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Nutrient nitrogen (N) and phosphorus (P) recovery from wastewater is an important challenge for
enhanced environmental sustainability. Herein we report the synthesis and properties of mesoporous MgO
nanoparticles doped with copper (Cu), iron (Fe), and zinc (Zn) as an alternative low-solubility high-
abundance magnesium (Mg) source for crystalline struvite precipitation from nutrient-laden wastewater.
Undoped MgO was shown to have the fastest phosphate (PO,%") adsorption kinetics with a k» value of 0.9
g g mint at room temperature. The corresponding rate constant decreased for Cu-MgO (0.175 g g*
min™Y), Zn-MgO (0.145 g g* min™Y), and Fe-MgO (0.02 g g™* min™}). Undoped MgO resulted in the highest
PO,> removal at 94%, while Cu-MgO, Fe-MgO, and Zn-MgO resulted in 90%, 66% and 66%, respectively,
under equivalent reaction conditions. All dopants resulted in the production of struvite as the main product
with the incorporation of the transition metals into the struvite crystal lattice. X-ray absorption
spectroscopy (XAS) showed that the majority of the Cu, Fe, and Zn were primarily in the +2, +3, and +2
oxidation states, respectively. XAS also showed that the Cu atoms exist in elongated octahedral
coordination, while Fe was shown to be in octahedral coordination. Zn was shown to be in a complex
disordered environment with octahedral sites coexisting with the majority of the tetrahedral sites. Finally,
X-ray photoelectron spectroscopy data suggest a two-fold struvite surface enrichment with dopant metals,
Received 30th June 2020, with Cu exhibiting an interesting new local binding structure. The dopant concentrations utilized were
Accepted 27th August 2020 consistent with those found in natural Mg minerals, suggesting that (a) utilizing natural mineral periclase as
the Mg source for struvite production can result in struvite formation, albeit at the expense of the reaction
kinetics and overall yields, while also (b) supplying essential micronutrients, such as Zn and Cu, necessary

DOI: 10.1039/d0en00660b

rsc.li/es-nano for balanced nutrient uptake.

Environmental significance

High concentrations of phosphorous and nitrogen nutrients in agricultural wastewater lead to eutrophication of water sources, which adversely affects
aquatic ecosystems and results in greenhouse gas emissions. To sustainably capture and recycle these nutrients to agricultural systems, we studied the use
of nanostructured MgO as analogs for natural mineral-based Mg sources to produce struvite from wastewater. Undoped and Cu-, Fe-, and Zn-doped
nanostructured MgO samples were produced via a facile sol-gel synthesis method. The porosity and high surface area achieved without the use of any
support material allowed for enhanced transport of phosphate ions, leading to fast struvite formation kinetics for undoped MgO. The addition of transition
metals inhibited phosphate adsorption compared to the undoped MgO.
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unsustainably.” Both N and P are lost from agricultural
systems into the watershed, resulting in eutrophication that
causes greenhouse gas emission, restriction to freshwater,
and destruction of aquatic ecosystems.® Capturing nutrients
from any wastewater and reusing them in agriculture can be
viewed as an integral part of the circular economy. Nutrient-
rich municipal and industrial wastewater can contain
between 100 and 5000 ppm of total N and up to 1200 ppm of
total P.” Struvite (MgNH4PO,-6H,0) crystallization allows for
simultaneous removal of NH," and PO, from nutrient-laden
wastewater by forming a solid fertilizer material. Struvite is a
low-solubility mineral (pKsp = 13.36)° that exhibits slow
nutrient release properties.” The scientific literature on
struvite precipitation from wastewater chiefly focuses on the
use of water-soluble magnesium precursor salts, such as
magnesium chloride (MgCl,).>'® However, MgCl, production
from seawater or brine is energy-intensive and renders the
struvite  precipitation  process less environmentally
sustainable.'™'? Therefore, the use of low-cost and more
sustainable Mg sources is desired.

The use of earth-abundant low-solubility magnesium
sources for struvite crystallization, such as periclase
(Mg0),"*™"” magnesite (MgCO;),"'*" brucite (Mg(OH),),>° and
dolomite (CaMg(CO3),),>*>* has been recently reported in the
literature, resulting in up to 80% NH,' removal. These
minerals present an abundant and low-cost source of Mg for
struvite precipitation.”® Importantly, in contrast to using
MgCl, where homogeneous nucleation results in struvite
growth, a low-solubility magnesium mineral has to undergo a
heterogeneous surface reaction leading to struvite
crystallization. This results in unique reaction kinetics and
growth mechanisms as well as the reactive intermediates so
far explored to a limited extent>' A study using MgO
supported on diatomite™® investigated the effect of MgO
dispersion over a high surface area substrate and reported
faster kinetics than the microcrystalline MgO by virtue of the
measured higher pseudo-second-order reaction constant.'?
However, the use of mesoporous MgO without the use of a
support for struvite crystallization has not been widely
reported in the literature. Another facet of the heterogeneous
struvite crystallization problem is the effect of transition
metals commonly present in wastewater. Cu, Fe and Zn are
typically present in anthropogenic wastewater.”>*> There are
only a few studies on their effects on struvite formation
kinetics as well as the complex structure of the resulting
struvite.>* >’ For example, the effect of Cu and Zn present in
solution on struvite formation using MgCl, has been reported
as well as the adsorption of these metal ions on the formed
struvite product.>**° Using extended X-ray absorption fine
structure spectroscopy (EXAFS), Cu was shown to adsorb on
the struvite surface in four-fold coordination while Zn was
shown to exist in a mixed coordination environment with
more tetrahedrally coordinated Zn centers.”® However, the
effect on the struvite formation kinetics of transition metals
present in the heterogeneous MgO structure has not been
studied previously.

