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Abstract

This thesis investigated the possibility of applying a green mechanochemical synthesis
method for the formulation of boron (B) and molybdenum (Mo) fertilizers. More
generically, the aim was to combine sustainable engineering and fertilizer manufacturing.
The thesis consists of 6 chapters, including an overview of the literature relevant to this
project (Chapter 1). Subsequent chapters describe the development of B and Mo
fertilizers using mechanochemistry with the aim to produce micronutrient fertilizers or
micronutrient-enriched macronutrient fertilizers which would display a range of
solubilities of B and Mo and reduce wasteful losses of these nutrients through leaching

in high-rainfall environments.

Formulations were developed using a range of manufacturing variables, such as reactant
species, reactant concentrations and ratios, milling time and post-milling activation
treatments (e.g. water assisted reaction). Formulations were characterized by various
chemical and spectroscopic techniques, and these characteristics were related to
solubility determined in batch and kinetic tests. Finally, agronomic evaluation of the most
promising products was undertaken in pot trials using protocols to simulate high leaching

environments.

Three different types of micronutrient fertilizer were synthesized using
mechanochemistry. Firstly, a sparingly soluble zinc borate was successfully synthesized
using ZnO and B20s as raw materials by a simple mechanochemical process that, when
scaled up, would be energy efficient and have a low environmental footprint.
Mechanochemical synthesis of zinc borate was compared with conventional wet or
hydrothermal methods in terms of waste generation using a sustainability metric called

the E(nvironmental) Factor. The E factor for mechanochemically synthesized zinc borate




was 1.7 kg waste/kg product compared to 77.5-250 kg waste/kg product for conventional
synthesis methods. Secondly, a slow-release Mo fertilizer with a layered structure was
mechanochemically synthesized from ZnO, ZnSQO4-7H>0 and MoOs, with the final
formulation containing zinc hydroxide sulfate (ZHS), together with low solubility zinc
molybdenum oxide hydrate (ZnsMo02011.5H-0) and its less hydrated analogue. Thirdly,
a different type of slow-release Mo-Zn fertilizer was synthesized by mechanochemical
treatment of ZnO and MoOz. Using these compounds, micronutrient-enriched
macronutrient fertilizers were produced by coating or co-compaction. The Mo-
containing compounds were not assessed using the E-factor, as no comparable methods
which synthesize the same compounds were identified in the literature. However, the
mechanochemical procedure used to synthesize the formulations did not generate any
waste streams. In addition, the treatment with mechanochemically treated 4% Mo-Zn
fertilizer showed significantly less leaching than the control without ball milling and the
DAP co-compacted with 4% Mo had a higher plant Mo update compare to other Mo

Sources.

Mechanochemical synthesis methods were successful in producing formulations that
demonstrated slow-release characteristics for B or Mo using highly soluble raw materials.
The environmental footprint of the proposed mechanochemical synthesis methods was
smaller than traditional synthesis techniques. Mechanochemistry therefore offers an
opportunity to transform micronutrient fertilizer manufacturing methods. The products
made need to be evaluated not only for their manufacturing footprint but also for their
agronomic and environmental performance and their compatibility with current nutrient

delivery systems.
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Preface

This project investigated the possibility of applying the green synthesis method -

mechanochemistry to the formulation and agronomic application of B and Mo

micronutrient fertilizers. The thesis consists of 6 chapters, including an overview of the

literature relevant to this project (Chapter 1). Chapter 6 summarizes the main contribution

of the thesis and recommendations for future work.
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Chapter 1 Literature Review

1.1 BACKGROUND

Mechanochemistry is the use of mechanical force to drive chemical transformations
without the need for bulk dissolution. The use of mechanochemistry for the synthesis of
slow-release fertilizers can offer several advantages over conventional wet chemical
methods. With the increasing cost of electricity generation and slow uptake of renewable
energy, fast fertilizer synthesis employing purely mechanochemical processing is more
sustainable than solvent-based methods as it generates less waste, obtains high
conversion rates with shorter reaction times and requires no heating or high pressure.
Mechanochemistry can also create unique and novel compounds that cannot be
synthesized using solution-based processes. The nutrient release rate of
mechanochemical synthesized fertilizers can be simply manipulated by adjusting the
stoichiometric ratio of reactants or the force applied during synthesis. This thesis explores
the use of mechanochemistry for synthesis of micronutrient fertilizers, specifically boron

(B) and molybdenum (Mo) fertilizers.

1.2 ESSENTIAL NUTRIENTS AND MICRONUTRIENTS FERTILIZERS

1.2.1 Essential nutrients

Carbon, hydrogen and oxygen are the structural elements of plants that can easily be
accessed from air and water, however, access to other mineral nutrients required for plant
metabolism is frequently limited by the nature of the soil. The definition of “essential” is

based on the responses of plants when a given nutrient is low in concentration or absent.
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The widely accepted criteria for an essential nutrient are a) plants cannot complete their
life cycle without this nutrient; b) this nutrient is involved in a metabolic process; c) this
nutrient is not replaceable (Mengel et al., 2001b). The nutrients can be further divided
into two major groups, the macronutrients that are required in higher concentrations in
plants and the micronutrients that are required in relatively low concentrations but are

equally important for plants (Kirkby, 2012).

Intensive farming depletes the soil of essential nutrients if they are not resupplied through
fertilizers. Mineral fertilizers have been the most significant contributors to modern
agriculture and have increased crop yields by around 50% during the 20th century
(Borlaug, 1994, Fageria et al., 2008). Mineral fertilizer inputs of crop nutrients are
essential to secure the global food demand with increasing world populations. The
prediction is that medium population growth will result in 9.4-10.2 billion people by 2050
with an increase of around 35 million per year (UN, 2012). Moreover, there are 815
million undernourished people around the world and 151 million children under age 5
are suffering stunting (UN, 2017). Furthermore, continued urbanization may decrease the
area of land available for agriculture thus putting more stress on the existing land for food
production (UN, 2015). A meta-analysis from Ray et al. (2013) shows insufficient crop
production by 2050 according to current yield trends for important crops. Considering
urbanization and nature conservation, it is not ideal to increase the amount of agricultural
land, instead, the projected food production must be achieved by sustainable
intensification, which includes more efficient fertilizer management (Balmford et al.,
2005). With more intense farming practices, more and more areas observe micronutrient
deficiency and related risks to livestock and human health. In addition, different

micronutrients behave very differently in soil and some of them have a very small
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window between deficiency and toxicity. More precise and efficient micronutrient
application is required to effectively increase crop yield and avoid unnecessary

accumulation in soil.

