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ABSTRACT: Low-solubility Mg**-containing mineral surfaces, includ-
ing periclase (MgO) and magnesite (MgCO;), can act as sustainable
sources of Mg** ions to yield green fertilizer struvite (MgNH,PO,) via a
two-dimensional surface-facilitated growth. This work studied the
kinetics, mechanism, and single-particle speciation of the natural mineral
dolomite (CaMg(CO;),) during struvite formation utilizing NH,* and
PO,* ions from simulated wastewater. A range of [Mg*]/[NH,']/
[PO,*] ratios were tested and 0.69:1:1 [S00/600 ppm of dolomite/
monoammonium phosphate (MAP)] yielded the highest NH," removal
efficiency of 37%. The highest PO,*~ removal of 94% was obtained using
ratio 1.37:1:1 (1000/600 ppm dolomite/MAP) but resulted in an
amorphous solid phosphate phase rather than struvite. Moreover,
significant compositional heterogeneities were observed in the spatially
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resolved ex situ single-crystal Raman spectroscopy with CaCOs, MgCO;, MHPO,, and M(H,PO,), (M: Mg or Ca) detected.
Temporally resolved in situ Raman spectroscopy and spectrokinetic analysis provided mechanistic insights into the onset of the
struvite crystal formation and growth. In particular, hydroxyl (OH) functional groups on the dolomite surface were consumed
during CO,*” ion adsorption. The adsorbed CO,*" further served as adsorption sites for a combination of T; symmetry PO,*",
Cy, HPO,*, and C,, H,PO,” in early stages of reaction. In the later stages, for example, during the onset of struvite crystal
formation, adsorbed dimeric/polymeric H,PO,” units formed on the dolomite surface, which likely provide structural synergy

at the solid—solution boundary for crystalline struvite nucleation and growth.

B INTRODUCTION

The use of synthetic fertilizers has led to a significant alteration
of the nitrogen (N) and phosphorus (P) global cycles due to
the large influx of these critical plant nutrients into the
environment.' Nitrogen fertilizers, although crucial to modern
agricultural practices, are responsible for the emissions of
ammonia (NH;), potent greenhouse gas nitrous oxide (N,0),
and nitric oxides (NO,).” Large fraction, anywhere from 50 to
90% of the applied fertilizer N, is converted into these gases via
denitrification with soil bacteria.”* On the other hand,
phosphate ion-containing compounds are much less water-
soluble and are transported into the watershed via runoff and
erosion,” resulting in many environmental issues, such as
eutrophication. The main source of P for mineral fertilizers is
the phosphate rock available in limited, dwindling amounts,’
which necessitates that P be recycled from the wastewater.
Encapsulating N and P in a sparingly soluble crystalline form
can provide slow-release green fertilizers containing these
crucial nutrients, which can alleviate the environmental issues.’
The availability of sustainable, low-solubility N and P fertilizers
is essential in sustaining the population growth.’®
Nutrient-laden wastewater can contain up to 1000 ppm
ammonium (NH,") ion and 5000 ppm (PO,*”) depending on
its source.”' Therefore, N and P containing anthropogenic
wastewater provides a unique opportunity and the associated
challenges in recovering nutrients in the form of a sparingly
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soluble solid struvite (MgNH,PO,-6H,0)"""” that can act as a
green slow-release fertilizer. Traditionally, the crystallization of
struvite from wastewater has been conducted via the addition
of soluble magnesium salts, such as MgCl,, and proceed via
homogeneous nucleation.'”'* Because of the unsustainable
production of MgCl,'*"® recent developments explored the
use of low-solubility, naturally occurring Mg>* sources, such as
periclase (MgO)'”'*™'* or magnesite (MgCO;).'>""~**
Mechanistically, the work using MgO'? identified key findings
where PO,*~ removal occurred in two MgO concentration
regimes with an equilibrium regime of 300 ppm MgO ([Mg/
NH,"/PO,*"] of 1.44:1:1) and a kinetic regime with 1000
ppm MgO ([Mg/NH,"/PO,*] of 4.80:1:1), both leading to
struvite product and >70% NH," removal from solution.
Further, the formation of a reactive intermediate dypingite
(Mgs(CO;)4(OH),-SH,0) via hydration at ambient con-
ditions was identified as the reactive step preceding PO,>~
adsorption.'® This prompted a study using MgCO; as a
precursor to struvite due to its structural proximity to
dypingite. Results obtained using MgCO,'’ demonstrated
that it removed NH," and PO,>” to form struvite while also
revealed that the presence of Ca** from either insoluble source
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(CaCO;) and soluble (CaCl,) sources had different effects on
struvite formation pathways and its final single-particle
composition.'” The use of CaCl, led to an inhibitory behavior
toward struvite formation and poor crystallinity calcium
hydroxyapatite crystal formation while CaCO; did not exhibit
the same effect and led to struvite crystals.'” Lastly, a recent
report utilized a rather complex mineral surface dolomite
(CaMg(CO,),) to synthesize struvite crystals.”” However,
little fundamental insights into the growth kinetics and
mechanisms were provided. Hence, struvite formation using
sparingly soluble Mg-mineral surfaces proceeds via intriguing
heterogeneous nucleation chemistry, which needs to be further
studied to elucidate key mechanistic details.

