S3). Since XANES is not sensitive to crystal structure, this
could be hopeite or anhydrous Zn3(PO4)2. The proportion of
Zn3(PO4)2 formed was a function of pH, phosphate
concentration, and reaction period. Aging at pH 6 with higher
phosphate concentrations for longer reaction times yielded a
greater proportion of Zn3(PO4)2 (Figure 2). At lower
phosphate concentrations (5 mg L−1), less than 30% of Zn is
present as Zn3(PO4)2 at both pH values. However, at 150 mg
L−1 phosphate, more than 60% of Zn is present as Zn3(PO4)2 at
pH 6 regardless of reaction time, which is consistent with the
decrease in solubility predicted by the modeling data at
different phosphate concentrations. However, the pH 8
treatment had 30% or less Zn3(PO4)2, even at 150 mg L−1

phosphate in the aging solution, which is less Zn3(PO4)2 than
what would be predicted at equilibrium. Linear combination fits
of standards containing known proportions of ZnO and
Zn3(PO4)2 resulted in calculated proportions that were in
good agreement with known proportions (SI Figure S2) and

Figure 1. Concentrations of dissolved Zn2+ as a function of phosphate concentration, pH, and time. Each value represents the mean of three
replicates with standard deviation shown by error bars.

Figure 2. The quantitative distribution of aged material between ZnO
and Zn3(PO4)2 estimated from linear combination fit (LCF) analysis
of X-ray near edge spectra (XANES) of manufactured ZnO
nanoparticles aged in pH 6 (a) or pH 8 (b).
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excellent linear combination fits were also obtained for the
unknown samples with R-factors that were similar to those of
the standards (SI Figure S3) .
XRD Data. XRD analysis revealed sharp, intense diffraction

peaks at 2θ = 31.7, 34.4, and 36.1 in all aged MNM samples
(Figure 3), which are characteristic of the presence of pristine

crystalline hexagonal ZnO MNMs (pdf 01-071-6424). In
addition to ZnO, at pH 6 orthorhombic hopeite is indicated
by peaks at 2θ values of 9.6, 16.6, 17.3, 18.2, 19.3, 20.08, 22.18,
26.17, 31.69, and 46 (pdf 00−037−0465). Surprisingly, at pH 8
we did not observe evidence of crystalline anhydrous
Zn3(PO4)2 or hopeite in any of the XRD data (Figure 3).
Since XANES can detect amorphous or crystalline phases, while
XRD is only sensitive to crystalline phases, this indicates that
the Zn3(PO4)2 formed at pH 8 is amorphous.
Every recognizable peak in the pH 6 and pH 8 treatments

corresponded to a peak present in either the hopeite,
anhydrous Zn3(PO4)2 or ZnO patterns. There were a few
peaks present in the pattern for the hopeite standard that are
not typically present in hopeite powder XRD patterns (see SI
Figure S4 for a reference hopeite powder XRD pattern). This
indicates that impurities were present in our commercial
hopeite standard and that these peaks can be disregarded.
Surface Charge of the Aged Particles. The zeta

potentials calculated from electrophoretic mobility data are
shown in Figure 4. These data reveal that at both pH values,
zeta potential decreases and becomes asymptotic at about −70
mV at phosphate concentrations greater than 50 mg L−1. This
indicates that as phosphate concentration increases, surface
charge becomes increasingly negative at both pH 6 and pH 8
(Figure 4). This could be due to surface sorption of phosphate
onto ZnO or due to complete transformation to Zn3(PO4)2.
The point of zero net charge for hopeite is estimated to be pH

4.9.32 Such an increase in net negative surface charge may
stabilize the particles in aqueous environments.

Size of the Aged Particles. TEM analysis of the unaltered
ZnO MNMs used in this study revealed that individual particles
were 34.2 ± 6.8 nm in diameter. The z-average (intensity
weighted) diameter of the particles as measured by dynamic
light scattering (DLS) in DI water was 243 ± 20 nm, indicating
that at least some aggregates were present.TEM micrographs of
aged particles revealed the presence of two distinct particle
morphologies (Figure 5): a micro sized phase with a mean
diameter of 1.4 ± 0.6 μm and a nano sized phase with a mean
diameter of 29.5 ± 9.1 nm. EDS of the micro sized phase (SI
Figure S5) indicated a ratio of P:Zn of 0.35 (mass basis) which
is consistent with the stoichiometry of Zn3(PO4)2·4H2O, where
P:Zn = 0.32. The EDS data of the nanosized phase revealed a
P:Zn ratio of 0.06. No P was detected in EDS spectra collected
from the pristine ZnO MNMs. The mean diameter 29.5 ± 9.1
nm of the nano phase as determined from the TEM images
(Figure 5) is similar in size to the pristine ZnO MNMs. Taken
together, the zeta potential data, the TEM images, solubility
data, the XRD data, the XANES data, and the EDS data
characterizing the nano phase suggests the formation of a
ZnO−Zn3(PO4)2 core−shell structure. For example, the surface
chemistry and solubility of this phase was nearly identical to
Zn3(PO4)2; however, the XRD and XANES data clearly
indicate the presence of crystalline ZnO in the structure in
addition to Zn3(PO4)2. The EDS data indicate that there is not
enough P present for it to be pure Zn3(PO4)2 and neither
hopeite nor anhydrous Zn3(PO4)2 peaks appear in the XRD
patterns.