1.2.2 Micronutrients

Micronutrients are only required by crops in very small amounts, however, plants will
fail to achieve optimum yields if one of the nutrients is deficient. Copper (Cu), iron (Fe),
manganese (Mn), Mo, zinc (Zn) and nickel (Ni) are metals or transition metals that are
essential micronutrients for plant metabolism. Molybdenum is needed by different
enzymes of plants to perform redox-reactions, in particular molybdopterin, which is
required by many enzymes involved in N fixation, nitrate reduction and nitrogen
transport at their catalytic sites (Mengel et al., 2001b, Barker and Pilbeam, 2006,
Broadley et al., 2012, Hawkesford et al., 2012). Zinc is present in the soil as a cation and
is commonly deficient in calcareous soils (Alloway, 2009). Zinc deficiency remains a
global health problem that is estimated to affect 17% of the global population (Myers et

al., 2015).

Other micronutrients are non-metallic elements which include B and chlorine (CI).
Chorine is involved in photosynthesis and osmotic regulation. The physiological and
metabolic behavior of B in plant growth and function is still not clear and is least
understood among all other nutrients. Unlike other micronutrients, B is neither a
constituent nor an activator of an enzyme. The clearest role of B in plant growth is as a
cross-linkage for a compound associated with primary cell wall development. Other
functions involving B are sugar transport, reproduction, phytohormone regulation,

nucleic acid metabolism and tissue structure.
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1.2.3 Interactions with soil and leaching risk of micronutrients

The interactions of nutrients with soil particles, soil solution, and air can significantly
influence or even limit the availability of nutrients to plants. Adsorption is a process that
retains nutrients in or on the solid soil phase. Clay particles, organic matter (OM), and
metal oxide or hydroxides are responsible for controlling the soil surface charge, and in
turn, influence sorption and desorption of nutrients. The negative charge on a clay
mineral is generally caused by the isomorphic substitution of Si** by AI®* in the
tetrahedral and AI** by Mg?* and Fe?* in octahedral layered silicates. The isomorphic
reactions induce a permanent negative charge, which is always neutralized by interlayer
cations (Essington, 2015). The other charges within the soil are called pH-dependent
charges which depend on both mineral and OM surfaces and environmental conditions.
In general, nutrients need to be transported by soil solution through mass-flow and
diffusion. As a result, the transport from soil to plant is generally faster when the
concentration of nutrients in soil solution is higher, but the amount of nutrients that are
present in soil solution is generally low compared with the actual amount of nutrients
required by the plant (Mengel et al., 2001b). The ability of soil to maintain the nutrient
concentrations in the soil solution (nutrient buffer capacity) varies with soil

characteristics, such as soil texture, soil structure, soil OM content and soil pH.

Micronutrient fertilizers have been largely involved in agricultural practice since the last
century. Most of the micronutrients (Cu, Fe, Mn, Ni and Zn) are present in the soil as
metallic cations and show relatively strong adsorption to soil. Thus, soluble forms of
these fertilizer are generally preferred. However, some of the micronutrients are harder
to manage in practice, as the major or plant available form in the soil solution is mostly

in an unionized form (B) or anion (Mo). As a result, adsorption is weak in most soils and
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there is therefore a higher risk of leaching and runoff than with other micronutrients.
Boron deficiency is a worldwide problem, as the predominant form of B in soil solution
is boric acid (HsBOz), which is an unionized form with little retention in soil (Mengel et
al., 2001a). Most B deficiency occurs in soils that are highly weathered, have good
drainage, are in high rainfall regions and are under regular cropping (Shorrocks, 1997a).
Further, the mobility of B in phloem is very limited in many crops (Raven, 1980), while
B is constantly required by the plant for cell wall growth (O'Neill et al., 2001), thus B
needs to be available for plant uptake throughout the whole growing season. However,
the optimum soil solution concentration is very narrow with a small difference between
sufficiency and toxicity (0.3 to 1 mg B L) (Asad et al., 2001). Therefore, the
management of B fertilizer application is very challenging, with the aim to continue
supply of enough B throughout the crop growth cycle but not cause seedling toxicity.
Slow-release B fertilizer that can provide a B supply over the whole growing season is

ideal to consider as a B fertilizer for more effective management.

On the other hand, Mo deficiency is mostly caused by Mo fixation in acidic soils.
Molybdenum occurs mainly as molybdate (MoQ4?) in soil solutions with pH>4.2 and
can be adsorbed on oxide surfaces in acid soils. Molybdenum deficiency therefore
generally occurs in highly weathered acidic, well-drained, and frequently cropped soils
(Jones and Belling, 1967). If Mo content in soil is high enough, liming of the soil
decreases the adsorption and hence increases the availability (Kamprath and Foy, 1985).
On the other hand, a high concentration of water-soluble Mo in alkaline soils might be
lost through soil leaching. Molybdenum is also continuously required by plants to
maintain metabolism with various types of molybdoenzymes. Particularly, legumes are

more sensitive to Mo deficiency as the molybdoenzymes are the key enzymes for
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inorganic N assimilation. (Mendel and Hénsch, 2002, Kaiser et al., 2005). For non-
legume plants, molybdoenzymes are associated with the catabolism of sulfur-containing
amino acids (Williams and Frausto da Silva, 2002). In contrast to B, crop yield decrease
due to Mo toxicity is rare; however, high Mo concentration in plants are a concern with
regards to animal health, as excessive intake can cause molybdenosis in grazing animals
(Miller et al., 1991). Therefore, slow or controlled-release Mo fertilizer with a low risk

of leaching and build-up is required, particularly for pasture legumes.