Environ. Sci.: Nano

View Article Online

Environmental Science: Nano

The current study aims to synthesize nanostructured low-
solubility MgO nanoparticles for struvite production to
accelerate the underlying reaction kinetics. We report that
mesoporous MgO can be fabricated as a nanostructured
material with high surface area and porosity without
requiring a support while also allowing fast intraparticle
diffusion and faster surface reaction rates due to the
increased number of adsorption sites. Furthermore, the
effects of transition metals present in these model MgO
nanoparticles on the kinetics, equilibrium concentrations
and product characterization are presented. Natural Mg
minerals contain up to 5% of transition metals such as Cu,
Zn, and Fe, and thus, utilization of natural Mg minerals or
transition metal-doped nanomaterials have significant
environmental implications for the global nutrient
cycles.’**  While previous reports have theoretically
demonstrated that the adsorption properties of the MgO
surface change with the addition of these metals,®® the
effects of these metals under struvite formation conditions
have not been reported previously. Utilization of mesoporous
MgO allows for the study of model systems analogous to
natural Mg minerals containing these transition metal
impurities. In this work, we report the use of synthesized
mesoporous MgO nanoparticles with Cu, Fe, Zn dopants for
struvite precipitation from simulated wastewater with the
objective of investigating the resulting changes in reaction
kinetics and product characterization.

Materials and methods
Synthesis of MgO nanoparticles (MgO NPs)

MgO NPs were prepared by a modified method previously
reported.’ An 8.7 mM Mg(NO;), solution was prepared by
adding Mg(NO;),-6H,0 (MilliporeSigma, 99%) to methanol
and heating until reflux temperature was achieved. A 17.4
mM NaOH solution was prepared in methanol and added
dropwise to the Mg(NOs), solution. After thirty minutes of
reaction at reflux temperature, the precipitate was collected
by centrifugation, washed three times using a 1:1 ratio of
ethanol/water solution, and dried at 80 °C overnight. The dry
solid was then calcined at 450 °C for 2 hours (2 °C min™"
ramp rate) in static air. Then, 0.5 g of the prepared MgO NPs
was mixed in 40 ml deionized water and stirred for 12 hours.
After stirring, the gel was separated and dried at 80 °C. The
sample was then calcined as described earlier to obtain the
final MgO NPs. Cu-MgO, Fe-MgO, and Zn-MgO samples
were prepared via the same method by adding the
appropriate metal nitrate with the Mg(NO3),-6H,0. The metal
nitrates used for the synthesis were copper(n) nitrate
trihydrate (MilliporeSigma, 99%), iron(ur) nitrate nonahydrate
(Acros, 98% ACS Reagent), and zinc(n) nitrate hexahydrate
(MilliporeSigma, 99%).

Struvite synthesis

Simulated NH,"- and PO,*"-containing wastewater samples
were prepared by adding 600 ppm of monoammonium
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phosphate, NH,H,PO, (MAP, 99.9%, Fisher Scientific) to 18.2
MQ cm™' deionized water (Millipore, USA). The 600 ppm
MAP solution represents PO,*” and NH,' values found in
municipal, animal and industrial wastewater’ while
maintaining the above 1:1 molar ratio needed for struvite
formation. MgO NPs or microcrystalline MgO was added to
500 mL of the simulated wastewater and stirred for up to 120
minutes. Aliquots of 1 mL were sampled periodically, filtered
through a 0.22 pum polyethersulfone filter, and analyzed using
ion chromatography (IC). The MgO concentrations used for
struvite synthesis were 100, 300 and 1000 ppm, which
correspond to molar [Mg**]: [NH,"]:[PO,*"] ratios of 0.48:1:
1, 1.44:1:1, and 4.8:1:1. [Mg*']:[NH,"]:[PO,* ] ratios of
0.5-1.5:1:1 have previously been tested and it was
concluded that lower ratios lead to a lesser N and P
adsorption/reaction.'®***° Therefore, a slight excess of Mg>"
was preferred in previous studies to circumvent this issue
and ensure efficient removal of N and P from the
solution.'”*® The microcrystalline MgO (MilliporeSigma,
99.9%) was used without further treatment.