In this work, dolomite was utilized as the Mg>* source
because it is little studied mineral for struvite synthesis despite
being abundant.”*** Dolomite is a double-carbonate mineral
composed of Ca?* and Mg** cation—CO5>~ anion pairs™ in a
very stable lattice and calcination at high temperatures results
in dolomite decomposition into a mixture of MgO, CaO, and
CaCO;.>**°7* The solubility of dolomite in water is very low
(pK., value of 17.00),”" lower than MgO**™*° and CaCO5"’
with reported pK;, values of 10.86°° and 8.07,”” respectively.
Because dolomite can act as a source of Ca** along with Mg**
and it is known that the presence of Ca** can hinder struvite
formation™ or replace Mg?* in struvite to form Ca-struvite,'”
the use of dolomite for struvite synthesis from wastewater
presents an interesting challenge. For this reason, insights into
the observed reaction kinetics, crystal formation onset and
nucleation, and the growth mechanisms of struvite using
dolomite are reported using a multimodal approach.
Temporally resolved, in situ Raman spectroscopy and
spectrokinetic analysis were used to elucidate the genesis of
the molecular species in the first few layers of the dolomite
surface at the solid—solution boundary. Ex situ single-particle
Raman spectroscopy was used to assess the detailed composi-
tional heterogeneity of the resulting crystals. Ion chromatog-
raphy (IC) was utilized to assess the observed kinetics of
aqueous ion adsorption/reaction while powder X-ray diffrac-
tion (pXRD) was used for bulk solid-phase identification.

B EXPERIMENTAL METHODS

lon Chromatography. The Metrohm Eco 925 IC system
(Herisau, Switzerland) was used in all experiments. Separation
columns used were Metrosep A supp 4/5 Guard column (S X
4 mm), Metrosep A supp S (4 X 150 mm) for anion analysis
and Metrosep C 4 Guard column (5 X 4 mm), Metrosep C 4
(4 X 150 mm) for cation analysis. The sample-loop volume
was 10 L in the cation system and 20 pL in the anion system,
and eluted species were measured using a conductivity
detector. Dipicolinic acid (1.7S nM HNO;/0.7 mM) was
used as an eluent for Metrosep C 4 while 3.2 mM Na,CO;/1.0
mM NaHCO; for Metrosep A supp 5. All samples were
measured at room temperature. The system was computer-
controlled through MagIC Net 3.2 software.

Powder X-ray Diffraction. The crystalline nature of all
reactants and products was confirmed using 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, and the step size
that was used for the measurements was 0.0131°. The
diffraction patterns were obtained between 20 and 75°. The
radiation source used was Cu Ka,, with Cu Ka; wavelength
1.540598 A and Cu Ka, wavelength 1.544426 A. The ratio of

Ka,/Ka, was 0.5. The analysis was performed with a 4 mm
mask, 1/8” incident beam divergence slit, 1/2” incident beam
anti-scatter slit, 7.5 mm diffracted beam anti-scatter slit, and a
0.04 mm Soller slit. In all cases, the powder was placed on a
glass slide and pressed into a 1 cm X 1 cm sized smooth
powder film.

Raman Spectroscopy. Raman spectra and spectral maps
were acquired using a WITec alpha300R confocal Raman
microscope using a 532 nm laser, Zeiss EC Epiplan-Neofluar
%x100/0.9 objective, G2:600 g/mm grating, 3 s integration time
per point for ex situ study. For in situ studies, a 532 nm laser,
Zeiss X20/0.4 objective, and G2:600 g/mm grating was used.
In both studies, the spectral range was 100—4000 cm™! with
the center at 2000 cm™" and the spectral resolution was ~2
cm™'. Before each experiment, the instrument was calibrated
using a Si wafer. A specially designed polylactic acid 3-D
printed cell shown in Figure 1 was utilized for the in situ study.
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Figure 1. Schematic of the in situ Raman cell utilized for the study.

Laser intensity at the sample was ~54 mW. Spectral maps were
typically acquired using 2—4 s exposure time per single scan
point. To elucidate heterogeneity of a single particle, 2-D
spectral maps were acquired in the x—z plane, for example,
parallel to the direction of the beam.

Reagents and Solutions. A stock solution of ammonium
(1.0000 g/L) and phosphate (1.0000 g/L) were prepared from
monoammonium phosphate, NH,H,PO, (MAP, 99.9%-+,
Fisher Scientific). Finely dolomite powder was obtained from
Omya (Agrodol-65D-SA, <150 pm, St. Armand, Canada).
Appropriate amounts of individual salts were weighed into a
volumetric flask (100 mL) and dissolved in deionized (DI)
water. Working standard solution of ammonium, magnesium,
and phosphate were prepared by measuring the appropriate
volume of standard solutions into a 100 mL volumetric flask,
which was later filled to the mark with DI water. Working
eluent solutions were prepared by appropriate dilution of
standard eluent solution with DI water. DI water (18.2 MQ/
cm, Millipore, Bedford, MA, USA) was used for dilution in all
cases.