1.2.4 Conventional micronutrient fertilizers and environmental concerns

The consumption of major fertilizer nutrients is predicted to reach 223.1 million tons by
the end of 2030 (Albino et al., 2012). However, there is increased environmental concern
regarding fertilizer inputs in terms of greenhouse gas (GHG) emissions (Akiyama et al.,
2010), groundwater eutrophication or contamination (Badruzzaman et al., 2012; Daniel
et al., 1998), accumulation of potentially toxic trace elements (Jiao et al., 2012), and soil
degradation (Shaviv and Mikkelsen, 1993). These concerns are due, for the most part, to
excessive nutrient accumulation in soils (Shaviv, 2001) or asynchrony in the nutrient
application and plant uptake leading to nutrient leaching, runoff or emissions of GHG to

the atmosphere (Timilsena et al., 2015).

Most soils have a sufficient total content of most metal micronutrients; however, the
bioavailability of the nutrient is often insufficient for regular cropping practice (Mikula
et al., 2020). Both deficiency and toxicity are regularly observed during agricultural
practice when precise application cannot be achieved with conventional fertilizers. Most
micronutrients are directly applied as soluble salts to soil, to foliage or to seeds, or applied
with pesticides or macronutrients (Mortvedt, 1985). Soluble micronutrient fertilizer is the

most common form applied in agricultural practice, as they can quickly compensate for
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the deficiency. However, the use of soluble fertilizer can have several disadvantages: a)
they can easily leach or run off from soil; b) they can precipitate with other nutrients in
soil solution; c) they can be adsorbed by soil particles; d) they can cause stress or toxicity
to seed or plants; and e) they can be deficient later in the season due to losses or excessive
uptake early in the season. For some micronutrients (Cu, Fe, Zn), the long-term build up
might induce phytotoxicity (Chaney and Giordano, 1977) and even stimulate oxidative
stress (Blasco et al., 2018). For grazing practice, micronutrient application needs even
more precise application, as the accumulation of micronutrients might harm the health of
animals (Gupta, 2019; Gupta et al., 2008). Foliar application can correct deficiency
efficiently with small and accurate amounts of nutrients, however, the uptake and
transport from leaves to other parts of the plants vary widely between plant species,
growth stages and physical characters of the plant leaves (Fernandez and Brown, 2013).
Moreover, careful application with intensive labor is required. High concentrations might
cause leaf burn, while if the concentration is too low, multiple applications are required
to correct the deficiency. Moreover, there are no residual effects of foliar application

(Fageria et al., 2002).

With rising awareness regarding “precision” and “sustainable agriculture, there is a shift
in recent years that agriculture practice should aim to obtain optimum yield with minimal
input (Capmourteres et al., 2018). Therefore, fertilizers which are environmental-
friendly, economical, and sustainable are needed to address these challenges. To ensure
that the proper use of fertilizer is beneficial for crop production and to reduce
environmental aspects associated with their use, researchers and the fertilizer industry
are continually seeking to improve fertilizer nutrient use efficiency and minimize

environmental threats (Chien et al., 2009). Moreover, to achieve more precise cropping
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practice, the plant's access to optimum micronutrients through all growth stages needs to
be ensured when considering new fertilizer formulations (Mikula et al., 2020). Therefore,
slow and controlled-release fertilizers (SRFs/CRFS) are a promising strategy for reducing

environmental threats related to fertilizer use.

1.2.5 Existing slow-release micronutrient fertilizers

Slow and controlled-release fertilizers (S/CRFs) have been extensively studied as a better
approach to improve nutrient use efficiency. These fertilizers can potentially produce
more food without harming the environment. In general, S/CRFs can be classified in
three groups (Shaviv and Mikkelsen, 1993; Shaviv, 2001): a) fertilizers with a physical
barrier controlling nutrient release; b) low solubility inorganic compounds; ¢) degradable
organic compounds with low solubility. Fertilizers and substances with the criteria
described above are expected to better supply nutrients in synchrony with plant demand,
resulting in a higher use efficiency and fewer environmental effects. Compared to NPK
fertilizers, the area of developing slow/controlled released micronutrients has not been
explored in depth. Existing slow/controlled release micronutrient fertilizers applied in

the agriculture practice are summarized in Table 1.1.
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Table 1.1 Examples of slow-release micronutrient fertilizers used in agricultural practice

(summarized from Hignett and McClellan (1985), Mortvedt (1991), Mortvedt (1994)).

Forms Elements Examples
Partially soluble Cu, Mn, Ca, Zn, CuSO4-3Cu(OH)2-H20, CuO, MnCOs,
Mo, B MnO, CaMo00Q4, ZnO, ZnCOs3,

Colemanite, Mn oxysulfate, MoO3,
ZnS04-4Zn(0OH)z2, Zn oxysulfate

Frits Fe, B Fritted Fe, Fritted B
Fine metal particles  Cu, Zn Cu, Zn alloys

Organic fertilizers Zn, Fe, Cu, Mn  Digest liquors, phenols
Coated fertilizer Mn Zn, Fe Sulfur coated Fe/Mn/Zn

Two types of low-solubility micronutrient products have been used by the fertilizer
industry: a) low solubility inorganic compounds; and b) degradable organic compounds.
The inorganic low-solubility or partially soluble micronutrient fertilizers are the earliest
micronutrient S/CRFs applied in practice. Low-solubility micronutrients are generally
cheaper than organic micronutrient fertilizers. Their plant availability can be adjusted by
particle size and methods of application such as powdered or bulk blended with
macronutrients. Similarly, the effectiveness of the frit products is also controlled by the
particle size, and as these tend to be very slow releasing, they are usually only applied in
sandy soils under high rainfall (Mortvedt, 1985). Most frits applied in practice are B frits,
as B is the micronutrient that is most prone to leaching losses (Mortvedt, 1994). Both
frits and fine metallic particles are used to maintain the micronutrient level rather than
correct severe deficiencies, as the solubility and bioavailability are very limited in most

cropping systems.
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1.2.6 Novel technologies for micronutrient fertilizers