MgO nanoparticle and struvite product characterization

The crystalline nature of all reactants and products was
confirmed using powder X-ray diffraction (pXRD, Empyrean,
PANalytical B.V.). The applied current was 40 mA and the
applied voltage was 45 kV. The X-ray mirror that was used
was a graded, flat Bragg-Brentano HD mirror, with the step
size set to 0.0131 degrees. Nitrogen physisorption was used
to measure surface area using a Micromeritics ASAP2020
surface area and porosimetry system. High-angle annular
dark-field scanning transmission electron microscopy and
energy-dispersive X-ray spectroscopy (HAADF-STEM EDS)
and high-resolution transmission electron microscopy (HR-
TEM) were used to confirm the bulk dopant distribution.
HR-TEM imaging was performed using a JEOL2100F
instrument operating at 200 kV. HAADF-STEM EDS
measurements were performed using a scanning
transmission electron microscope (STEM) (FEI Talos 200x)
equipped with a four-quadrant 0.9 sr spectrometer for
elemental and compositional mapping. A Perkin-Elmer
AAnalyst200 atomic absorption spectrometer (AAS) was
utilized with an air-acetylene flame to measure transition
metal concentrations in aqueous solutions. X-ray
photoelectron spectroscopy (XPS) analysis was carried out
with a ULVAC-PHI VersaProbe III instrument using a
monochromatized Al Ko X-ray source (1486.6 eV). The pass
energy of the analyzer was 55.5 eV, the acquisition area
had a diameter of 100 um, and the scan step size was 0.1
eV. Binding energies were corrected for charging by
referencing to the C 1s peak at 285.0 eV. Atomic
concentrations were calculated from the areas under
individual high-resolution XPS spectra using manufacturer-
provided sensitivity factors. A Metrohm Eco 925 ion
chromatography system (Herisau, Switzerland) was used to
measure all aqueous ion concentrations. The separation
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columns used were a Metrosep A Supp 4/5 Guard column
(5 x 4 mm), a Metrosep A Supp 5 (4 x 150 mm) for anion
analysis and a Metrosep C 4 Guard column (5 X 4 mm)
and a Metrosep C 4 (4 x 150 mm) for cation analysis. A
solution of 1.75 mM HNO; and 0.7 mM dipicolinic acid
was used as an eluent for Metrosep C 4 while a solution of
3.2 mM Na,CO; and 1.0 mM NaHCO; was used for
Metrosep A Supp 5 with a 0.2 M H,SO, and 0.1 M H,C,0,
suppression solution. All samples were measured at room
temperature. MagIC Net 3.2 software was used to control
the instrument and process the chromatograms.

X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS)
measurements were performed at the advanced X-ray
absorption spectroscopy beamline P64 (PETRA III ring, DESY,
Hamburg). Samples were mixed with microcrystalline
cellulose and pressed into powder pellets. Spectra were
measured at room temperature in continuous acquisition
mode when the wundulator and the monochromator
movements were synchronized on the fly. Three ionization
chambers were filled with pure nitrogen to reduce sensitivity
to higher harmonics of the undulator. For each set of
samples, the corresponding metal foil (Fe, Cu, Zn) was used
as a standard between the second and the third ionization
chambers. The monochromatic beam flux on the sample was
ca. 5 x 10" photons per s. The time for each spectrum was
set to 5 minutes, and an average of 3-4 scans was used for
the analysis. Experimental EXAFS spectra were fitted using
IFEFFIT and LARCH packages.’”*! In the fitting procedure,
ab initio photoelectron backscattering amplitudes and phases
were calculated self-consistently using FEFF8.5 code.*> EXAFS
functions were k*- and k*-weighted and fitted in a 1.0-3.0 A
interval of R-space. The range of photoelectron wave vectors
used in the fit was 3.0-15.0 A™'. The amplitude reduction
factor S,> was obtained from the fit of the first shell of the
corresponding standard (0.73 for Fe, 0.87 for Cu, 0.85 for Zn).
Coordination numbers were fixed, different models with
different coordination numbers were tested, and the best
model and fit were taken. Debye-Waller factors ¢°, distances
R, and the total energy shift AE, were varied during the fit.

PO,>” adsorption kinetics and diffusion studies

A pseudo-second-order®® kinetic model was used to analyze
the obtained PO,*” adsorption data. The linear form of the
pseudo-second-order model can be expressed as (1):

tIq. = 1/kaqe” + tiqe (1)

where g, (mg ¢™") and g. (mg g™') are the amounts of PO,*~
adsorbed at time ¢ (min) and at equilibrium, respectively. k,
(¢ mg™" min™") is the rate constant of the pseudo-second-
order kinetic model. The error bars are based on three
independent measurements for each data point. To assess
intraparticle diffusion effects, the Weber and Morris model
was used®* and expressed as (2)
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ge=kpt™* + C (2)

where k, (mg g ' min %) is the intraparticle diffusion
coefficient and C is a fitting constant.

Results and discussion
MgO NP bulk characterization

PXRD of MgO NPs. The synthesized undoped and doped
MgO nanoparticles were analyzed using pXRD to confirm the
MgO crystal structure. Fig. 1(a) shows the pXRD results for all
precursor MgO nanoparticles. In all nanoparticles, the MgO
pattern was in agreement with the reference pattern of
MgO.* Powder XRD patterns for the doped MgO NPs showed
no new peaks as dopants were introduced at 5% by weight
(AAS confirmed dopant concentrations to be as follows: Cu -
4.5%, Fe - 3.8%, Zn - 4.5%). This suggests that either all
dopants exist as a solid solution in the MgO cubic crystal
structure by replacing Mg?*, or the nanoparticles formed are
under the detection limit of XRD.*® Upon close examination
of the peak of highest intensity which corresponds to the (2 0
0) plane of the MgO structure shown in Fig. 1(b), it is
observed that the 26 positions exhibit slight shifts as Cu and
Zn are introduced compared to the undoped MgO. These
shifts suggest that the Cu and Zn have been successfully
added to the parent MgO structure and exist in solid solution
rather than forming distinct nanoparticles. The Fe-MgO (2 0

View Article Online
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0) peak did not show a significant shift from the MgO
pattern. Therefore, Fe must exist in an oxide nanoparticle
form (<3 nm size crystals) rather than a solid solution.

Nitrogen physisorption. Nitrogen physisorption and
application of the Brunauer-Emmett-Teller equation were
utilized to measure surface area. Fig. 1(c)-(f) show the BET
isotherms.

