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ABSTRACT: Sustainable, liquid-assisted grinding—mecha-
nochemical synthesis—of crucial nutrient containing com-
pounds, namely, Ca- and Mg-struvites (CaNH,PO,-H,O and
MgNH,PO,6H,0) and complex double salts (Ca-
(NH,),(HPO,),-H,0 dimorph B, Mg(NH,),(HPO,),-
4H,0 dimorph A), was performed. These compounds were
synthesized using solid crystalline monoammonium phos-
phate (NH,H,PO,, MAP) and low solubility common
calcium and magnesium minerals, such as hydroxides,
carbonates, and oxides. Powder X-ray diffraction showed
single crystalline phase materials. Properties of the synthesized
compounds were studied by thermogravimetric analysis/
differential scanning calorimetry (TGA/DSC), Raman spec-
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troscopy, and dynamic vapor sorption (DVS). TGA results showed that Ca-struvite was the most thermally robust, followed by
Ca- and Mg-complex double salts and Mg-struvite. The decomposition of samples with release of NH; was marked by peaks in
the DSC profiles at 190 °C for both complex double salts and a broad DSC shoulder at 186 °C was observed for struvites.
Raman spectroscopy showed the presence of distorted PO,*~ bands due to protonation of the phosphate species and multiple
binding environments. DVS measurements showed that these compounds deliquesced at very high relative humidity conditions
(~90%), which in some cases led to significant changes in the dominant crystalline phase.
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B INTRODUCTION

As the agricultural community and fertilizer industry alike
prepare for the challenges of soil nutrient depletion, rising food
demand,'™® and adverse environmental impacts of over-
fertilization,®™* the need for sustainable fertilizers, such as
those partially or fully produced from inorganic rock, has come
into focus in recent years.”'°~'7 One embodiment of the need
for sustainable, economical fertilizers is the situation in Eastern
Uganda, where it has been noted that urea in the region costs
up to five times as much as in the United States.'® Although,
major plantations can afford these costs, small farms struggle to
afford these expensive fertilizers. Another problem regarding
the sustainability of widely used fertilizers lies within the fact
that a majority of fertilizers only supply primary macro-
nutrients (N, P, K) while leaving out other important
secondary macronutrients (Ca, Mg, $)."?° Some of these
secondary macronutrients, such as the divalent cations of
calcium and magnesium, have been regarded as a critical
secondary nutrients for over a hundred years.”"”” Calcium,
while sometimes overlooked and left out of commercial NPK
tertilizers, is known to assist many plant biological processes
within cytoplasm and the cell wall.”’ Magnesium is the most
prevalent divalent cation in cytosol and is critical in the
formation of many plant enzymes.”* An immediate challenge
arises since both calcium and magnesium are immobilized in
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insoluble minerals. Although magnesium is a common
constituent of many minerals, comprising 2% of the earth’s
crust, most soil magnesium (~98%) is incorporated in the
crystal lattice structure of low solubility minerals and thus is
not directly available for plant uptake.””

To keep up with modern agriculture and sustainable nutrient
management,”’®*” developments in both slow release and
enhanced efficiency fertilizer design and synthesis have recently
experienced a strong rejuvenation. In particular, solvent-free
mechanochemical methods have been utilized to prepare
fertilizers containing major nutrients. Mechanochemistry has
been recognized as an emerging green method of solid state
material transformations, especially as it allows solvent-free
modes of synthesis and is less energy intensive than other
major industrial processes.”” *' Traditional methods of
producing N—P—K fertilizers that use NH; as a reactant
typically produce 1400—2600 kg of CO, equivalent per
kilogram of N fixed.”* On the other hand, a typical industrial
ball-mill requires 0.01—0.10 kWh/kg of solid (MAP, Mg-, Ca-
precursors in this case) milled,**** which translates to 0.005—
0.05 kg of CO, equivalent per kilogram of solid milled. Soluble
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nutrient salts, such as KH,PO,/NH,H,PO, have mechano-
chemically been incorporated into insoluble matrixes of
ALO;* or clay minerals.’”*® Potassium and magnesium
from the corresponding hydroxides and nitrates have also
been incorporated in slow release matrixes with SiO, or layered
double hydroxides.””™*" Other attempts utilized mechano-
chemistry to enhance nutrient release from otherwise insoluble
minerals such as phlogopite*” and chrysotile* with or without
the corresponding coreactants to perform a double substitution
reaction. Reactive mechanochemistry to make complex
fertilizer materials using abundant magnesium or calcium
minerals (oxides, hydroxides, and carbonates) has seldom been
utilized. Nutrient containing waste, such as FeSO, and ZnSO,,
has mechanochemically been transformed by milling with
CaCO; into the corresponding metal carbonates with a
resulting ~100% release rate in 2% citric acid solution.**
KMgPO, was prepared by milling KH,PO, and Mg(OH), at a
molar ratio of 1:1 for 120 min at mill rotational speeds of S00—
600 rpm.* The same authors also synthesized MgNH,PO, by
milling NH,H,PO, and Mg(OH), at a molar ratio of 1:1 for
120 min at mill rotational speeds of 300—700 rpm. Recent
work utilized either magnesoum or calcium salts™ or the
corresponding oxide, hydroxide, and carbonate compounds'’
to mechanochemically obtain their corresponding urea adducts
with improved nitrogen management.