In recent decades, new technologies for micronutrient fertilizer synthesis have emerged
including: a) newly formulated low solubility inorganic compounds; b) nano-fertilizers;
c) layered materials onto which micronutrients are loaded; d) newly formulated organic
compounds. One of the examples of low solubility inorganic compounds is phosphate or
polyphosphate products. The polyphosphate can be prepared by heating phosphoric acid
at 200-300 °C with multiple micronutrients, such as Fe (Chandra et al., 2009), Zn-Fe-
Mn-Cu (Bandyopadhyay et al., 2014), Fe-Mn (Bhattacharya et al., 2007), Mo
(Bandyopadhyay et al., 2008a) to attach the micronutrient to polyphosphate, and B (Abat
et al., 2015d, Abat et al., 2015a, Abat et al., 2015c) to synthesize boron phosphate. To
complete the synthesis of phosphate or polyphosphate, some of the studies followed the

phosphoric acid treatment by a neutralization and drying procedure.

Mineral-based nanocomposites have been proposed to be used as a more sustainable
carrier for micronutrients delivery, where the minerals are compounds that generally exist
in nature such as montmorillonite-Fe (Gharekhani et al., 2018), zeolite-Fe-Zn-Cu (Lateef

et al., 2016) and clay-added hydrogel-B (Bortolin et al., 2016).

Another major body of proposed micronutrient fertilizers are loading micronutrients (B,
Zn, Cu and Fe) into biodegradable materials such as chitosan, cellulose, starch alginate
(Knijnenburg et al., 2021, Akalin and Pulat, 2019, Kumar et al., 2018), and modified

biochar (Yao et al., 2013, Khan et al., 2021).

Layered structures such as layered double hydroxides (LDHs) and graphene-based
materials have been investigated as micronutrient carriers in recent years. The widely
accepted formula for these LDHs can be [M?*1 xM**(OH)2][A™ Txn-zH20, where M?* is

a divalent cation such as Mg?*, Ca%*, Zn?* or Ni%*, M*" is a trivalent cation such as AI®*,
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Fe3* or Mn®", and A™ is the exchangeable inorganic or organic anion which can be
released or adsorbed between the layers (“guest anion”). Other possible structures with
different valences of metallic cations have also been proposed such as Ti**, Sn**, Li* and
Mo®* (Qu et al., 2016; Wang and O’Hare, 2012). LDHs have been proposed as slow-
release fertilizers for micronutrients, with B and Mo serving as the guest anions (Everaert

et al., 2021b, Songkhum et al., 2018, Castro et al., 2020).

1.2.7 Water use efficiency, carbon footprint and agricultural sustainability

The fertilizer industry is always facing environmental concerns and these concerns have
been linked to many associated agricultural changes. Besides introducing more efficient
fertilizer products, many chemical fertilizer manufacturers have started to design and
construct their plants more sustainably or effectively. Large amounts of effluent
containing N, P, K, S, F, Si and other trace elements are produced during fertilizer
manufacturing. Several efforts have been made in the fertilizer industry to minimize the
adverse effects of pollutants: a) new technologies for acid absorption; b) new
technologies for gas absorption; c¢) avoiding raw materials with high pollutant content;
d) better effluent recirculation; €) engineering evolution for infrastructure; and f) non-
pollutant innovative processing approaches (Hodge, 1994). A new carbon footprint
assessment in the fertilizer industry has been proposed to count both direct and indirect
emissions related to processing, energy consumption and waste or wastewater as CO>
equivalent for a given fertilizer. To minimize the environmental effects of fertilizer
production, a more sustainable manufacturing approach should be considered. In recent
years, many engineered materials have been proposed with a more sustainable
manufacturing process, such as recovering N, P, K and heavy metals from the wastewater

of the fertilizer industry (Maine et al., 2019, Sabiha et al., 2009, Canovas et al., 2017,
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Gouider et al., 2014). However, most of the recovery processes lack energy/cost analyses
and atom efficiency of the procedure (Beckinghausen et al., 2020). Compared to the
treatment of the effluents, it could be more beneficial to consider more sustainable
manufacturing with less effluents production. One of the concepts introduced in 1991 as
a green metric for the chemical industry was the E Factor. The E factor is defined as the
mass ratio of waste to the final products, which included all of the auxiliary components
such as water and solvent for washing. Roschangar et al. (2015) suggested the calculation
of a simple E factor (SEF) and a complete E factor (cEF) as full-scale manufacturing E
factors generally fall between these two metrics. In a recent survey, water usage was the
most used metric to assess green chemistry in commercial manufacturing (Giraud et al.,

2014).

1.3 HISTORY, MECHANISM AND INDUSTRIAL APPLICATION OF

MECHANOCHEMISTRY

1.3.1 Definition and history of mechanochemistry

The official definition of a mechanochemical reaction from IUPAC (Horie et al., 2004)
is "a chemical reaction that is induced by the direct absorption of mechanical energy".
Mathew Carey Lea was the first person who separated mechanochemical reactions from
thermochemical reactions in the 1890s, when silver and mercuric chloride were
decomposed by grinding while they remained undecomposed under heating (Takacs,
2004). Current studies have separated thermal- and mechano-chemistry through the
reaction pathways and product classification for both inorganic and organic materials

(Kondpka et al., 2008, Hernandez and Bolm, 2017). The earliest model and theory of
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mechanochemistry can be found during the mid-20th century, known as the hot-pot
theory and magma-plasma model (Bowden and Yoffe, 1958, Thiessen et al., 1967, Balaz
et al., 2013). The hot-pot theory and magma-plasma model were developed by
considering frictional heating and associated free energy release (Balaz et al., 2013).
Presently, mechanochemistry is recognized as a sub-discipline of physical chemistry that
is at the same level as thermochemistry, electrochemistry and photochemistry, and has

been linked to quantum chemistry in the last two decades (Stauch and Dreuw, 2016).