Struvite Synthesis. The struvite synthesis from simulated
wastewater was performed using dolomite. Simulated NH,*
and PO,*” containing wastewater samples were prepared by
adding 600 ppm of MAP (NH,H,PO,, Fisher Scientific,
Certified A.C.S.) at room temperature under constant stirring
at 350 rpm. MAP (600 ppm) represents PO,*” and NH,"
values found in municipal, animal, and industrial wastewater’
while maintaining molar 1:1 ratio needed for struvite
formation. Dolomite was added at concentrations from 300
to 1000 ppm to the simulated wastewater and stirred for up to
120 min. The Mg** concentration in dolomite was calculated
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Figure 2. (a) pXRD patterns of dolomite calcined at different temperatures (reference, uncalcined, calcined at 600 and 800 °C), (b) pXRD
patterns of dolomite calcined at 800 °C, with reference XRD patterns of possible carbonates, oxides, and hydroxides obtained from RUFF database
(MgO,** CaCO,,” Mg(OH)Z,60 Ca(OH),,*" and Ca0%?). (c) TCA of the unique Raman spectral components of dolomite calcined at 600 and
800 °C and (d) relative intensity peak maps of dolomite after calcination at 800 °C.

on the basis of calcined dolomite that was assumed to be
comprised of MgO and CaCO,.”” The total volume of reactive
solution was S00 mL. Solution (1 mL) was sampled
periodically, filtered through a 13 mm polyethersulfone filter
(0.22 pm size) to remove solid material, and analyzed using
IC. The dolomite concentrations used for struvite synthesis
were 300, 500, and 1000 ppm, which correspond to molar
[Mg**]/[NH,"]/[PO,*"] ratios of 0.41:1:1, 0.69:1:1, and
1.37:1:1. [Mg*"]/[NH,*]/[PO,*"] ratios of 0.5—1.5:1:1 have
previously been tested and was concluded that lower ratios
lead to a lesser N and P adsorption/reaction.'®**~*!
Therefore, a slight excess of Mg’* was preferred in the
previous works to circumvent this issue and ensure efficient
removal of N and P from the solution.*"**

PO,3~ Adsorption Kinetics. Pseudo-second-order™ ki-
netic models were used to analyze the obtained PO,*”
adsorption data. In particular, the kinetic model parameters
obtained by a linear plot of t/q; versus t for pseudo-second-

order model (1) was used
t/q, = l/kzqe2 +t/q, (1)

where g, (mg g™*) and g, (mg g™") are the amounts of PO,*~
adsorbed at time ¢ (h) and at equilibrium, respectively. k, (g

mg~' min~') is the rate constant of pseudo-second-order
kinetic models, respectively. The error bars are based on three

independent measurements for each data point.

25137

B RESULTS AND DISCUSSION

Spectroscopic Analysis of Dolomite before and after
Calcination. The dolomite structure can be described either
as a combination of alternating calcite- and magnesite-like
layers or as substitution of Mg>" atoms for the Ca®* atoms in
every other cation layer.”* The C—O bond length in dolomite
is that of typical calcite-like carbonate minerals. However, the
Ca—O bond length is 2.38 A, whereas the Mg—O bond length
is 2.08 A, that is, the oxygen atoms in threefold coordination
are closer to Mg than Ca in the lattice.** For these reasons,
dolomite is known as a recalcitrant mineral with low
reactivity.23

Dolomite was subjected to high-temperature treatment and
changes in the crystalline structure were monitored using ex
situ pXRD and Raman spectroscopy. Calcination at temper-
atures up to 600 °C did not show any change in pXRD
patterns, as shown in Figure 2a. However, after calcining at 800
°C, significant changes were observed. After calcining at 800
°C, the resulting solid exhibited a complex XRD pattern, which
was found to be a combination of CaO, MgO, Ca(OH),,
Mg(OH),, CaCO;, as shown in Figure 2b. The resulting
complex mixture after thermal decomposition in our study is in
line with literature reports, which also observed complex solid
mixtures forming during dolomite calcination.””™*" For
example, one study found that dolomite decomposition
involved the initial formation of mixed oxide (CagsMgysO),
whereas at T > 500 °C decomposition preferentially formed
CaO and MgO." At even higher temperatures of 650—750 °C,
nanocrystals of Mg-calcite were also detected.’ Likewise,
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Figure 3. Temporally resolved in situ Raman spectra of molecular speciation prior to and during struvite formation using 500/600 ppm dolomite/
MAP: (a) phase 1 (0—45 min) before PO,>— and NH," adsorption (red—15 min, blue—30 min, green—45 min), (b) phase 2 (60—120 min)
during PO,*~ and NH," adsorption (red—60 min, blue—90 min, purple—100 min, green—120 min). (c) Resulting spectrokinetics data

calculated for peaks in (a,b).

other studies detected a mixture of MgO, CaO, Ca(OH),, and
CaCOj post calcination.*™*” Interestingly, a few studies have
also argued that Mg in CaMg(CO;), moves to the surface to
release CO, gas, which leads to the external growth of MgO
and the internal growth of CaO/CaCO;, meaning that the
calcined dolomite surface is Mg—rich.%’47