The emphasis of this work is on creating complex fertilizer
materials that incorporate both primary (N and P) and
secondary (Mg, Ca) macronutrients in one crystalline unit
using mechanochemistry. In particular, two complex fertilizer
materials of interest are dimorph B of Ca(NH,),(HPO,),-H,0
and dimorph A of Mg(NH,),(HPO,),-4H,0, two highly
soluble compounds combining three nutrients, such as Ca or
Mg with N and P; however, challenges that faced their
conventional synthesis are evident in Figure 1. The compounds

NH,H,PO,

Not Examined

30

H,PO, %

40 50

Figure 1. Adapted from ref 47. Copyright 1964 American Chemical
Society.

were slowly precipitated out of aqueous solutions of NHj,
H;PO,, and alkaline salts of either magnesium or calcium. The
process to precipitate dimorph B of Ca(NH,),(HPO,),-H,0
from solution took around a day, and a highly specific NHj; to
H;PO, ratio of about 1 to 2.5 was needed to achieve the
crystallization of the specific dimorph of the salt.** It was also
later noted that a specific pH range between 5.3 and 8.0 was
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needed to produce the salt from solution.”” Similar character-
istics of precipitation were observed for dimorph A of
Mg(NH,),(HPO,),-4H,0 in regards to duration of precip-
itation, pH requirements and NH;: H;PO, ratio.”® When
prepared using a conventional precipitation from solutions,
both compounds had an impurity of monoammonium
phosphate (MAP).”" Interestingly, Ca(NH,),(HPO,),"H,0
was previously determined as a product from the reaction of
diammonium phosphate (DAP) and alkaline soils.”” Ca-
(NH,),(HPO,),-H,0 was found naturally in a Namibian
cave where it is believed that bat excreta reacted with the
phosphate compounds in the walls of the cave to produce the
specific dimorph.>® This suggests that double salt synthesis
using natural magnesium and calcium bearing minerals should
be feasible.

We utilized solid crystalline MAP—a very large volume solid
fertilizer and chemical intermediate—as both nitrogen and
phosphorus precursor, while using magnesium and calcium
oxides, hydroxides, and carbonates as alkaline metal precursors
via reactive milling. By adjusting precursor ratios, we were able
to selectively obtain either Ca- or Mg-struvites (CaNH,PO,
H,0 or MgNH,PO,-6H,0) or the corresponding higher
nitrogen and phosphorus content complex salts (Ca-
(NH,),(HPO,),-H,0 or Mg(NH,),(HPO,),-4H,0). The-
oretical yields and product determination were determined
from powder X-ray diffraction (pXRD) and further analysis of
the synthesized compounds was conducted using thermogravi-
metric analysis (TGA)/differential scanning calorimetry
(TGA/DSC) and Raman spectroscopy. Finally, environmental
reactivity properties toward water vapor have been assessed
using the dynamic vapor sorption (DVS) technique.

B EXPERIMENTAL SECTION

Reagents and Solutions. Monoammonium phosphate,
NH,H,PO, (MAP, 99.9%+, Fisher Scientific), MgO (99%+, Sigma-
Aldrich), Mg(OH), (95%, Acros Organics), MgCO; (500 grade,
Acros Organics), Ca(OH), (96%+, Sigma-Aldrich), CaO (reagent
grade, Sigma-Aldrich) and CaCO;(99%+, Acros Organics) powders
were used as received.

Mechanochemistry and Crystal Structure Testing. In a
typical procedure, a total of 200 mg to 400 mg sample of Ca or
Mg precursor (oxide, hydroxide, or carbonate) and monoammonium
phosphate (MAP, NH,H,PO,) with the corresponding molar ratios
were loaded into a 1S mL stainless steel jar together with three
individual 8 mm stainless steel balls and grounded for up to 10 min at
26 Hz in a Retsch MM300 mixer mill. Liquid assisted grinding (LAG)
was utilized due to the high crystalline water content in the products.
All samples were air-dried before pXRD analysis.