The introduction of dopants did not significantly alter the
BET surface area of the nanoparticles. Examination of the
isotherms leads to the conclusion that all particles exhibit
mesoporosity. Type IV isotherms are observed with the H3
hysteresis loop for all four NPs.?” The pore size distributions
are shown in Fig. S1.f

HAADF-STEM/EDS and HR-TEM of MgO NPs. HAADF-
STEM/EDS was utilized to confirm dopant distribution and to
analyze elemental composition. Fig. 2 shows the images for
each precursor along with fast Fourier transforms (FFTs) of
HR-TEM. The STEM/EDS shows in Fig. 2(f) and (h) that Cu
and Zn are dispersed and there are no distinct nanoparticles
of dopant oxides forming. The ring pattern seen by FFT of
the HR-TEM images bears a similarity to other MgO
nanostructures documented in the literature.**>° The FFT
patterns shown in Fig. 2(i)-(1) insets display no new rings or
distortions for any of the dopants, confirming that doping
does not form large crystals of new oxide phases, but rather
confirms that the dopant is introduced into the same crystal
structure at MgO by replacing Mg. The STEM imaging shows
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Fig. 1 (a) pXRD patterns for MgO NPs. (b) Zoomed-in pXRD peak corresponding to MgO (2 0 0) in all MgO NPs. BET isotherms for MgO NPs (c),

undoped MgO (d), Cu-MgO (e), Fe-MgO and (f) Zn-MgO.
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Fig. 2 HAADF-STEM EDS and HR-TEM of MgO NPs. (a)-(d) HR-TEM of MgO NPs. (e)-(h) HAADF-STEM EDS maps of MgO NPs. (i)-(l) Fast Fourier

transform of the HR-TEM images of MgO NPs.

that the nanoparticles do not have a monodisperse distinct
morphology but rather exist in rod-like disordered shapes.
The EDS image of Fe-MgO shows that some Fe is dispersed,
but also displays agglomeration pointing toward sub-3 nm
oxide nanoparticle formation. Given the lack of peak shift in
XRD, it can be concluded that while some small amount of
Fe may form a solid solution, the majority of the Fe exists in
oxide form as small crystals.

MgO NP surface region characterization

XPS of MgO NPs. XPS was utilized to study the chemical
state of dopant metals in the surface region of the doped MgO
NPs. The resulting Zn 2p3/,, Cu 2p, and Fe 2p spectra are shown
in Fig. 3(a)-(c). The Zn 2p;z, peak was measured at 1022.0 eV,
consistent with the values of low Zn/Mg = 0.01 ratio in co-
precipitated Zn/MgO and pure ZnO.”"**> The Cu 2p core level
spectrum exhibits two major peaks centered at binding energies
of 934.4 and 954.0 eV, attributed to Cu 2p;3, and Cu 2py.,

This journal is © The Royal Society of Chemistry 2020

doublets characteristic of copper(n) oxide.”® This argument is
also supported by clear shake-up peaks present at around 942.8
and 962.5 eV. Cu 2p3/, has been reported previously at 933.7 eV
for a Cu/Mg = 0.01 system prepared via similar chemistry and is
consistent with CuO in MgO.>* Two peaks were observed in the
Fe 2p region with the apparent peaks at 712.0 and 726.2 eV due
to Fe,Os;. However, previous reports have also documented
FeOOH at 711.9 eV and the possibility of the presence of a small
quantity of this species cannot be ruled out.>* A previous study
has reported the presence of a peak at higher than 725 eV
which shows that the presence of FeOOH is a possibility but all
Fe exists in the +3 oxidation state.”®

Atomic surface region composition, as inferred from XPS
measurements, is shown in Table 2 in the form of the ratio
between the corresponding metal and magnesium
concentration. Approximately 5% of the surface region is
composed of the corresponding metal atoms. This agrees
with the bulk composition of the dopants determined using
AAS measurements.
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MgO NP bulk electronic and molecular structure
characterization

K-edge XAS of transition metal-doped MgO NPs. Ambient
K-edge XANES analysis was performed to elucidate the
geometry and oxidation state of the dopant transition metal
ions in the doped MgO and struvite. The Cu-MgO XANES
spectrum is plotted with the reference spectra in Fig. 4(a).
The Cu-MgO shows a minor feature at 8977 eV which is
assigned to the 1s — 3d transition (also present in
CuSO,(aq)-">*” The white line position is 8996 eV (consistent
with CuO and CuSOy(.q), indicating that majority of the Cu
is in the +2 oxidation state.*®*® The lack of a pre-edge
indicates that the geometry is not that of Cu,O (which
displays the pre-edge), but is consistent with CuO and
CuSOy@q) in elongated octahedral geometry (Jahn-Teller
distortion). CuO exhibits a clear shoulder at 8986 eV, while
Cu-MgO has a weak shoulder at 8987 eV. This shoulder is
assigned to 1s — 4p transition.®® The Fe-MgO XANES
spectrum is plotted with the reference spectra in Fig. 4(b).
The Fe-MgO minor pre-edge occurs at 7114 eV while the
white line aligns at 7133 eV, both in agreement with Fe,O; as
well as previous reports.®’ ®® Previous work done on Fe-
doped MgO has shown that Fe®" can exist in a Fe,MgO,
spinel structure, inverse spinel, and as a solid solution within
the MgO structure.’® Given the lack of peak shift in pXRD, it
is more likely that nanoclusters are the prevalent structure
containing the majority of the Fe. Therefore, it can be
concluded that Fe is in the Fe®* state octahedrally
coordinated with possible Fe,MgO, spinel nanoclusters or
Fe,0; nanoclusters. The XANES spectra for ZnO and Zn-MgO
are plotted in Fig. 4(c). Analysis of Zn-MgO shows that Zn-
MgO lacks a 9662 eV peak that would evidence any reduced
Zn in the sample, thus confirming that all of the Zn is fully
oxidized as shown in previous reports (indicating no empty d
states).””®! The white line peak at 9670 eV for Zn-MgO is
assigned to 1s — 4p, while the splitting of the feature can be
attributed to Zn being present in a rigid environment.®> %’
The broad feature centered around 9680 €V is attributed to
multiple scattering resonance, and the decreased intensity of
the scattering peak compared to the reference tetrahedral
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Table 1 BET surface area for undoped and doped MgO