It was observed that no struvite particles formed using as-
received dolomite or dolomite calcined up to 600 °C in the
presence of 600 ppm MAP solution, even at an extended
reaction time of 120 min, which has been shown as sufficient
to achieve aqueous NH," and PO,’” adsorption/reaction
equilibrium.'”"” Provided that the parent dolomite is a
carbonate mineral, this low reactivity was intriguing, as
magnesium carbonates typically react more readily in aqueous
conditions because their hydration is less complex, unlike
hydration of the corresponding alkali metal oxide, such as
MgO and Ca0."” The surface of the 800 °C calcined dolomite
prior to the reaction with NH," and PO,>” was probed using
Raman spectroscopy to elucidate the surface structural and
chemical information. The corresponding Raman spectrum of
dolomite calcined at 600 and 800 °C are shown in Figure 2c.
Fresh dolomite and calcined up to 600 °C exhibited
characteristic dolomite Raman bands at 177, 298, 725, 1098,
1440, and 1756 cm™!, which match Raman spectra reported in
the literature for dolomite.***” On the other hand, the total
component analysis of spatially resolved Raman spectroscopic
characterization of dolomite calcined at 800 °C exhibited three
unique spectra, shown in Figure 2¢ component one exhibited
bands at 362, 1086, and 3620 cm ™. Two weak, broad bands at
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~263 and 690 cm ™" are not labeled in the figure but were also
present. The 1086 cm ™' band corresponds to the v, of CO;*~
in calcite (CaCO,),'”* > whereas the ~263, 362, ~690, and
3620 cm™" bands correspond to Ca(OH),.”>"" For component
two, the bands at 155, 282, 714, and 1086 cm™! match those of
CaCO;," "™ confirming the presence of CaCO, in the 800
°C calcined sample. Moreover, the 443 and 3650 cm™" bands
in component two correspond to the Mg(OH), phase.”*>
Lastly, component three exhibited a 1086 cm™ band, which
corresponds to CaCOj; phase, whereas the other three bands in
this component at 440, 595, and 966 cm™ did not match any
of carbonate, oxide, or hydroxide phases. We tentatively assign
these Raman bands to a phosphate or silicate impurity because
Raman bands for PO,>~ are at ~447 (1,), 580—620 (v,), and
~961 cm™" (1,),°*%” whereas those for silicate wollanstonite
with the main peak at 966 cm™', cyan in Figure 2d, were also
reported.”” The spatially resolved unique peak intensity maps,
constructed by tracking relative intensities of unique Raman
peaks for each phase, that is, CaCO; (1086 cm™"), Mg(OH),
(3650 cm™), Ca(OH), (3620 cm™') and an impurity (966
cm™') are shown in Figure 2d. The maps show that the
majority of the scanned area is dominated by the Ca(OH),
phase (3620 cm™, blue), whereas a small area is co-populated
by Mg(OH), and CaCOj; (3650, green and 1086 cm™, red,
respectively).

Temporally Resolved in Situ Raman Characterization
of Struvite Formation on Dolomite Calcined at 800 °C.
A specially designed 3D-printed cell with quartz window was
used to conduct temporally resolved in situ Raman character-
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ization during the reaction of 600 ppm MAP (NH,H,PO,)
solution with the 800 °C calcined dolomite particle surface
under diffusion-limited conditions to generate preliminary
mechanistic insights into struvite crystallization on dolomite
surfaces. The dolomite/MAP concentrations were 500:600
ppm, which correspond to a molar ratio Mg**/NH,*/PO,*~ of
0.69:1:1. Previous studies have shown that Mg**/NH,*/PO,*>"
molar ratios of 0.5—1.5:1:1 have resulted in N and P
adsorption/reaction to form struvite.!>*°™* The results of
the temporally resolved in situ Raman analysis of the diffusion-
limited reaction of MAP with 800 °C calcined dolomite are
shown in Figure 3a,b. The sample area was selected to contain
typical hydroxyl groups at 3620 cm™'. The collected in situ
Raman data are plotted in two panels, each representing a
distinct temporal phase of speciation during the struvite
formation with 0—4S min spectral components in (a) and 60—
120 min spectral components in (b). The spectra acquired
after 15 and 30 min, shown in red and blue in Figure 3a,
exhibited a very weak band at 1086 cm™, a broad band in the
3200—3800 cm™' region with shoulders at 3242 and 3422
cm™ and an intense, sharp band at 3620 cm™. As explained
previously, the band at 1086 cm™' corresponds to the v
antisymmetric stretch of the CO5>~, whereas the 3620 cm™
corresponds to stretching vibration of the —OH in Ca-
(OH),."”*%*! The broad band with shoulders at 3242 and
3422 cm™ can be attributed to the —OH stretching in H,0
molecules in the proximity of the surface.”*** The Raman
spectrum acquired after 45 min (shown in green) exhibited a
much more intense band at 1086 cm ™!, whereas the 3620 cm™!
band was absent, suggesting —OH units had been depleted,
that is, likely CO;> groups were generated on the surface at
the expense of the —OH groups.