Mechanical activation is a fundamental term in mechanochemistry. Solids exposed to
mechanical activation will experience four processes to achieve activation: a) decreasing
particle size and accumulating defects, b) plastic deformation and amorphization, c)
formatting of metastable polymorphous forms; and d) completion of chemical reactions
(Juhasz, 1998; Boldyrev and Tkacova, 2000; Balaz, 2008a). Specifically, the defects
accumulated in the first process can be point defects, dislocations, the disordering of
grain boundaries, and the increasing of amorphous regions and two-phase regions.
Further, the metastable forms are achieved by structural relaxation of which several
different channels are available according to the nature of reactants such as heating, new
interfaces, aggregation, recombination, adsorption, imperfection and the chemical

reaction between adjoining particles, etc. (Boldyrev, 2006, Balaz, 2008b).

Structure relaxation is a vital part of mechanical activation because it determines the
reactivity of the activated solid, some being short-lived states or others long-lived states.
The short-lived states might only temporarily occur in mechanochemical reactions
(Boldyrev, 2006, Balaz, 2008b). Overall, mechanochemical activation firstly increases
substance reactivity by increasing surface free energy and surface area, and decreases the

cohesive energy of solids. In the activated system during milling or after milling,
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spontaneous processes may occur such as aggregation and agglomeration with a
decreased surface area (small particles aggregated as a larger particle), wetting and
recrystallization with an ordered internal structure, or mechanochemical reactions

(Juhasz, 1998).

Mechanical alloying in industry existed long before the understanding of
mechanochemistry. This process involves deformation, cold welding, fracturing and
rewelding of powder particles in a high-velocity ball mill. J.S. Benjamin invented this
method around the mid-1960s and work thrived in the 1980s (Suryanarayana et al., 2001).
Later, mechanochemical activation was used to produce oxide dispersion-strengthened
Ni and Fe-based superalloys for the aerospace industry (Benjamin and Shingu, 1992).
Nowadays, mechanical alloys are produced through mills with more than 1,000 kg
capacity for commercial purposes (Balaz et al., 2013). Another early development of
industrial mechanochemistry was in the building industry for the production of silicate
concrete through the mechanochemical activation of quartz (Juhasz and Opoczky, 1982,
Balaz and Dutkova, 2009). In the hydrometallurgical industry, the earliest application of
mechanochemistry on an industrial scale was in Austria in which a pilot plant of Lurgi-
Mitterberg tested the leaching of mechanically-activated chalcopyrite by flotation
(Biangardi and Pietsch, 1976). Mechanical activation in this pilot plant achieved 95% Cu
extraction (Balaz and Dutkova, 2009). Later, Australians invented the active process
where ultra-fine milling was involved and where recovery rates of 98.2%, 88.3% and
82.9% of Ni, Co and Cu from ores were achieved, respectively (Palmer and Johnson,
2005). In the material industry, diborane (B2Hes) has been mechanochemically
synthesized in solvent-free conditions for the semiconductor industry (Anderson, 2001).

In the pharmaceutical industry, acetylsalicylic acid salts were produced by conventional
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methods with a complex and expensive purifying process on a small scale. Later, an anti-
inflammatory drug with B-cyclodextrin was also synthesized by high-energy milling for
production-scale in Italy (James et al., 2012b). Mechanochemistry was also applied in
the waste management industry for asbestos fiber destruction in Germany (Balaz and

Dutkova, 2009).

1.3.2 Milling equipment and process parameters

Mechanochemistry requires high-energy inputs to accumulate solid-phase defects for
further activation and synthesis. The mechanical devices provide single or combined

mechanical stress as summarized in Table 1.2.

Table 1.2 The common mechanical stress provided by different devices (summarized
and adopted from Boldyreva (2013)).

Mechanical stress Mechanical devices

. Pin mill, jet mill

Impact !
Py
" Rollers

Shear >_(

i & . Ball mill, attritor, vibration

pact ‘ mill, planetary mill
Shear {‘/

Balaz et al. (2013) summarized the variables that could influence the milling process as:
a) type of mill, b) material of milling media (chamber, vial and balls), c) ball-to-powder
ratio, d) extent of filling of the milling chamber, e) milling atmosphere, f) milling speed,
and g) milling time. Depending on the physical and chemical properties of the reactants,
such as size, phase and oxidation state, several different mills in Table 1.2 can be used to

perform mechanochemical reactions. For example, wet milling generally will not be
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performed in a vibration mill and changes in atmospheric conditions can only be
performed in certain mills. On the laboratory scale, mills like SPEX shaker mills with

high energy input and low capacity are ideal for research purposes.

Ball-to-powder ratio (BPR), also defined as charge ratio, is the ratio of the weight of balls
to the reactants powder which can range from 1:1 to 220:1. The typical ratio for small-
scale milling is 10:1, while the ratio for large or commercial-scale milling can go up to
100:1. Collisions per unit time increase with increasing BPR ratio, which can increase
the energy transferred to reactants and thus may shorten the required reaction time
(Suryanarayana et al., 2001). The amount of free space in the milling vial for the balls
and reactants is necessary to consider as it will influence the conversion rate. The
generally recommended loading rate is less than 50% of the vial volume for most type of
mills (Suryanarayana et al., 2001) and 20-30% for attritor mills (Balaz, 2008b). The
milling atmosphere is an essential variable because of possible product contamination
and effects on the form of final products (Lee and Koch, 1987, Ogino et al., 1990),
particularly in the alloying industry. Products requiring high-purity or those sensitive to
air are generally milled in evacuated conditions, in argon or helium charged containers

(Suryanarayana et al., 2001).