NMR Data. 31P Solid-State NMR (SSNMR) spectra of
samples aged at pH 6 or pH 8 in 150 mg L−1 phosphate for 72
h are compared in Figure 6. The numbers and intensities of
spinning side bands extending at 4000 Hz (24.7 ppm) intervals
in both directions reflects the anisotropy of the different signals
(left side of Figure 6), while the isotropic chemical shifts of the
different components of each sample are distinguished in a
horizontal expansion of the central region (right side of Figure
6). The spectrum of a sample of hopeite (Zn3(PO4)2·4H2O) is
included in both panels for comparison.
Deconvolution and simulation of the spectrum of material

aged at pH 6 revealed that the material is dominated by two
species: the signal at 8.0 ppm accounts for 18% of the 31P in the
material while the signal at 4.3 ppm accounts for 82% of the
material. Material aged at pH 8 required consideration of four

Figure 3. X-ray diffraction patterns for manufactured ZnO nano-
particles (a), particles aged at 150 mg L−1 phosphate for 72 h at pH 8
(b) and pH 6 (c) anhydrous Zn3(PO4)2 (d) and hopeite (e). Dashed
lines have been added to show that all peaks in the aged samples
correspond to peaks in either the ZnO or hopeite standards. The black
arrows indicate peaks that should not be present in the hopeite
standard (see reference XRD pattern in SI) and are probably due to
impurities in the reference hopeite standard.

Figure 4. Zeta potential of manufactures ZnO nanoparticles aged at
pH 6 (a) or pH 8 (b) as a function of phosphate concentration. Each
value represents the mean of three replicates with the standard
deviations shown by error bars.
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Figure 5. TEM images of pristine ZnO MNMs (a) and MNMs aged in 150 mg L−1 phosphate concentration for 72 h at pH 6 (b) at pH 8 (c).

Figure 6. Comparison of 31P nuclear magnetic resonance spectra of hopeite with materials aged at pH 6 vs at pH 8 in 150 mg L−1 phosphate. Spectra
shown were obtained at a magic angle spinning speed of 4 kHz with direct polarization of 31P and 1H decoupling (TPPM2 at 50 kHz) during 80 ms
acquisition times at room temperature with delays of 100 s between scans for hopeite and the material aged at pH 6 but 200 s for the material aged at
pH 8.

Figure 7. Effect of 1H decoupling and cross-polarization on manufactured ZnO nanoparticles aged at pH 6 or pH 8. 31P spectra were collected
following direct polarization (left panel) or cross-polarization from 1H for the time shown (right panel) prior to signal collection with 1H decoupling
(right panel) or decoupling as indicated (left panel). DP spectra were collected at 6 kHz MAS with 100 s delays between scans and acquisition times
of 80 ms for material aged at pH 6 and hopeite, but 50 ms of data acquisition for material aged at pH 8. CP spectra were collected with 20 s delays
between scans and acquisition times of 80 ms for material aged at pH 6 and 50 ms for hopeite and material aged at pH 8.
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species. These are not species in the sense of mineral phases. As
indicated in the XRD data, the only phase with long-range
order at pH 8 is ZnO. They are different chemical
environments in which P is found. Three broad components
centered at 10.6, 7.9, and 5.4 ppm were obtained accounting for
10%, 4%, and 27% of the 31P in the material, respectively. A
sharper signal was obtained at 4.5 ppm accounting for 15% of
the 31P in the material. The latter is most likely due to hopeite-
like sites since not only its isotropic chemical shift, but even its
three principal values agreed qualitatively with those of hopeite
(δ33 in particular proved diagnostic, see SI Table S1). It is not
surprising that the three spectra do not produce signals at
identical chemical shifts, since the 31P signals of phosphate are
responsive to pH33 and the two aged particles were isolated
from different pH values, while the pH at which the hopeite
sample was isolated is not known. Thus, the NMR spectra
indicate that material aged at pH 6 is 82% hopeite-like, while
only 15% of the material aged at pH 8 is hopeite-like, in
agreement with the XRD and XANES findings.
The dynamics of CP from 1H to 31P and decay of the 31P