Sample name BET area (m*¢g™")  Pore volume (cm® g™)

MgO 177 0.481
Cu-MgO 174 0.630
Fe-MgO 171 0.523
Zn-MgO 174 0.296
Microcrystalline MgO 94 0.219

ZnO peak is indicative of octahedral sites being present due
to Zn substitution into the MgO lattice.®® Therefore, it can be
concluded that the Zn local structure differs from that of the
tetrahedral structure as in ZnO to some extent.

EXAFS analysis was conducted to elucidate details on
metal-oxygen (Me-O) and metal-metal (Me-Me) bond length
calculation via fitting to theoretical models. Table S21 shows
the coordination numbers used as well as the bond lengths
(A) and the Debye-Waller factor o> (A%) values. The R-space
FT-EXAFS spectrum for Cu-MgO is shown in Fig. 4(e). The
details for the model Cu-MgO center are shown in Fig. S2.f
The Cu-Cu and Cu-Mg bond lengths are very close in size,
and thus the system is assumed to be highly disordered with
a Cu and Mg mixed second shell that is difficult to resolve.
However, given the Cu dispersion evident from STEM and
solid solution formation indicated by the XRD peak shift, the
model best fitted here assumed Mg coordinated in the
second sphere. As shown in Table S2,7 the Cu-O (eq.) bond
length is 2.03 A and the Cu-O (ax.) bond distance is 2.31 A.
This is in agreement with previous reports.®® The EXAFS
spectrum in Fig. 4(e) for Fe-MgO shows the Fe-O bond
length to be 1.95 A and the Fe-Me bond length to be 2.98 A.
The second shell was chosen to be Fe-Mg in the simulation
but is expected to be a mix of Fe-Fe and Fe-Mg given that
both models result in acceptable fits. Zn-MgO EXAFS
analysis was done to calculate the Zn-O and Zn-Mg bond
lengths, which were found to be 2.12 A and 3.00 A. The Zn-
Mg path fit required an N = 12 value, similar to some work
done in a previous report.”” The deviations of the
experimental data from the theoretical EXAFS curves show
that the Zn-MgO system is highly disordered. As shown by

_ Zn 2psn 1022.0
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Fig. 3 High-resolution XPS spectra for MgO NPs. (a) Zn 2ps,,, (b) Cu 2p and (c) Fe 2p.
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Table 2 Surface composition of the MgO NPs as the ratio of the metal
dopant 2p transition to the respective Mg 2p

Sample identifier Zn2p;/,/Mg2p Cu2p/Mg2p Fe2p/Mg2p
Cu-MgO — 0.06 —

Fe-MgO — — 0.05
Zn-MgO 0.06 — —

XANES analysis, given the suspected mixture of coordination
environments for Zn, the disorder may cause the complex
EXAFS spectrum.

Phosphate adsorption kinetics and ion chromatography
studies

IC was utilized to measure Mg”>*, NH,", and PO,* ion
concentrations over the 120 minute reaction time for batch
experiments conducted at 25 °C. As shown in Fig. 5(a), at 100
ppm MgO loading, no adsorption of NH," was observed. This
could be attributed to the low Mg>" concentration not
reaching the supersaturation threshold. Fig. 5(b) shows the
1000 ppm MgO loading. Here the Mg*":NH,":PO,*” molar
ratio is 4.8:1:1, and thus supersaturation is well above the
limit required for struvite crystallization. For comparison, the
1000 ppm microcrystalline MgO loading has been reported to
have a transient effect on NH," adsorption™® and this same
behavior was observed here for nanostructured MgO. The
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1000 ppm MgO NP loading was shown to adsorb NH," in the
initial 2-10 min time but later released the NH," ions back
into the solution. While the mechanistic details for the
transient NH,  adsorption are unclear, one hypothesis to
explain this behavior could be that the increased MgO
loading increases supersaturation well beyond the struvite
formation limit to form Mg;(PO,),-22H,0. Fig. 5(c) shows
NH," concentration as a function of time for the 300 ppm
loading of MgO NPs. This was identified to be the optimal
loading to produce struvite as the major product since all
higher loadings produced other magnesium phosphate
phases as the primary product and did not produce struvite.
All PO,*" adsorption studies were conducted at the 300 ppm
loading. Fig. 5(d) shows the Mg®" concentration in the
solution as a function of time for the 300 ppm loading. The
final concentration of Mg?" in the solution after the total
reaction time of 120 minutes is within the 32-36 ppm range
for all MgO NPs. Fig. 5(e) shows the PO,*” concentration in
the solution as a function of time. The undoped MgO showed
the fastest kinetics of adsorption at 25 °C with 90% PO,*"
adsorbed after 10 minutes of reaction and 94% adsorption
after the total reaction time of 120 minutes. Cu-MgO resulted
in 90% adsorption, while both Fe-MgO and Zn-MgO led to
66% adsorption. Adding dopants exhibited lower reaction
rates and equilibrium adsorbed PO,*” values compared to
the undoped MgO. Finally, the undoped MgO was compared
to the microcrystalline MgO as shown in Fig. 5(f).
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Fig. 4 Ambient K-edge XANES spectra including reference oxide standards for (a) Cu-MgO, (b) Fe-MgO and (c) Zn-MgO. Ambient K-edge FT
EXAFS experimental spectra without phase shift corrections (solid line) and best-fitting model spectra (dashed line) for (d) Cu-MgO, (e) Fe-MgO

and (f) Zn-MgO.
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90% PO, adsorption point for each species. Error bars represent the standard deviation for experiments performed in duplicate.