Increasing the milling speed generally can increase the ball movement within the
chamber, thus increasing the energy input to the reactants. However, there will be a
maximum speed for a given mill, higher than which the ball will pin to the inner walls of
the chamber. Further, higher speed generally can cause higher temperatures thus
potentially influencing the reactants by thermal heating (Suryanarayana et al., 2001). It
is important to notice that both mechanical and thermal forces together may induce

different relaxation mechanisms which potentially can influence the form of the final
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products. For example, Calka and Radlinski (1991) investigated the reaction pathway of
Ni-Zr, Mg-Zn and Al-based alloy formation with high or low milling speeds. They found
high melting point materials like Ni-Zr alloy generally can directly form an amorphous
phase by high-speed milling, while low-speed milling will form the intermetallic phases
initially and slowly change to a mixed form of an amorphous and crystalline phase.
Milling time is also a critical variable for products to achieve the desired form, but it
varies with the mill type, ball-to-powder ratio and the thermal effects during the milling
process. The contamination rate can increase with milling time so that an optimum

milling time may apply for a specific reaction (Suryanarayana et al., 2001).
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1.4 MECHANOCHEMICALLY SYNTHESIZED FERTILIZERS

Mechanochemically synthesized fertilizers synthesized to date are summarized in the following table (Error! Reference source not found.).

Table 1.3 A summary of mechanochemical synthesized fertilizers.

Reference Reactants fertilizer Reactants- Stoichio-  Products Equipment Type of balls/
nutrients structure metric Rotation time and
ratio speed
N fertilizers
Honer et al. Urea (CO(NH,),) CaSO,-2H,0 4:1 CaSO,-4CO(NH,), Retsch MM300  3*8 mm balls
(2017a) Ca(H,PO,), Ca(H,PO,),-4CO(NH,), 10 min
Ca(NO,),-4H,0 Ca(NO,),-4CO(NH,), 26Hz
MgSO,-H,0 MgSO,-6CO(NH,),-0.5H,0
Mg(H,PO,),-2H,0 Mg(H,PO,),-4CO(NH,),
Mg(NO,),-6H,0 Mg(NO,),-4CO(NH,),-xH,0
Honer et al. Solid urea inorganic MgO 4:1 CaSO,-4CO(NH,), Retsch MM300  3*8 mm balls
(2018a) acid adducts Mg(OH), Ca(H,PO,),-4CO(NH,), 10 min
CO(NH3)2-H2SO4 MgCO, Ca(NO,),- 4CO(NH,), 26Hz
CO(NHz)2HsPO4 Ca0 MgSO,-6CO(NH,),0.5H,0
CO(NH,),-HNO; Ca(OH), Mg(H,PO,),-4CO(NH,),
CaCo, Mg(NO,),-4CO(NH,),-2H,0

27




Table 1.3 Continued

Barcauskaité et Urea CaS0,-2H.0 1:4 CaS04-4 urea cocrystal Laboratory ball ~ 5h at 60 rpm
al. (2020) mill (Tinius dried at 50 + 5 °C for
Olsen TO-441- 24h
03)
Elhadj and Perrin  Urea kaolinite 1:3 Kaolinite-urea intercalates Restch, 30*10 mm
(2021) 1.1 planetary ball 400 rpm
2:1 mill 5, 10, 25, 60, 120 min
4:1 PM-100, dried at 40 °C for 48 h
Germany
Tongamp et al. Mg(OH),, Al(OH); Mg(NOs3)..6H,0 2.4-2.7: 1. Mg-AI-NO; Pulverisette-7 1:40
(2008) 0.3-0.6 layered double planetary ball 7*15 mm balls
hydroxides (LDH) mill 60 min+120 min
700 rpm
P fertilizers
Minjigmaa etal.  Fluorapatite - Partially amorphous VM-4 vibration  100:1
(2007) Cas(POa)sF fluorapatite mill 5-27 mm balls
60-90 min
Chen etal. Apatite Ammonium sulfate  1:1.5:3.5 Pulverisette-7 7*15 mm balls
(2018) Cas(P0O4)s(OH,F) (NH4)2S0q: 1:1.5:3.6 planetary ball Up to 180 min
Sulfuric acid H.SO4  1:1.5:4 mill 200-600 rpm
K fertilizers
Said et al. (2018)  Grounded phlogopite - - KMgs [SizAlO10] (OH); Pulverisette-7 7*15 mm balls
Power (<150um) planetary ball 120 min, 0-700 rpm
KMg3A|Si3010(F,OH)2 mill
Yuan et al. KOH SiO2: CaO 1:1-6: 1 K-Si-Ca-O Pulverisette-7 7*11 mm balls
(2014) mK,0-Ca0-nSiO, planetary ball 120 min
mill 100-700 rpm
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Table 1.3 Continued

NPK, NP, KP fertilizers

Solihin et al. KH;PO, Mg(OH), 1.1 KMgPO, Pulverisette-7 7*15 mm balls
(2010a) NH,H,PO, NH,MgPO, planetary ball 120 min
mill 100-700 rpm
Borges et al. K2HPO,4 Montmorillonite 1:2 Montmorillonite- K;HPO, Pulverisette-2 Disk
(2017a) Talc 1.1 Talc- K;HPO4-K-struvite- planetary disk 3-12h
2:1 MgKPO,-6H,0 (amorphous)  mill 70rpm
Solihin et al. KH2PO, Kaolin 1:1 Kaolin-KH;PO4 Pulverisette-7 7*15 mm balls
(2011) NH,H,PO, (Si2Al,05(0H)J) Kaolin-NHsH;PO4 planetary ball 120 min
(amorphous) mill 100-700 rpm
Zhang and Saito  KH,PO, Al(OH)3 2:1-3 KH2PO4-Al303 Pulverisette-7 7*11 mm balls
(2009) NH,H,PO, heating for 3h at NH4H2PO4-AlLO; planetary ball 120 min
600 °C y-Al,05 mill 300-600 rpm
Borges et al. KH;PO, Kaolin 1:1 Kaolin-KH;PO4 Pulverisette-5 15*10 mm balls
(2015) NH,H,PO, (Si2Al,05(0H)J) Kaolin-NHsH;PO4 high energy ball  1-3 h
mill 100-400 rpm
Borges et al. KoHPO, Chrysotile 1:2 MgKPO,-6H,0 Pulverisette-2 Disk
(2018) MgsSi;Os(0OH)4 2:1 MgKPO,-H,0 planetary disk 15*10 mm balls
15:15 Si02-MgO mill 6-24 h
(amorphous) Pulverisette-5 D-70rpm
high energy ball  B-200-600 rpm
mill
Al-Rawajfeh et (NH4)2HPO.. kaolinite 25:75, kaolinite—-KH,PO4 Pulverisette-7 6*15 mm balls
al. (2019) KH2PO, 50:50, kaolinite—(NH4).HPO4 planetary ball 120 min
75:25 mill 600 rpm