Powder X-ray Diffraction (pXRD) Analysis. To determine the
crystalline identity of the mechanochemical product and the overall
conversion of the reactants (MAP, Ca- and Mg-hydroxides, oxides,
carbonates, and water), pXRD analysis (Empyrean, PANalytical B.V.)
was performed. 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 degrees.

The three pXRD patterns that were obtained using the different
calcium sources of Ca(OH),, CaCO3, and CaO were matched against
the theoretical line graph of dimorphs A and B of Ca(NH,),(HPO,),
H,O (PDF 20—204). Likewise, the patterns that were obtained from
Mg(OH),, MgCO;, and MgO were also compared to the theoretical
line graphs of dimorphs A and B of Mg(NH‘t)Z(HPO4)2~4H7_O.54_57
While the crystal structure of neither compound is fully known,
experimental pXRD patterns have been reported and shown in Figure
2.775%59 Ca- or Mg-struvites (CaNH,PO,-H,0" or MgNH,PO,:
6H,0%°) were indexed according to their simulated pXRD patterns
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Figure 2. Theoretical XRD peak positions of Ca(NH,),(HPO,),:
H,0 and Mg(NH,),(HPO,),-4H,0 dimorphs.

obtained from the reported crystal structures. In the case of Mg—
complex salt, (indicated in the text) reactant peaks from unreacted
monoammonium phosphate were also observed. On the basis ofthis
observation, it can be determined that very high conversion rates
occurred during milling slightly lower conversion took place for Mg—
complex salts, most likely due to its more soluble nature of the Mg
precursors.'”

Thermal Analysis. Simultaneous measurement of weight change
(TGA) and differential heat flow (DSC) was assessed using SDT-
Q600, TA Instruments. During TG/DSC measurements, a heating
rate of 10 °C/min was used under N, flow of 100 mL/min.

Raman Spectroscopy. Raman spectra and spectral maps were
acquired using WITec alpha300R confocal Raman microscope using a
532 nm laser and X100 objective. Laser intensity at the sample was
~54 mW.

Dynamic Vapor Sorption Analysis. The DVS Intrinsic (Surface
Measurement Systems Ltd., USA) equipped with SMS Ultrabalance
with a mass resolution of +0.1 yg was used to obtain ramping and
equilibrium water vapor sorption isotherms. Approximately S mg of
powder was placed in an aluminum pan in the apparatus and initially
dried over 600 min with a stream of dry nitrogen to establish a dry
mass at 25 °C. The dry mass was calculated after the end of first
drying stage (~0% RH). The sorption cycle experiments were
performed from 0% relative humidity (RH) to 90% RH in a step of
10% in a preprogrammed sequence, before decreasing to 0% RH in a
reverse order. The instrument maintained a constant target RH until
the moisture content change per minute (dm/dt) was less than
0.002% per minute over a 10 min period. All samples for DVS analysis
were synthesized mechanochemically from the corresponding
hydroxides and MAP except Ca-struvite, CaNH,PO,-H,0, which
was synthesized using CaO. MAP was milled for the same period of
time before analysis for comparison. DVS curves were obtained in at
least triplicate from three independent samples.

B RESULTS AND DISCUSSION

Mechanochemical Synthesis and pXRD of Ca-
(NH,),(HPO,),'H,0 and Mg(NH,),(HPO,),-4H,0. A 2-fold
excess of both Ca- or Mg-bearing minerals was necessary to
achieve the complex magnesium double salt, Mg-
(NH,),(HPO,),-4H,0 and Ca(NH,),(HPO,),-H,O, forma-
tion according to eqs 1 through 6
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Mg(OH), + 2NH,H,PO, + 2H,0

— Mg(NH,),(HPO,),-4H,0 (1)
MgO + 2NH,H,PO, + 3H,0

— Mg(NH,), (HPQ,),-4H,0 (2)
MgCO, + 2NH,H,PO, + 3H,0

— Mg(NH,),(HPO,),-4H,0 + CO, (3)
Ca(OH), + 2NH,H,PO,

— Ca(NH,),(HPQ,),-H,0 + H,0 (4)
CaO + 2NH,H,PO, — Ca(NH,),(HPQ,),-H,0 (3)
CaCO; + 2NH,H,PO,

— Ca(NH,),(HPO,),-H,0 + CO, (6)

Stoichiometrically, magnesium complex salt requires the
addition of water molecules to yield four crystalline water
molecules. This was done by adding a few droplets of liquid
water into the reaction mixture to perform liquid assisted
grinding. As shown in Figure 3, solid products resulting from
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Figure 3. Comparison of pXRD patterns of Mg(NH,),(HPO,),:
4H,0 (top) and Ca(NH,),(HPO,),-H,O (bottom) resulting after
mechanochemical treatment of (top) Mg(OH),, MgO, and MgCO,
and (bottom) Ca(OH),, CaO, and CaCO; with NH,H,PO, using 1:2
molar ratio. The product XRDs have been slightly offset vertically for
clarity. Peaks corresponding to Mg(NH,),(HPO,),-4H,0 dimorph A
and Ca(NH,),(HPO,),-H,0- dimorph B are highlighted in royal
blue, and unreacted MAP(NH,H,PO,) is highlighted in cyan.