Remarkably, the undoped MgO NPs achieve 90% PO,*”
adsorption after 10 minutes, while the microcrystalline MgO
requires 80 minutes. The faster adsorption performance
shows that the nanostructured undoped MgO can act as a
more efficient PO,*” adsorbent compared to the
microcrystalline MgO. The increased surface area and
porosity of the nanostructured MgO (as shown in Table 1) are
expected to facilitate rapid diffusion in the initial time range.

The pseudo-second-order kinetic model and the Weber
and Morris model for intraparticle diffusion were used to fit
the phosphate concentration profiles between 0-35 min and
0-5 min time ranges. Table S1f contains all the kinetic
parameters calculated using the two models. The pseudo-
second-order rate constant k, was used to compare the
reaction kinetics for each MgO material. The rate constants
calculated from the pseudo-second-order model are apparent
rate constants and not intrinsic rate constants for phosphate
adsorption or struvite formation. The 0-35 min time range
was used since all MgO NPs are close to equilibrium after
this time range. As shown in Table S1,f undoped MgO shows
the highest &, value at 25 °C with 9.00 x 10™* g mg™ min™".
Cu-MgO results in a k, value of 1.75 x 10™* g mg™" min" for
the pseudo-second-order model. Both undoped MgO and Cu-
MgO fit the pseudo-second-order model with high R* values
(R* > 0.99). However, the Fe-MgO and Zn-MgO data did not
fit the pseudo-second-order model with acceptable R” values.
The pseudo-second-order model was chosen specifically since

Environ. Sci.: Nano

previous work on phosphate adsorption on MgO reported the
use of the pseudo-second-order model.**** The pseudo-first-
order model is not applicable for this system since the
theoretical work done on pseudo-first-order model derivation
has shown that it provides physically meaningful information
only for systems where the adsorbate concentration in the
aqueous phase does not significantly change.®®’® Therefore,
only the use of the pseudo-second-order model is discussed
in this report. In the temperature range of 25-45 °C, both
undoped MgO and Cu-MgO fit the pseudo-second-order
model with high R> values, while Fe-MgO and Zn-MgO
showed poor fits.

The 0-5 min time range was used to assess initial reaction
kinetics. As shown in Table S1,f undoped MgO data fit the
pseudo-second-order model with acceptable R* values in this
time range. However, doped MgO NPs did not fit the pseudo-
second-order model in the initial 0-5 min time range as
denoted by the low R> values. A close examination of the
phosphate adsorption curves in Fig. 5(e) shows that undoped
MgO displays a two-regime behavior: the fast initial
adsorption from 0 to 5 minutes and the slower adsorption
approaching equilibrium from 10 to 35 minutes. The doped
MgO NPs did not result in this two-regime behavior. Previous
studies have shown that the surface of MgO undergoes
significant structural changes as well as the configurational
entropic effects of the phosphate and hydrogen phosphate
chain formation necessary for adsorption.>’ This complex
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surface transformation is not necessarily well described by
generalized pseudo-order models. Therefore, the pseudo-
order results are mainly used to describe a trend in
performance rather than to elucidate absolute values.

The intraparticle diffusion effects are considered by
modeling the initial PO,* adsorption using the Weber and
Morris equation.** The intraparticle diffusion model was
used to analyze the phosphate adsorption data as shown by
Fig. 6(a). Table S1f contains all intraparticle diffusion
coefficient (k,) values and the C parameter values calculated
using phosphate adsorption data at 25 °C. The C parameter
in the Weber and Morris equation denotes whether the
surface reaction effects or diffusion effects dominate the
adsorption process, with the C values indicating that
diffusion is not the only dominant process and that surface
adsorption is also playing a role in the rate-limiting step.”*
The diffusion effects become important in comparing the
initial adsorption kinetics during the 0-5 minute time range
where undoped MgO displays significantly faster kinetics,
while Fe-MgO and Zn-MgO both display comparatively
slower adsorption. The undoped MgO k,, was over four times
the values of Fe-MgO and Zn-MgO while it exceeded 1.5
times the value of Cu-MgO. This fast diffusion may be seen
as one of the reasons for the fast adsorption during the
initial 5 minutes of reaction for undoped MgO.
Microcrystalline MgO data fit with acceptable accuracy to
show a k, value of 177.43 mg g ' min " compared to the
618.25 mg g~ min *° value of undoped MgO, which once
again proves the increased efficiency advantage of
nanomaterials. The increased surface area and mesoporosity
allow for more favorable transport properties in the
nanomaterial.