29




Table 1.3 Continued

Tanetal. (2021)  (NH4):HPO4 Chrysotile 3:3:1 NHsMgPQO4-6H,0 Restch, 1*17 mm
CaHPOQO, CaSiO; planetary ball 4*15 mm
mill 20*5 mm
PM-100, 120 min
Germany 600 rpm
Tanetal. (2020) NH4H,PO, talc 3:1 NH4MgPQO4-6H20 Restch, 1*17 mm
planetary ball 4*15 mm
mill 20*5 mm
PM-100, 60 min
Germany 600 rpm
Borges et al. KH2PO, Asbestos 3:1, 2:1, Amorphous Ca/Mg-P-K Pulverisette-7 5*10 mm
(2022) 1.1, 1:2 compounds planetary ball 0,05,1,2,3,4,5,6,7
1:3 mill h
600 rpm
Micronutrient fertilizers
Lietal. (2017) FeSO4-7H,0 CaCOs 1:1:26 FeCO3-ZnCO3-CaS0O, Pulverisette-7 7*15 mm balls
ZnS0,-7H,0 (with a mix of planetary ball 120 min
FeS04-ZnS04-CaCO0s) mill 200-700 rpm
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1.4.1 Use of mechanochemistry to synthesize macronutrient fertilizers
1.4.1.1 Nitrogen (N)

The earliest investigation of N fertilizer synthesis by mechanical forces was performed
by Malinowski et al. (2007). They produced a calcium sulfate and urea (CO(NH2)2)
adduct by grinding reactants in agate or compacting them under pressure. The urea
conversion percentage was influenced by the crystalline water content of the calcium
sulfate and the stoichiometric ratio of the two reactants. Recently, Honer et al. (2017)
produced a stable urea fertilizer based on ionic co-crystal synthesis by ball milling urea
with magnesium and calcium salts for 10 min. They also performed an NH3z emission test
over 48h in a chamber on top of the soil surface. They found CaS04-4CO(NH>): largely
delayed or decreased NHz emission. They concluded that the ionic co-crystal products
could inherit the stable characteristics from the inorganic parent compounds and thus
keep urea from hydrolysis for a more extended period. Later, the same group
agronomically assessed mechanochemically synthesized urea co-crystals with waste
gypsum through a leaching and field experiment (Barcauskaité et al., 2020). They
concluded that improved N and S availability was observed at early stages of the maize
growth when the urea co-crystals were applied in the field. Other approaches to
mechanochemically synthesize N fertilizers are combining layered structured materials
such as LDH and clay minerals with N to slow down N release. For example, Tongamp
et al. (2008) proposed a two-step (dry and wet grinding) method to synthesize Mg-Al
LDHs with nitrate as a guest molecule. The reactants, Mg(OH)., Al(OH)s; and
Mg(NO3)2-6H.0, were milled in a planetary ball mill, firstly with the hydroxides and
then with nitrate and water. The nitrate in the final products showed a slower release

pattern in a leaching test compared to the nitrate salts alone. Elhadj and Perrin (2021)
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adjusted the parameters (time and urea content) of mechanochemically intercalated
kaolinite and urea. They concluded that a high content of urea in the milling process is

more efficient.
1.4.1.2 Phosphate

Phosphate rock was the first fertilizer raw material processed by mechanochemical
processes on an industrial scale. Traditionally, P fertilizers are prepared by decomposing
phosphate rock in sulfuric acid and/or phosphoric acids (Bolan et al., 1993). The earliest
studies found that volcanic rocks (apatite) and sedimentary rocks (phosphorites) can be
mechanically activated (Balaz, 2008b). This method was explored further with a
commercial vibration mill to investigate the solubility of fluorapatite (Cas(POa4)sF) after
mechanochemical treatment (Minjigmaa et al., 2007). Using XRD and thermal analysis,
they found increasing solubility of the fluorapatite is associated with the amorphization
and lattice strain achieved by mechanical activation rather than the transformation into a
new crystalline phase. Chen et al. (2018) reported a high conversion method for soluble
P by adding extra sulfuric acid and ammonium sulfate into the reaction with apatite using
ball milling. The increased solubility of the natural phosphate rock activated by
mechanochemistry is more likely due to the increased defects (high energy accumulation)
and nanostructure generation rather than the decreased surface area (Suryanarayana,
2001). Moreover, the solubility of apatite (a phosphate rock) can be largely increased by
milling with a small amount of SiO». This is due to the reaction of apatite with SiO;
volatilizing the F as SiFs from the structure and thus further degrading the apatite.
Suryanarayana (2004) compared several process characteristics of traditional and

mechanochemical methods of producing phosphate fertilizer (Table 1.3). Compared to
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traditional methods, the mechanochemical method had low chemical input and high time

efficiency and environmental benefits such as no release of fluorine into the atmosphere.

Table 1.3 Comparison of traditional and mechanochemical methods for the production

of phosphate fertilizers (adapted from Suryanarayana (2004)).