LAG of Mg(OH),, MgO, and MgCO; with MAP indeed
yielded mostly complex double salt Mg(NH,),(HPO,),-4H,0.
Interestingly, a complete conversion of reactants at 2:1
mineral/MAP reactant ratio was only achieved to yield
Ca(NH,),(HPO,),-H,0, as shown in Figure 3, using LAG
during CaO and CaCOj; milling with MAP, as summarized in
Table 1. While the stoichiometry of reactions S and 6 does not
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Table 1. LAG Synthesis of Ca- and Mg-Containing Double
Salts (Ca(NH,),(HPO,),H,0 or Mg(NH,),(HPO,),’
4H,0) from the Corresponding Ca- and Mg-Hydroxides,
Oxides, and Carbonates

molar ratio (mineral/ major product from pXRD

mineral MAP) LAG analysis

Mg(OH), 1:2 yes Mg(NH,),(HPO,),4H,0
Mg(OH), 1:2 no no reaction

MgO 1:2 yes Mg(NH,),(HPO,),-4H,0
MgO 1:2 no no reaction

MgCO; 1:2 yes Mg(NH,),(HPO,),-4H,0
MgCO, 1:2 no no reaction

Ca(OH), 1:2 yes Ca(NH,),(HPO,),"H,0
Ca(OH), 1:2 no Ca(NH,),(HPO,),'H,0
CaO 1:2 yes Ca(NH,),(HPO,),'H,0
CaO 1:2 no no reaction

CaCO, 1:2 yes Ca(NH,),(HPO,),-H,0
CaCO; 1:2 no no reaction

require water to make Ca(NH,),(HPO,),H,O, an inter-
mediate hydroxylated compound, such as Ca(OH), can likely
be forming to then be converted into the final product. This is
confirmed when Ca(OH), is converted with or without LAG
into Ca(NH,),(HPO,),-H,0, as shown in Table 1. This also
implies that CaO and CaCOj are less reactive and LAG
induces reactivity by mobilizing boundaries of the crystals,
consistent with recent experiments..m_64

Varying amounts of unreacted MAP were observed in pXRD
analysis Figure 3 in all cases of the Mg—complex salt. Having
said that, the case of the most soluble Mg precursor used in
this study, for example, MgCO;, had the highest quantity of
unreacted MAP, regardless of varying ratios, the reactant
milling time, and the added water amount. On the other hand,
in the case of Ca-containing product, all precursors resulted in
extremely high conversion, and exclusively produced Ca-
(NH,),(HPO,),-H,0O, dimorph B, as the product. A
comparison of the product in the case of all Ca precursors
vs the product from the Mg precursors shows that the Ca-
containing product had higher purity and matched the
theoretical XRD very closely. The Mg—complex salt showed
some peaks that did not match the theoretical XRD of
dimorph A and upon further analysis were attributed to
unreacted MAP, while the three peaks below 15° were

unresolved and most likely occurred from an impurity or were
from the desired product. Interesting to note here is that all Ca
precursors were less soluble compared to the their correspond-
ing Mg counterparts, which is most likely the reason for the
higher conversion in the Ca case. The strongly solubility-
dependent phase production can also be seen within the Mg-
containing complex salts, as the most soluble MgCO; (vs
MgO, Mg(OH),) produced the lowest yield of the product.

Mechanochemical Synthesis and pXRD of CaNH,PO,:
H,0 and MgNH,PO,-6H,0. Stoichiometric amounts of both
Ca- or Mg-bearing minerals were necessary to achieve the
complex magnesium double (struvite) salt, MgNH,PO,-6H,0
and CaNH,PO,-H,0, formation according to eqs 7 through
12.