The apparent rate constant k, values for 25 °C, 35 °C, and
45 °C were used to construct Arrhenius plots for each MgO
NP species to calculate apparent activation energies. The
Arrhenius plots for the undoped and doped MgO NPs are
shown in Fig. 6(b) with the R” values for each sample. The &,
values calculated from undoped MgO lead to an R* value of
0.766 and a positive slope which is not physically
meaningful. This leads to the conclusion that the apparent
rate constants calculated for undoped MgO are
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mathematically significant, but the physical meaning lacks
the mechanistic insights of surface restructuring to form the
correct adsorption site for phosphate. The two-regime
behavior seen in undoped MgO is not in agreement with the
pseudo-second-order model, which shows that some
modification to existing adsorption models is required to
elucidate a physically meaningful rate constant. The
Arrhenius plot for Cu-MgO shown in Fig. 6(b) fits with a high
R? value. The apparent activation energy calculated from the
slope was 23.8 k] mol ™. Given that the R* values for both the
pseudo-second-order plots and the Arrhenius plots are high
for Cu-MgO, the model-predicted k, value can be physically
meaningful. Conversely, Fe-MgO and Zn-MgO data are
poorly fitted to the pseudo-second-order model (as discussed
previously) and therefore the k, values did not yield a good
fit to the Arrhenius equation. Thus, it was not possible to
calculate apparent activation energies for Fe-MgO and Zn-
MgO using the pseudo-order models.

Struvite product bulk characterization

PXRD characterization of products. The products formed
from the 2 hour reaction with 300 ppm loadings of MgO NPs
were characterized using pXRD. All samples exhibit patterns
in agreement with struvite reference PDF#15-0762 as shown
in Fig. 7. No unreacted MgO peaks are present in the pXRD
patterns, indicating that all MgO was fully converted. For
undoped struvite and Cu-struvite, a minor peak at 11°
(denoted with *) is observed. This peak is due to the presence
of a small fraction of Mg;(PO,),-22H,0 (PDF#35-0186). The
PO, adsorption in each case is slightly above a 1:1 ratio
compared to NH," adsorption. This slight excess PO,>~
removal is due to the formation of Mg;(PO,),22H,0. The
mass fraction of Mg;(PO,),22H,0 in the case of undoped
struvite production was calculated to be around 6.9% of the
total product assuming that struvite and Mg;(PO,),-22H,0
are the only products. In the cases of Fe-struvite and Zn-
struvite, no distinct phosphate or oxide phases are identified
in the pXRD pattern, proving that the dominant crystalline
product is struvite. The mass fractions of Cu, Fe, and Zn in
the products were 1.0%, 1.2%, and 1.4%, respectively, as
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Fig. 6 (a) Intraparticle diffusion model fits for MgO NPs. (b) Arrhenius plots for MgO NPs with R? values.
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measured by AAS. While Fe content in struvite is not
currently regulated by European Union or the Environmental
Protection Agency (EPA), the Cu and Zn contents are
regulated to be 200 ppm and 600 ppm, respectively, by the
EU, and 3750 ppm and 2000 ppm, respectively, by the
EPA.”>73 Given that the Cu, Fe, and Zn content for struvite
formed using doped MgO exceed these limits, it is important
to note that the doped struvites should be utilized after
mixing with undoped struvite to meet the regulation limits
and to supply the required amount of Cu, Fe, and Zn to the
soil without overfertilization of micronutrients.
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Struvite surface region characterization

Fig. 8 presents the XPS spectra for the reacted MgO NP
products. The Zn 2ps, spectrum for Zn-struvite in Fig. 8(a)
shows a peak at 1022.4 eV, which is consistent with literature
reports for Zn>" in ZnO.”* Fig. 8(b) for Cu-struvite shows the
Cu 2p3), peak at 932.6 eV, which has been reported in the
literature as Cu,O while also overlapping with metallic Cu.”
The presence of metallic Cu is highly unlikely since XAS
results discussed later on in the report do not indicate any
presence of metallic Cu. Cu coordinated to various nitrogen
ligands have been documented to have binding energies that
are close to the observed 932.6 eV (ref. 76) suggesting a
unique binding environment of Cu. The Fe 2p;/, peak shown
in Fig. 8(c) exhibits a broad peak centered at 711.1 eV. This
suggests that in addition to the Fe,O; form of Fe*", another
iron atom binding configuration is likely to be present. The
Fe 2ps), peak for FePO, was reported at 714.65 €V,”” similar
to that in Fe;(PO,),.”® This shift to higher binding energies is
associated with the high electronegativity of phosphate ions.
The data shown in Fig. 7 for Fe 2p;), (and likely for Cu 2ps,
peaks) suggest that in the surface region dopants exhibit an
opposite behavior, e.g. they are coordinated in a manner in
which the electron density is not removed from the metal
nuclei. Finally, the N 1s peak is present at 401.7 eV with the
corresponding P 2p peak at 133.8 eV, suggesting that the
surface region contains both elements specific to struvite.
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Fig. 8 XPS spectra for reacted MgO NP products. (a) Zn 2ps,, spectrum, (b) Fe 2p spectrum, (c) Cu 2p spectrum, (d) N 1s spectra and (e) P 2p

spectra.
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Table 3 Surface region composition of the reacted MgO NP products as the ratio of the area under the peak of the metal dopant 2p transition peak to
the respective Mg 2p peak. An increase in the corresponding ratio from the corresponding doped MgO sample is shown in parenthesis

Sample identifier Cu/Mg (Cu-struvite : Cu-MgO) Fe/Mg (Fe-struvite : Fe-MgO) Zn/Mg (Zn-struvite : Zn-MgO) N/Mg P/Mg
Struvite — — — 0.19 0.85
Cu-struvite 0.12 (1.9) — — 0.23 0.95
Fe-struvite — 0.13 (2.7) — 0.22 0.98
Zn-struvite — — 0.11 (2.0) 0.08 0.32

The corresponding quantification of the dopants in the
surface region is shown in Table 3. The surface region
becomes enriched in dopants when compared with the
corresponding MgO samples. In particular, a 1.9 to 2.7
increase in the concentration of the dopants is observed per
Mg atom. An interesting observation can be made from N/Mg
and P/Mg quantification in terms of the corresponding area
under the peak shown in Table 3. The struvite surface region
is N-deficient and in some cases, such as Zn-struvite,
P-deficient even though the bulk crystallography shown in
Fig. 7 corresponds to that of struvite. The P/Mg atomic ratio,
on the other hand, approached that of the stoichiometric
ratio of struvite of 1.