Figure 3b shows in situ Raman spectra acquired from 60 to
120 min of the reaction time. After 60 min (red spectrum), a
weak, broad band at 952 cm™" corresponding to v, mode of
PO,* surface species, a band at 1086 cm™" corresponding to
the v; antisymmetric stretch of the CO;*™ in CaCOs, and a
broad band in 3200—3800 cm™' region corresponding to the
—OH stretching in surface H,0% were observed. After 90 min
(blue spectrum Figure 3b), an additional band at 985 cm™
appeared, which we assigned to v, symmetric stretch of PO,
unit in HPO,2~.°>% The adsorption of HPO,*~ agrees with a
previous report’” and likely occurs at an Mg-surface site. At
100 min (purple spectrum Figure 3b), additional bands at 875,
1016, and 1060 cm™' appeared and were assigned to a
combination of PO,*~ and H,PO,” stretches,”>*® whereas the
new shoulders at 2934 and 3163 cm™" corresponded to N—H
vibrations from the adsorbed NH," species.'”'” Lastly, at 120
min (green spectrum Figure 3b), no additional bands were
observed; however, the 952 cm™! band shifted to 945 cm™! and
intensified compared to all other bands in the phosphate
region (i.e. 875, 985, 1016 and 1060 cm™"), suggesting growth
in the relative population of the T,; symmetry PO,>” species,
when compared to Cy, symmetry HPO,*™ and C,, symmetry
H,PO,” species. Note that in aqueous solutions, the PO,*~
anion has an intense band at 936 cm™,'**** whereas Raman
bands corresponding to the HPO,>” anion in aqueous
solutions are at 855—875 cm™' (v mode of P—OH) and
985—995 cm™' (v, symmetric stretch of PO, unit in
HPO,>").°* Lastly, the Raman spectrum of the H,PO,~
anion in aqueous environment exhibits three bands at 855—
878 cm™' (v mode of P—OH), 985—995 cm™" (v, symmetric
stretch of PO, unit in H,PO,”), and 1077 cm ™" because of P—

O vibrations.”> Correspondingly, it is known that the Raman
spectra of the PO,*” anions will alter as hydrogen is attached
to the PO,*, that is additional Raman bands will be observed
as the symmetry of the T, (PO,*") is lowered to Cy, (HPO,*")
and further to C,, (H,PO,”), which we propose was observed
in this in situ Raman study.

A qualitative spectrokinetic analysis of the temporally-
resolved Raman spectra further aids in understanding the
genesis of different molecular species during struvite formation.
Such a spectrokinetic approach has been previously employed
to understand material transformations, structural disor-
der, and molecular structures.””~’> Herein, relevant Raman
band intensity ratios were constructed and analyzed as a
function of time. The numerator band is chosen such that it
evolved temporally after the band chosen as the denominator,
that is, in the case of 950/1086 cm™, the 950 cm™' band
appeared as the 1086 cm™' band started disappearing,
suggestive of the product-like nature of the numerator and
reactant-like nature of the denominator. Initially, CO,*~
adsorption (from ambient CO, dissolution and reaction with
the —OH units)”*”* rate increased, as seen from the increasing
slope of the 1086/3620 cm~! band intensity ratio during the
initial 45 min, as shown in Figure 3c. Subsequently, in the early
stages of phase 2 (45—90 min), the CO,*~ species started to
diminish until fully depleted, highlighting the transient nature
of these surface species. Simultaneously with the CO5>~
depletion, PO,*” species started to adsorb on the surface,
presumably on the same reactive sites that previously anchored
the CO,”", as seen by the positive slope of 950/1086 cm™".
Moreover, the HPO,*~ and H,PO,” species, represented by
intensity ratios of 875/950, 985/950, and 1060/950 cm™!
bands, increased in the early stages of phase 2, as indicated by
the positive slope of the band ratios. However, in later stages of
phase 2 (90—120 min), a decrease in HPO,>~ and H,PO,”
species was observed on the top layers of the material being
analyzed, as signified by the negative gradients of the intensity
ratios of 875/950, 985/950, and 1060/950 cm™' bands. This
suggests that early nucleation layers formed during reaction
contained HPO,*” and H,PO,” species, which might be
serving as the nucleation sites for further adsorption of PO,*”
and NH," ions to form the struvite crystal lattice. Interestingly,
the PO,*~ adsorption was faster in the early stages of phase 2
than the later stage, as indicated by a smaller slope of the 950/
1086 cm™' band beyond 90 min. Last, the 1016 cm™" band,
attributed to the symmetric PO,*” stretching appeared in
conjunction with 2934, 3163 cm™" NH," bands. The intensity
ratio of 1016/950 cm™! bands increased in the latter half of
phase 2 most likely as simultaneous adsorption of NH,", PO,*~
and Mg*" species occurred and the struvite crystal lattice began
to form. Hence, the Raman spectroscopic evidence provided
herein regarding a two-phase genesis model suggests that
CO;*" adsorption takes place on —OH units, followed by
CO4*" depletion, as PO,*” species replace them. Also, early
growth stages have higher population of HPO,*~ and H,PO,~
species, which decreases as struvite lattice begins to grow and
PO,*", NH,", and Mg** species start coordinating on to these
layers. These in situ experiments were performed without
mixing, for example, under mass transfer-limited conditions to
observe the corresponding speciation and evolution. However,
the mechanism and temporal evolution of the intermediate
species likely does not change under stirring that was used to
measure the overall process kinetics in bulk experiments (vide
infra).
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Kinetic Studies of Struvite Formation Using Dolomite
Calcined at 800 °C. IC was used to measure the time-
dependent concentrations of residual anions (PO,*”) and
cations (Mg**, NH,*, and Ca’") in solution under reaction
limited conditions. Although dolomite calcined at 800 °C
showed highs PO,*~ removal, the 600 °C treated dolomite led
to almost no PO,> removal, as shown in Figure 4a. For kinetic
studies, three concentrations of dolomite were used, as Mg2+
concentration is known to affect struvite yield and the
corresponding kinetics.'”'? These concentrations were 300,
500, and 1000 ppm dolomite, which correspond to molar
[Mg?*]/[NH,*]/[PO,*>"] ratios of 0.41:1:1, 0.69:1:1, and
1.37:1:1, respectively. The time-dependent concentration of
NH," ions in the solution is shown in Figure 4b, with the inset
showing the total NH," removal after the 2 h reaction period.
1000 ppm dolomite exhibited some initial reactivity but
equilibrated to 95 ppm NH,", resulting in only 5% overall
NH," removal from the solution. Similar transient behavior
was also observed for 1000 ppm MgO where initial NH,*
removal was observed, followed by the release back into
solution in a previous study.'” However, at lower concen-
trations of dolomite, it was observed that unlike MgO and
MgCOS,lO’19 dolomite did not result in high (>80%) NH,"
removal. The highest NH," ion removal of 37% was observed
for 500 ppm. The removal of NH," ions from solution shows a
maximum as a function of increasing dolomite concentration,
which differs significantly from the behavior seen in prior work
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with MgCO;, but similar to the behavior seen with MgO'*"’