Mg(OH), + NH,H,PO, + 4H,0 — MgNH PO,-6H,0

?)
MgO + NH,H,PO, + SH,0 — MgNH,PO,-6H,0  (g)
MgCO, + NH,H,PO, + SH,0

— MgNH,PO,-6H,0 + CO, 9)
Ca(OH), + NH,H,PO, - CaNH,PO,-H,0 + H,0

(10)

CaO + NH,H,PO, — CaNH,PO,-H,O (11)

CaCO; + NHH,PO, —» CaNH,PO,-H,0 + CO, (12)

Stoichiometrically, magnesium double salt requires the
addition of even water molecules to obtain Mg-
(NH,),(HPO,),"4H,0 to yield the six-crystalline water
molecules form MgNH,PO,-6H,0. This was also done by
adding a few droplets of liquid water into the reaction mixture
to perform liquid assisted grinding. As shown in Figure 3 left,
solid products resulting from the LAG of Mg(OH),, MgO, and
MgCO; with MAP indeed yielded a complex double struvite
salt MgNH,PO,-6H,0. No unreacted MAP was observed in
pXRD in either case, but reactions always took place only with
water added as shown in Table 2.

A complete conversion of reactants at 1:1 mineral/MAP
reactant ratio was only achieved to yield CaNH,PO,-H,0, as
shown in Figure 4 right, using LAG during Ca(OH), and CaO

Table 2. LAG Synthesis of Ca- and Mg-Containing Double Salts (CaNH,PO,-H,0 or MgNH,PO,6H,0) from the

Corresponding Ca- and Mg-Hydroxides, Oxides, and Carbonates

molar ratio (mineral/ product from pXRD

mineral MAP) LAG analysis remarks
Mg(OH), 1:1 yes  MgNH,PO,6H,0
Mg(OH), 1:1 no  no reaction
MgO 1:1 yes  MgNH,PO,-6H,0
MgO 1:1 no  no reaction
MgCO;, 1:1 yes  MgNH,PO,-6H,0
MgCO, 1:1 no  no reaction
Ca(OH), 1:1 yes  CaNH,PO,H,0
Ca(OH), 1:1 no Ca(NH,),(HPO,), complex double salt formed
2
CaO 1:1 yes  CaNH,PO,-H,O
CaO 1:1 no  no reaction
CaCO; 1:1 yes  unknown product product does not match the pXRD of Ca(NH,),(HPO,),-H,0, CaNH,PO,-H,0 or
CaNH,PO,-7H,0
CaCO; 1:1 no  no reaction
6805 DOI: 10.1021/acssuschemeng.8b06129
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Figure 4. pXRD patterns of CaNH,PO,-H,0 or MgNH,PO,-6H,0 resulting after mechanochemical treatment of (right) Ca(OH),, CaO, CaCO;
and (left) Mg(OH),, MgO, and MgCO; with NH,H,PO, using 1:1 molar ratio.

milling with MAP, as summarized in Table 2. While the
stoichiometry of reaction 11 does not require water to make
CaNH,PO,-H,O0, similarly to more complex double salts, an
intermediate hydroxylated compound, such as Ca(OH), can
likely be forming to be converted into the final product in the
case of CaO conversion. This is confirmed when Ca(OH), is
converted with LAG into CaNH,PO,-H,O, as shown in Table
2. Interestingly, however, is that Ca(OH), without LAG and
1:1 mineral/MAP reactant ratio was converted to Ca-
(NH,),(HPO,),-H,O with traces of Ca(OH), as shown in
the pXRD (not shown here). We suggest that Ca-
(NH,),(HPO,),'H,0 is thermodynamically more favorable
when abundant moisture is available during the milling of
Ca(OH),. CaO and CaCOj, with no LAG yielded no product,
while CaCO; with LAG yielded a pXRD pattern that did not
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match any of the potential products, such as Ca-
(NH,),(HPO,),"H,0, CaNH,PO,-H,0, or CaNH,PO,-
7H,0.

TGA/DSC Analysis of Mechanochemically Derived
Double Salts. The TGA and DSC temperature profiles
obtained of the samples prepared via mechanochemical
treatment of Ca- and Mg-bearing minerals and MAP are
shown in Figure S compared to those of MAP. Samples
synthesized from the corresponding Ca- and Mg-hydroxides
were utilized. The left panel of Figure S shows TGA and DSC
profiles of the complex double salts of Mg and Ca
(Ca(NH,),(HPO,),H,0 and Mg(NH,),(HPO,),"4H,0),
while the right panel shows those of Ca- and Mg-struvite
(CaNH,PO,H,0 and MgNH,PO,-6H,0). MAP exhibited
two endothermic peaks at 210 and 620 °C with the

DOI: 10.1021/acssuschemeng.8b06129
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Figure S. TGA and DSC temperature profiles obtained of the samples prepared via mechanochemical treatment of Ca- and Mg-bearing minerals
and MAP. The left panel shows TGA and DSC profiles of the complex double salts of Mg and Ca (Ca(NH,),(HPO,),"H,O and
Mg(NH,),(HPO,),-4H,0), while the right panel shows those of Ca- and Mg-struvite (CaNH,PO,-H,0 and MgNH,PO,-6H,0). TGA and DSC

temperature profiles of MAP are shown for reference.