signal provide additional qualitative information on the
proximity of 1H to the different 31P sites and thus insight
into the environment in which different 31P species exist in the
different materials. In both the pH 6 and pH 8 aged materials
from 150 mg L−1 phosphate, the species with the chemical shift
of 4.3−4.5 appears closer to more 1H since this signal acquires
intensity from 1H faster than the signal near 8 (Figure 7, right
side). The signal near 4.3−4.5 ppm is also the feature that is
stronger in spectra obtained using CP than in spectra obtained
using DP. This conclusion is supported by the effect of 1H
decoupling. Decoupling significantly sharpens the signal near 4
ppm but has a very modest effect on the signal near 8 ppm
(Figure 7). Thus, we assign the signal near 4 ppm to 31P nearer
to more 1H.
The slow decay of the hopeite signal produces better

separation of the growth and decay with the result that the
growth is more complete when the signal reaches maximal
intensity. In contrast, for the 4.3−4.5 ppm signals from the aged
MNM, decay has already had a significant impact on the signal
intensity at the time we observe maximal signal intensity, so the
actual full intensity is not observed, and the half-time for signal
development is later than it appears. Thus, fits to the data
indicate that the 4.3−4.5 ppm signal in MNM aged at pH 6 in
fact has a buildup time similar to that of hopeite (SI Table S1).
However, the aged MNM signal at 4.3−4.5 ppm decays more
rapidly than that of hopeite under cross-polarization, in
behavior that is also clearly distinct from the slower decay of
the signals near 8 ppm. We speculate that this reflects a lower
amount of water in the hopeite sample overall, which is
relatively homogeneous. In the aged MNM, we speculate that
the 31P sites near 1H (4 ppm) experienced enhanced relaxation
due to spin diffusion from a bath of 1H not directly connected
to 31P sites and therefore not contributing efficiently to cross-
polarization. This suggests the possibility that the signal near 4
ppm represents a shell exposed to exterior water, whereas the
signal near 8 ppm represents 31P with less access to the
proposed bath.
Environmental Implications. This study reveals that pH,

phosphate concentration, and reaction time are influential in
determining the final speciation, structure, and morphology of
ZnO MNM transformation products. At pH 6, ZnO MNM
dissolution is enhanced, with the dissolved material reprecipi-
tating as hopeite, consistent with previous studies.22 For ZnO

MNMs aged at pH 8, XANES, and 31P NMR data clearly
indicate a relatively small amount of Zn3(PO4)2 is formed
compared to the pH 6 treatment. The XRD data do not
indicate the presence of crystalline anhydrous Zn3(PO4)2 or
hopeite in pH 8 aged treatments, which we conclude indicates
that the Zn3(PO4)2 that forms in the pH 8 treatment is poorly
ordered (amorphous). The NMR data further confirm that the
phosphates in the pH 8 treatment are a mixture of four different
species with a minor contribution from hopeite-like species. We
speculate that after phosphatation of the surface of the pristine
MNMs, the ZnO core is protected by the Zn3(PO4)2 shell,
slowing further dissolution. This suggests that although
Zn3(PO4)2·4H2O is predicted at thermodynamic equilibrium
at both pH values, complete transformation is kinetically
limited, and limited by the formation of an insoluble shell in the
pH 8 treatment.
Due to the low solubility of Zn3(PO4)2 (Ksp ≈ 9 × 10−33),

dissolution of both pH 6 and pH 8 end products in the
environment will be limited, limiting the potential for toxicity
caused directly by released Zn2+. The potential toxicity of ZnO/
Zn3(PO4)2 core−shell structures is unknown. Our previous
studies and those of others did not detect ZnO in sludge from
experimental wastewater treatment plants, suggesting the core−
shell structure would not be present;14,15 however, there are
other potential routes of ZnO MNM introduction to the
environment such as use as a fertilizer or use in sunscreens
where the core−shell product may be more relevant.8,34

Toxicity testing of these materials would be prudent given
their possible occurrence in the environment under certain
conditions. It is important to point out that the ZnO/
Zn3(PO4)2 core−shell structures would only likely be formed
from ZnO nanoparticles and not from dissolved Zn or bulk
ZnO. Further studies examining transformations of the ZnO/
Zn3(PO4)2 core−shell structures in soils, sediments, and surface
water are also needed. These results highlight the complexity of
potential environmental transformations of ZnO and the
sensitivity of the transformation process to environmental
variables. Finally, this study shows the need for a variety of
approaches to probe not just the local electronic structure and
coordination environment of transformation products as
measured by XANES or other X-ray absorption techniques,
but also their morphological and structural characteristics at the
nanoscale, which could dictate subsequent environmental
behavior and toxicity.
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and tensors (δ11, δ22, and δ33), T1 relaxation times, cross-
polarization buildup times (τcp) and T1H,ρ relaxation times for
ZnO MNMs aged at pH 6 and pH 8 and standards (Table S1).
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