Struvite product electronic and molecular structure
characterization

K-edge XAS characterization of products. The Cu-struvite
Cu K-edge XANES spectrum is shown in Fig. 9(a) with

reference spectra. No pre-edge is observed for Cu-struvite
(similar to CuSOy(aq)) compared to the pre-edge feature seen
in the Cu,O spectrum, indicating elongated octahedral
symmetry. The Cu-struvite main edge at 8996 eV aligns within
0.5 eV of the CuSO,nq) main edge. The agreement with
CuSOy(aq) indicates that the majority of the Cu in Cu-struvite
exists in elongated octahedral coordination. The white line
for Cu-struvite occurs at 8996.4 eV, compared to CuO at
8997.7 eV and Cu,O at 8995.7 eV. This indicates that a minor
fraction of Cu in the Cu-struvite may be reduced as suggested
by XPS results. The Fe-struvite spectrum is shown in Fig. 9(b)
with the reference spectra. The Fe-struvite pre-edge feature
occurs at 7114 eV with the main edge occurring at 7133 eV.
This shows close alignment with the Fe,O; spectrum,
indicating that the majority of Fe is in octahedral
coordination, similar to Fe-MgO. The Zn-struvite XANES
spectrum is shown in Fig. 9(c) with the ZnO reference
spectrum. Similar to Zn-MgO, Zn-struvite shows a split main
feature and a scattering resonance peak. This provides
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Fig. 9 K-edge XANES spectra for struvite products with reference spectra: (a) Cu-struvite, (b) Fe-struvite and (c) Zn-struvite. Ambient K-edge FT
EXAFS experimental spectra without phase shift corrections (solid line) and best-fitting model spectra (dashed line) for struvite products: (d) Cu-

struvite, (e) Fe-struvite and (f) Zn-struvite.
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evidence for the Zn local structure in Zn-struvite differing
significantly from the tetrahedral ZnO structure.

The ambient K-edge EXAFS spectrum for Cu-struvite is
shown in Fig. 9(d). The absence of a second shell indicates
highly isolated Cu species coordinated to oxygen. The
equatorial Cu-O bond and axial Cu-O distances were
calculated to be 1.96 A and 2.3 A, while the Cu-Me bond
distance was shown to be 2.96 A. The Cu-O bond length and
Cu-Cu bond length previously reported in a similar Cu-MgO
system were 1.96 A and 3.08 A, while a standard CuO was
reported to have a Cu-O distance of 1.95 A.°”"°® The model
chosen in this study shows good agreement with these
literature values. The Fe-struvite EXAFS spectrum is shown in
Fig. 9(e). The EXAFS spectra show the Fe-O and Fe-Me shells,
which were fitted to a model with N = 6 for the Fe-O path
and N = 2 for the Fe-Me path. The Fe-O bond length was
calculated to be 1.95 A and the Fe-Me bond length was
calculated to be 2.98 A. The second shell is expected to be a
mixed Fe-Mg and Fe-Fe shell given the close bond lengths to
that of Mg-Mg. The Zn-struvite EXAFS spectrum indicates a
disordered system, leading to higher mean-square disorder
values (shown in Table S2t). The Zn-O bond distance was
calculated to be 1.98 A and the Zn-Me bond distance was
calculated to be 2.95 A. The Zn-Me bond length is shorter
than that in a previous report for a Zn-MgO system.’>” The
EXAFS analysis of struvites shows that the dopants
incorporate in a variety of coordination modes, with Cu
showing highly isolated sites but Zn leading toward a highly
disordered system with mixed coordination.

Conclusions

In summary, we utilized mesoporous transition metal-doped
MgO nanoparticles for nutrient recycling via struvite
synthesis from simulated wastewater. By enhancing transport
properties via increased surface area and porosity, the nano
MgO significantly outperforms the microcrystalline MgO. The
undoped MgO was shown to be the best-performing
adsorbent (94% PO,* removal) while doped MgO NPs
resulted in lower k, and ¢, values, showing that dopants have
an inhibitory effect on PO,*” adsorption. Understanding the
chemical properties of metal ions incorporated into the MgO
precursor and the struvite product is of importance in
assessing whether natural MgO (which contains metal
impurities) can be utilized as a sustainable Mg source for
producing struvite that can be applied to agricultural systems
within safety regulations imposed on fertilizer material. This
study demonstrates that critical micronutrients for plant
growth can be incorporated into the slow-release fertilizer
struvite during synthesis from wastewater using transition
metal-doped MgO (summarized in Fig. S31), which can act as
an analog to naturally occurring insoluble Mg minerals (e.g.
periclase) with common transition metal impurities. All three
dopants used in this study were micronutrients relevant to
plant growth.””®® Zinc, in particular, is an important
micronutrient to be added to soil given the Zn deficiency in
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US soil.®! Incorporating Cu, Fe, and Zn in a slow-release
fertilizer allows for controlled release over a long time since
plants uptake micronutrients at a much slower rate
compared to macronutrients such as N and P.*?
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