corresponding sharp mass losses. The first mass loss is assigned
to the MAP decomposition with ionic fragments of NH;
detected in the gas phase using mass spectrometry.”> The
high temperature peak is due to the very complex
decomposition mechanism of H;PO, into pyrophosphoric
acid and water followed by pyrophosphoric acid into
methaphosphoric acid and water, respectively.”*® Only Mg-
struvite (MgNH,PO,-6H,0) has been extensively character-
ized in the literature®”®® so thermal data interpretation of other
salts was done by comparison.

In particular, the TGA temperature profiles of the complex
double salts (Ca(NH,), (HPO,),-H,O and Mg(NH,),
(HPO,),-4H,0) showed that the samples began to dehydrate
and lose their mass already above room temperature. This
dehydration continued until 150 °C, after which the
decomposition of the crystalline samples began with the
release of NH;. The dehydration event is also marked by a
sharp peak in DSC profiles at 138 °C in Ca(NH,), (HPO,)-
H,O and at 105 °C in Mg(NH,),-(HPO,)-6H,0, respectively.
Moreover, the decomposition of samples with release of NH;
are marked by smaller peaks in the DSC profiles at 190 °C for
both compounds. The decomposition continued until ~500—
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600 °C for both the double salts, after which no further major
loss in mass was observed. The final mass of Ca(NH,),
(HPO,),-H,0 and Mg(NH,),-(HPO,),-4H,0 was 65% and
60% of the initial masses, respectively. No other peaks, thus no
other phase transitions, were observed in the DSC profiles of
both complex double salts. Among the two double salts,
Ca(NH,),-(HPO,)-H,O proved to be more thermally stable in
this thermal analysis.

On the other hand, the TGA of the Ca- and Mg-containing
struvite showed that dehydration onset slightly above the room
temperature. This dehydration continued up to ~100 °C, after
which the decomposition of the crystalline samples began with
the release of NH;. The decomposition continued until ~500—
600 °C for CaNH,PO,-H,0 and ~350 °C for MgNH,PO,-
6H,0, after which no further major loss in mass was observed.
The final mass of CaNH,PO,-H,0 and MgNH,PO,-6H,0
was 74% and 39% of the initial mass, respectively. The exact

decomposition product was not identified due to a very
complex pathway involving many phosphorus species, such as
ortho-, pyro-, and triphosphates.”” The dehydration event
corresponded to a sharp peak in the DSC profile of
MgNH,PO,-6H,0 at 108 °C. However, no such pronounced
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peak was observed in the CaNH,PO,H,O, which only
exhibited a broad DSC shoulder at 186 °C. However, unlike
the double salts, Ca- and Mg-containing struvite also exhibited
two exothermic DSC bands at 651 and 689 °C, respectively.
These exothermic DSC peaks were also reported for
MgNH,PO,H,0 in the literature.”””" Among the two
struvites, CaNH,PO,-H,0 proved to be much more thermally
stable.

Raman Spectroscopy Analysis of Mechanochemically
Derived Double Salts. All the double salts obtained exhibit
Raman bands due to the NH,*, PO,*", and HPO,*™ ions as
shown in Figure 6. Raman spectroscopy is especially suited for

978
1459 1694
(e) Mg(NH,),(HPO,),-4H,0
971

(d) Ca(NH,),(HPO,),-H,O

947
1436 1689

(¢) MgNH,PO,-6H,0

Intensity (A.U.)

941

(b) CaNH,PO,-H,0

925
1664
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Wavenumber (cm™)

Figure 6. Raman spectra of (a) MAP, (b) CaNH,PO,H,0, (c)
MgNH,PO,-6H,0, (d) Ca(NH,),(HPO,),H,0, and (e) Mg-
(NH,),(HPO,),-4H,0 mechanochemically synthesized using Ca-
(OH), and Mg(OH),.

ammonium and phosphate containing salt analysis since it is
very sensitive to symmetric vibrations of the relevant ions,
including PO,>~."> Accordingly, symmetric stretch, v,(PO,>),
of MAP was observed at 925 cm™' consistent with the
literature.”* The main peak for PO,>~ observed in all double
salts shifted to higher wavenumbers signifying a change in
binding configuration from that of MAP. Ca- and Mg-struvite
shifts are 16 and 22 cm™ while they are —46 and 53 cm™ for
Ca- and Mg-complex double salts, respectively. In addition
v,(NH,") of MAP was detected at 1664 cm™. Both of the
bands are shifted from those of free PO,*>~ and NH," at 936
and 1685 cm™’, respectively, indicating a distortion in the
tetrahedron groups related to the deviation from the Ty
symmetry.”” In the previous work it was shown that Mg—
struvite samples synthesized using aqueous NH," and PO,*~
precursors and water-soluble MgCl, exhibited a Raman PO,*~
band at 950 cm™! due to the symmetric PO,>~ stretch.”” Two
prominent peaks in 1400—1700 cm™" region were assigned to
the deformational vibrations of NH," tetrahedra.”* This is
consistent with the spectral features shown in Figure 6 for
MgNH,PO,-6H,0.