suggesting that similar sites are most likely responsible for the
underlying reactivity. Figure 4c shows the change in the PO,*~
concentration as a function of the reaction time for dolomite of
300, 500, and 1000 ppm. While all three concentrations
resulted in the PO,’” removal, the 1000 ppm dolomite
concentration showed the fastest reaction rate and percent ion
removal at 94.35% as shown in the inset figure. The 1000 ppm
dolomite resulted in a final PO,*” concentration of 28 ppm,
while 500 ppm dolomite resulted in the final concentration of
45 ppm. 300 ppm dolomite resulted in the lowest PO,*”
reaction with a final concentration of 179 ppm. Figure 4d,e
show the time-dependent cation concentrations (Mg** and
Ca’") during the struvite precipitation experiments. In 300 and
500 ppm dolomite loadings, the final cation concentrations in
the solution were less than 20 ppm. The pH change with time
shown in Figure 4f exhibits similar trends to the ones reported
in a previous study using MgCO,."” Increasing the dolomite
concentration in solution led to an increase in pH from the
initial 4.9 for pure 600 ppm MAP. In the 300 ppm case, the pH
increased to 8.19, whereas in 500 and 1000 ppm the pH
increased to 10.24 and 11.01, respectively, after 2 h.
Importantly, the Mg>* concentration measured in solution is
only a fraction of that in the bulk dolomite. This suggests that
Mg** ions never fully dissolve to undergo homogeneous
struvite nucleation and growth but rather are mobilized in the
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vicinity of the dolomite surface. Hence struvite crystal growth
is solid dolomite particle surface-initiated.

The PO,*” adsorption data from IC measurements obeyed
pseudo-second-order kinetics.*’ The plot of /g, versus time, as
shown in Figure 4g, was used to extract the rate constants (k,)
for the pseudo-second-order process and the equilibrium
PO,*" concentration (q,) for different dolomite concentra-
tions, as summarized in Figure 4g inset. As dolomite
concentration increased from 300 to 1000 ppm, a clear
decrease in equilibrium PO,’” concentration was observed.
Thus, it is possible to conclude that higher dolomite
concentrations lead to higher PO,’” removal, which is
consistent with the IC data shown in the inset of Figure 4c.
Increasing the dolomite concentration also led to an increase
in the k, values from 3.74 X 107> ¢ mg™! min™" at 300 ppm, to
2.63 X 107* g mg™" min~" at 500 ppm (a 7-fold increase from
the 300 ppm case, even though the concentration increase was
1.7 times) to 2.21 X 10~" at 1000 ppm (a 6000-fold increase
from the 300 ppm case, even though the concentration
increase was 3.3 times), which suggests that at 1000 ppm
PO,*" adsorption kinetics are faster most likely due to a
different PO,>~ adsorption process leading toward formation
of a PO,*™ product other than struvite, as inferred from the
larger k, at 1000 ppm. A previous study using MgO towards
struvite growth reported g, values of 833, 500, and 244 mg g~
at 300, 500, and 1000 ppm MgO, whereas the current work
with dolomite resulted in values of 1250, 909, and 476 mg g_l,
respectively, for 300, 500, and 1000 ppm dolomite
concentrations. Therefore, at equilibrium, dolomite results in
less PO,>” removal than MgO. In both the cases (MgO and
dolomite), PO,>” adsorption data fit the pseudo-second-
order kinetic model, which implies that like MgO, dolomite
must exhibit an intermediate formation step.' Furthermore, the
k, values for MgO are higher than the k, values for dolomite
found in this study for the 300 and 500 ppm dolomite
concentrations, while the k, value for 1000 ppm dolomite is
higher than the reported k, of 1000 ppm MgO."’ The k, value
reported in the literature for MgO loaded diatomite (0.0008
mg g~ min~')"” is nearly 20 times higher than the 300 ppm k,
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value for dolomite. This could be due to diatomite being a
porous, high surface area material compared to the calcined
dolomite.