Spectral characterization, let alone the exact crystalline
structure, of other compounds, namely, CaNH,PO,-H,O,
Ca(NH,),(HPO,),-H,0, and Mg(NH,),(HPO,),4H,0 is
not present in the literature. Takagi et al.”> reported the
crystal structure of CaNH,PO,7H,0O and noted this highly
hydrated crystal as very unstable as it began decomposing at
room temperature. We did not notice any change to the pXRD
pattern of CaNH,PO,-H,0O with time with the stable Raman
peak at 941 cm™". Bands to the higher wavenumber side can be
assigned to the asymmetric PO,*~ bands activated in Raman
due to the distorted geometry. Bands due to NH," were not
observed in the 1400—1700 cm™' region. This is potentially
due to the d%gradation and disorder that is introduced during
the milling.”°”® In general, loss of the peak vibrational
degeneracy and any structural vibrations in mechanochemically
processed minerals, such as kaolinite, has previously been
observed.”®

A much more complex vibrational structure is expected in
the phosphate stretching region of complex double salts,
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Figure 7. Adsorption/desorption curves (left) MgNH,PO,-6H,0 and CaNH,PO,-H,0 and (right) Mg(NH,),-(HPO,),-4H,0 and Ca(NH,),
(HPO,),-H,0 compared to MAP. Adsorbed water amount is normalized to the reference which is the dry sample.
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Ca(NH,),(HPO,),-H,0 and Mg(NH,),(HPO,),-4H,0,
since Ca- and Mg-struvites possess PO,*~ functional groups
while complex double salts possess HPO,*”, potentially in two
binding environments. Ability to differentiate between HPO,*~
and PO,>” is also very important since it suggests that
mechanochemical synthesis can lead to either protonated or
unprotonated anions depending on the stoichiometry and the
thermodynamic stability of the products. Importantly,
protonation of PO,>~ should lead to additional bands due to
decrease of vibrational symmetry and activate PO antisym-
metric stretching vibrations of HPO,*~.”” A major peak at 978
cm™' for Mg(NH,),(HPO,),-4H,0 is in agreement with that
of newberyite mineral, Mg(HPO,)-3H,0, at 982 cm™*
assigned to the v; (PO,’”) symmetric stretching mode.*
Additional peaks are present and can be attributed to two
different binding environments in the crystals. It is particularly
pronounced in the case of Mg(NH,),(HPO,),4H,0 with
peaks at 1459 and 1694 cm™' split into doublets. Multiple
peaks in Ca(NH,),(HPO,),"H,O spectrum centered around
971 cm™' suggest the presence of HPO,>™ ions.

Dynamic Vapor Sorption Measurements of Double
Salts. The amount of the adsorbed water and solid double salt
response to changes in relative humidity were investigated
using constant temperature adsorption/desorption experi-
ments by varying water as relative humidity. Results are
shown in Figure 7. The relative humidity (RH) here is defined
as where P, is the saturated vapor pressure of water at 298 K
and 1 atm and P is the actual water pressure at the same
temperature and pressure according to

RH(%) = 2100

R (13)
In particular, MAP adsorbs a little less water than MgNH,PO,-
6H,0 at the highest RH and ~11 times less than CaNH,PO,-
H,O. Interestingly, in both cases, calcium double salt adsorbed
more RH than the corresponding magnesium double salt.
Increase in RH adsorbed content can be qualitatively
correlated with the reported high solubility.”® MAP DVS
data exhibited no hysteresis between the adsorption and
desorption branches. A sharp increase in adsorbed water
content of MAP at 80% RH is assigned to its deliquescence
point. This suggests that MAP particles adsorb and desorb
water as RH without becoming supersaturated solutions. All of
the double salts shown in Figure 7 exhibited large hysteresis
between the adsorption and desorption curves. In particular,
during the increase in RH after the deliquescence point, the
aqueous layers were formed via a continuous hygroscopic
growth. During the dehydration step, the representative
hydrated particles lacked a distinct efflorescence point as
exhibited by a continuous hysteresis down to low (<10% RH)
values of a desorption branch. The direct absence of an
observable efflorescence point after deliquescence is reached,
suggests that some water remains bound in a structural form
(H-bonded or in a monolayer form), especially at low RH.
Further, water, still bound at intermediate RH (70 to 30%),
can be regarded as the continuous transition of the bound-to-
free water with the Va;porization enthalpy slightly higher than
that for pure water.”' It potentially indicates that strong
hydrogen bonds were formed between a double salt surface
and adsorbed water molecules. Considering that double salts
are water-soluble, crystalline phase transitions under high RH
can be inferred. This can be seen in a particular example of
Mg(NH,),(HPO,),-4H,0 as shown in Figure 7 right. The
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adsorption branch undergoes an unexpected temporary mass
increase at 60%. Surprisingly, the desorption branch then has
lower adsorbed RH content which is a very unusual
phenomenon. This suggests that if exposed to 90% RH,
Mg(NH,),(HPO,),-4H,0 transforms into another, unidenti-
fied phase. In general, desorption curves in all materials appear
to be significantly diffusion limited. Effectively, the moisture
gets “trapped” into the bulk of the sample and becomes very
hard to desorb. After the sample deliquesces, it essentially
dissolves into solution with the water. This is particularly true
in DVS measurements where a small amount of material (~5
mg) is utilized. Overall, the DVS data suggest that the resulting
double salt materials are more moisture sensitive than the main
reactant MAP.

B CONCLUSIONS AND SUSTAINABILITY
IMPLICATIONS

This work focuses on a synthesis via grinding process to form
double salts such as Ca(NH,),(HPO,),-H,0O dimorph B and
Mg(NH,),(HPO,),-4H,0 dimorph A, the individual poly-
morphs with high water solubility, using MAP as N and P
source. In addition, Ca- and Mg-struvites, that is, CaNH,PO,-
H,0 and MgNH,PO,-6H,0, have also been synthesized using
the same precursors by adjusting the reactant ratio. In this
study, these compounds were created from insoluble common
calcium and magnesium minerals, such as hydroxides,
carbonates, and oxides. Interestingly though, the reactions
also needed water content via LAG to form the product even
though product stoichiometry did not require it, and solubility
of the precursor played an important role in the product
formation. Furthermore, unexpected behavior was observed;
Ca(OH), transformed into Ca(NH,),(HPO,),-H,O with or
without LAG, suggesting that it can behave as a hydrated
reactive intermediate during CaO and CaCO; conversion.
Further in situ mechanochemical experiments are underway to
elucidate the exact nature of the reactive intermediate during
the conversion of Ca- and Mg-hydroxides, oxides, and
carbonates into water-soluble salts.

Ca- and Mg-are commonly found in many types of
sedimentary and igneous rock; additionally, carbonate
sedimentary rock on Earth has around 349300 ppm of
calcium and magnesium combined (excluding the carbonate
CO, anion).” It is an improved synthesis method since the
original synthesis using precipitation from aqueous solution of
calcium carbonate and ammonium phosphate needed days-to-
weeks to yield Ca(NH,),(HPO,),-H,0 dimorph B,"” while
mechanochemical synthesis is orders of magnitude faster.
Additionally, both Ca(NH,),(HPO,),-H,0 dimorphs have
nutrient content similar to that of commercially available and
highly utilized ammoniated triple superphosphate that contains
4 pounds of N per unit of P,O;, but, unlike the ammoniated
superphosphate, these complex double salts release both their
N and P into the soil slowly and from a single source.*’
Decreased N and P release would lead to higher nutrient
availability for the plants, which is imperative, given the
exponential growth in anthropogenic activity.

Moreover, groundwater contamination and eutrophication
of freshwater and coastal ecosystems® would potentially be
reduced as well as tropospheric pollution with N containing
gases such as NH; and the main NO, compounds. N,O is a
potent greenhouse gas with 300 times the heat-trapping
capacity of CO," that depletes stratospheric ozone.**~*” High
NO+NO, emissions from fertilized soils have been shown to

DOI: 10.1021/acssuschemeng.8b06129
ACS Sustainable Chem. Eng. 2019, 7, 6802—6812


http://dx.doi.org/10.1021/acssuschemeng.8b06129

ACS Sustainable Chemistry & Engineering

Research Article

increase the concentration of harmful tropospheric ozone. In
terms of energy demand, because the process to synthesize
ammonia (NH;), a reactant used to make major N-fertilizer,
urea, remains energy intensive and uses up to 1% of the global
energy and ~4% of natural g;is,l4’88’89 slower nutrient release
will decrease the need of the mineral fertilizer influx and hence
the energy consumed in their production.
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