Single Struvite Particle Compositional Analysis at the
Equilibrium. The compositional variation in the product with
increasing dolomite loading was investigated by using 300, 500,
and 1000 ppm dolomite concentrations, which correspond to
molar [Mg*']/[NH,"]/[PO,*] ratios of 0.41:1:1, 0.69:1:1,
and 1.37:1:1, respectively, consistent with the kinetic experi-
ments. Previous work has shown that Mg>* concentration in
solution affects the rate of formation of the final product.'”"”
Representative spectra obtained during depth Raman scans are
shown in Figure Sa. For 300 ppm dolomite, the crystalline
product exhibited a single intense Raman band at 945 cm™'
and a broad band with shoulders at 2934, 3163 cm™?, all of
which correspond to struvite Raman spectrumw’lg’66 However,
some areas of the solid product also exhibited the less defined
Raman spectrum with a broad, overlapping band centered at
952 cm™! with shoulders at 891 and 1016 cm™), as shown in
the top spectrum of Figure Sa. The 500 ppm dolomite product
exhibited a single intense Raman band at 945 cm™ and a
broad band with shoulders at 2934, 3163 cm™, all of which
correspond to struvite Raman spectrum,' ¥ as shown in the
bottom spectrum of Figure Sa. Last, in the 1000 ppm dolomite,
the solid product mostly exhibited bands at 853, ~950, 1086,
and 1120 cm ™!, as shown in the middle spectrum of Figure Sa.
A combination of possible PO,*~, HPO,*", and H,PO,”
species exhibit Raman bands at 853, 950, 985, and 1016
cm™!, whereas CO;>” species exhibit Raman bands at 1086
em™! for CaCO; and 1120 cm™! for MgCQ,.'%'*0%¢

Individual band intensity analysis was conducted to elucidate
heterogeneity in the single particles as shown in the 3D and
2D* plane Raman maps in Figure Sb—d. For 300 and 500 ppm
dolomite, the crystalline product was of cuboid morphology
(~6 pm for 300 ppm and ~15 ym for SO0 ppm). However, in
the case of 1000 ppm dolomite, the product was poorly
crystalline with circular platelets (~3 pm) visible, as shown in
the optical images in Figure Sb,c,d. Dolomite (300 ppm)
exhibited localization of PO,*™ (red: ~947 cm™") species, with
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a significant presence of H,PO,” species (green: 853 cm™).
Weak intensity from the CaCO; (blue: 1086 cm™) and
MgCO; (yellow: 1120 cm™") species was also detected within
the single crystal. The crystalline product in the case of 500
ppm dolomite showed the presence of PO, (947 cm™)
throughout the crystal, while green inclusions (853 cm™),
corresponding to lower symmetry H,PO,”, were observed to
be localized on the outer edges of the crystal. CaCO; (blue:
1086 cm™") was present mostly outside of the crystal while
MgCO; (yellow: 1120 cm™") was co-localized within the solid
crystals with the PO,* species (red: 947 cm™"). Last, the solid
product from 1000 ppm dolomite did not exhibit any intensity
from 853 and 1120 cm™" bands. The scanned solid particle was
homogenous and exhibited band intensity corresponding to
PO, (red: 947 cm™). CaCO; (blue: 1086 cm™) was
observed outside the circular platelet comprised of PO,*~
phase, most likely present in the amorphous bulk phase.
Proposed Mechanism of Struvite Formation on the
Dolomite Surface. Based on the in situ Raman spectra
presented in Figure 3a,b, the spectrokinetics analysis shown in
Figure 3¢, and the spatially resolved ex situ single-crystal
Raman maps shown in Figure S, a qualitative model describing
the observed adsorption dynamics on 800 °C calcined
dolomite was derived and illustrated in Figure 6. The model

NH,'
MgNH,PO, i Mg 4
CaCO;s
5
@ 6)
ElEE -
6) PO, o
@ (O]
v

Calcined dolomite

Spatially-resolved ex situ

Raman spectroscopy ~ Temporally-resolved in sifu Raman spectroscopy

Figure 6. Proposed mechanism for struvite formation on 800 °C
calcined dolomite surface in 500/600 ppm dolomite/MAP solution,
based on in situ temporally resolved Raman data and spectrokinetic
analysis.

can be divided into two temporal phases composed of roughly
S steps, namely, (1) Mg(OH),- and Ca(OH),-rich dolomite
hydration involving CO;*” adsorption (most likely from
ambient CO, dissolving into the solution) onto the —OH
sites, as inferred from the increase in 1086/3620 cm™! band
intensity ratio. Previously, similar behavior was observed when
MgO was used instead of dolomite.'” (2), PO,* adsorp-
tion with CO,*~ depletion, followed closely by the formation
of H,PO,” and HPO,>” species on the surface. The
appearance of additional Raman bands correlates directly to
the loss of degeneracy within the adsorbed T, PO,*” as the T}
symmetry of the PO~ species is lowered®>”* to C;, (HPO,>")
and C,, (H,PO,”). Only one phosphate band at 952 cm™" was
present at the start of the second temporal phase, but five
Raman bands were observed with time, towards the end of the
second tempoeral phase, consistent with the decrease in
symmetry. Data presented in Figure 4e suggest that only ~5
ppm of Mg*" ions is present in bulk aqueous phase. Hence,
there is virtually no thermodynamic force to drive bulk struvite
crystal precipitation in solution. Instead, supersaturation can

only occur in the vicinity of the surface with any dissolved
Mg** via step (3) reacting with surface-bound phosphate ions
in step (4). Next, the relative intensity of Raman bands
corresponding to lower symmetry H,PO,” and HPO,*”
species decreased and the intensity of the T; PO,*” Raman
band increased, in conjunction with the appearance of NH,"
Raman bands in step (), indicating struvite crystal growth.
It was intriguing to note that T, PO,’” adsorbed species
appeared first and were followed by adsorbed lower symmetry
HPO,”~ and H,PO,” species, which were succeeded by
crystalline struvite (MgNH,PO,) formation. It has previously
been shown using in situ micro-Raman studies of KZHPO464
and KH,PO,’® droplets that in undersaturated conditions,
H,PO,” exists as hydrated monomers (H,PO,”—nH,0) with
pronounced ~877 and ~1077 cm™' bands. Upon super-
saturation, polymeric/dimeric H,PO,~ chains form, indicated
by asymmetric broadening, weakening, and shifting of the 1077
cm™! Raman band toward lower wavenumbers.®#’¢77%
Provided that in this work, the 875 and 1060 cm™! Raman
bands were observed in the later stages of the reaction, it can
be inferred that PO,*” adsorption, and more importantly,
lower symmetry H,PO,~ (C,,) ion adsorption resulted in the
onset of crystalline struvite formation, under supersaturated
conditions at the solid—solution boundary. The formation of
such distorted, low-symmetry nucleates can be of profound
importance for the crystal structure of the final struvite
product. Such intermediate nucleate species most likely help in
minimizing the entropic penalty for crystallization of struvite,
as explained by the Ostwald step rule’” and Spaepen’s
model.”*** According to Spaepen’s model,”** the nucleation
barrier for a solid crystallizing is related to its configurational
entropy difference between the crystal and liquid, as given by 2

AS, g (bulk—interface)
N ASfusion 2)

ar =

where Nj is the number of atoms in the interface, N is the
number of atoms in the crystal plane, AS,g,(bulk) is the
configurational entropy of the bulk crystal, ASmnﬁg(interface) is
the configurational entropy of the interface, and ASgg,, is the
fusion entropy per atom. This model suggests that the
structural similarity between the crystal and liquid lowers
crystallization barrier, which has been observed in alloys,*' ~*
metals,***° and, recently, in crystallization of KZPO4.76’77 It can
be proposed that the nucleated H,PO,~ with symmetry lower
than the T; PO,’” might be playing a role in providing
structural similarity needed to nucleate struvite crystals.
Struvite crystal has a layered orthorhombic®® structure, with
PO, tetrahedrons, NH," tetrahedrons, and [Mg-6H,0]*
octahedrons coordinated within the unit cell with extensive
hydrogen bonding, which introduces distortions.””~*” With the
supersaturation at the dolomite surface, the formation of low-
symmetry local surface structures might be providing
configurational similarity to the distorted units within the
final struvite crystal, thereby lowering the nucleation barrier.
Because the growth of struvite crystals takes place at the solid—
solution interface, one expects such transformation in the local
surface structures at the solid—solution boundary to play a
primary role in the growth, kinetics, and morphology of the
final crystalline product, as has been observed in other
studies.”’
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B CONCLUSIONS

This work provides a characterization of solid phases via pXRD
and spatially resolved ex situ Raman spectroscopy, which
showed that solid struvite exhibited chemical heterogeneities
with phases such as MgCO;, CaCO; MgNH,PO, Mg-
(H,PO,),, MgHPO,, present within the final crystalline
product. The literature>”” on struvite synthesis using
dolomite lacks thorough insights regarding the chemical nature
of the solid product, the kinetics of struvite formation, a
possible mechanism of the reaction and relies solely on the
bulk crystalline analysis of the products. Recent study of
spatially-resolved struvite crystal formation from MgCOj in the
presence of either low-solubility CaCO; or soluble CaCl,
shows kinetic hindrance of struvite formation with the latter,
whereas the former resulted in phase-separated struvite/calcite
particles.'” In agreement, results of this work also show that
the presence of low-solubility Ca minerals in calcined dolomite
does not inhibit struvite crystal formation. Moreover, pseudo-
second-order kinetics were observed for struvite formation
using dolomite, with k, values of 3.74 X 107> g mg™' min~" at
300 ppm, 2.63 X 10~ ¢ mg™ min™" at 500 ppm, and 2.21 X
107" ¢ mg™' min™' at 1000 ppm dolomite, although a
secondary phosphate product besides struvite was formed at
1000 ppm dolomite. g, value comparison showed that at
equilibrium, dolomite resulted in less NH,* and PO,*~ removal
than when other insoluble minerals like periclase and
magnesite were used as the Mg*" sources. Lastly, it was
shown that dolomite had to be calcined at 800 °C, otherwise,
no struvite product formed even after 2 h of reaction time.
Temporally-resolved in situ Raman spectroscopy results
showed that the 800 °C calcined dolomite surface had —OH
functional groups that actively served as adsorption sites for
CO,*". The adsorbed CO;>" then further served as adsorption
sites for PO,*~, HPO,*~ and H,PO,~ species. Adsorbed low-
symmetry polymeric H,PO,” chains were observed on the
dolomite surface at the onset of struvite crystal lattice growth,
which hint that geometric adjustment of such polymeric units
at the solid—solution boundary might play a crucial role in the
composition, growth, and morphology of the crystalline
product. These new insights into the possible mechanism of
struvite formation on calcined dolomite surfaces can serve as
motivation to tailor and treat precursor materials to promote
struvite formation.
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