- Traditional Mechanochemical
Process characteristics
methods method

Ammonium citrate 60 % 40-50 %
Duration of the production process 20 d (periodical)  20-24 h (continuous)
Consumption of energy per ton 450 kWhit 500 kWhit
Consumption of reagent per ton 0.7t H2SO4 (60%) -
Duration of agrochemical action of the

- g 1-2 years 5-7 years
fertilizer
Release of fluorine into the atmosphere  Yes No
Increase of acidity of soils Yes No
Possibility to use for small deposi

o POSItS 1o Yes

(<1 million tons) of phosphate rock

1.4.1.3 Potassium

Similarly to the application to the P minerals, Said et al. (2018) mechanically activated
phlogopite (KMgsAlSizO10(F, OH)2) to produce a slow-release K fertilizer by increasing
the K release rate in the mineral. Recently, the same group synthesized a K-Si-Ca-O
compound as a slow-release K fertilizer in a glass phase by using KOH, CaO and SiO;
as the reactants with different amounts of SiO and different milling speeds (Yuan et al.,
2014). The K release rate decreased with increasing SiO2 content. Increased milling
speeds decreased the release rate of K. Again, these experiments were generally designed
based on material science rather than agricultural practice, that is, the content of other
elements in the final product was much higher than the target nutrients and therefore
more transport costs would result. Further, this structure may not suit a wide range of soil

pH conditions as they only tested the nutrient release pattern in distilled water.
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1.4.1.4 NPK, NP, KP fertilizers

Three methods were proposed by the same group to mechanochemically synthesize
combined P and K or N fertilizers (Zhang et al., 2004, Solihin et al., 2010a). The final
products of these methods are glass-phase products, struvite-structure products and clay
mineral complexes. They used NH4H2PO4 and KH2PO4 as NP and KP sources and y-
Al>03 (glass), Mg(OH). (forming struvite) and kaolin (clay mineral) as structural
reactants. They found the amount of nutrients released from the final products decreased
with increasing stoichiometry ratio of structural reactants. Another group also
investigated the mechanochemical processing of K-P fertilizers (KoHPO4) with three clay
minerals, kaolinite, montmorillonite and talc (Borges et al., 2017a, Borges et al., 2015).
The major structural elements in these are Al-Si, Al-Mg-Si and Mg-Si. All final products
achieved amorphization and showed the characteristics of SRFs. They also found the
release time was significantly influenced by mill rotation speed rather than milling time.
Notably, the release pattern was also influenced by the type of clay mineral, with talc
showing the slowest release pattern. Recently, the same group introduced a waste
management-based mechanochemical method to make use of chrysotile asbestos fibers,
by producing a slow release K-P fertilizer (MgKPO4-H.O and MgKPO4-6H.0) (Borges
etal., 2018, Borges et al., 2022). Two mills, a planetary mill and a high-energy ball mill,
were used to grind the chrysotile (MgsSi2Os(OH)s) and K:HPO4 with different
stoichiometric ratios, milling times and rotation speeds. They pointed out that the
hazardous reactant can be transformed entirely to dittmarite, struvite and amorphous
Si02/MgO when applying an appropriate stoichiometric ratio. Additionally, the type of

mill also influenced the rate of nutrient release. In this study, products from a planetary
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mill showed a slower release rate compared to products made with a high-energy ball

mill.

In the study mentioned above, the release of K, N and P from the synthesized kaolin-
nutrients system is controlled by the kaolin content (Solihin et al., 2011). In addition, the
synthesis of struvite combined with clay minerals lowered the solubility of the K and P
in comparison with the clay mineral alone (Borges et al., 2017a). Further,
mechanochemical reactions allow the constituents to form in different stoichiometric
ratios (Trask et al., 2005), and in turn may change the properties or stability of the
products (Karki et al., 2009, Thakuria et al., 2013). In addition, when mechanochemical
activation creates enough defects to form highly active amorphization, defects gradually
anneal or recrystallize with increasing temperature, so the solubility of the product
decreases with an increased rate of recrystallization (Balaz, 2008b). Low solubility
structures such as struvite and some carbonates may slow down the nutrient release rate
by the process of recrystallization from mechanochemically activated amorphization
(Borges et al., 2017a, Leukel and Tremel, 2018) which can be used to combine with high

solubility products to synthesis S/CRFs.

1.4.2 Use of mechanochemistry to synthesize micronutrient fertilizers

To date, only one study has used a mechanochemical approach to synthesize
micronutrients. Li et al. (2017) proposed a mechanochemical method whereby ferrous
sulfate waste from titanium dioxide production was used to synthesize the desired SRFs.
They milled the sulfates (FeSO4-7H20 and ZnSO4-7H20), low-cost calcium carbonate
and a small amount of water together in a planetary ball mill. Like other studies, they

also found milling speed can influence the conversion rate of the raw materials, and the
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final product became less soluble in water when the rotation speed reached a certain level,

while solubility in citric acid (2%) was less influenced by the rotation speed.

1.4.3 The need for mechanochemically synthesized B and Mo fertilizer

Numerous studies have focused on slow-release NPK fertilizers as these nutrients are
required by plants in large amounts. In contrast, the recommended B fertilizer application
rate ranges from 0.5-4 kg ha* depending on the soil and crop type (Mortvedt, 1991).
Boron primarily exists in soil solution as boric acid (B(OH)3), which is only weakly
bonded to clays, hydrous oxide surfaces and OM, and is subject to leaching particularly
on coarse-textured soils (Shorrocks, 1997a). For example, in a 15-year study with
repeated B applications on three different soils, 40-60% of applied B was leached from
the topsoil (Eguchi and Yamada, 1997). Low solubility B sources (e.g. colemanite) have
become more popular in high rainfall production systems. Broschat (2008) investigated
the release rate of nine B sources with different solubilities in sand-leaching columns.
The results indicated that slowest B sources, such as colemanite and sodium calcium
borates, were retained in sand much longer than fast-release B sources such as Solubor
(disodium octaborate tetrahydrate (Na2BsO13.4H20) and boric oxide. Similarly, Saleem
et al. (2011) observed a greater leaching potential of borax than colemanite and found,
as expected, that the solubility of colemanite increased with decreasing particle size.
Later, the same group applied borax and both powdered and granular colemanite to rice
crops in the field, where they found the release rate of B from granular colemanite was
too slow to effectively supply B to crops compared with the other two forms. In other
words, optimum solubility might be required for production in the field (Broschat, 2008).
Abat et al. (2015d) proposed to incorporate B phosphate (BPO.) into a MAP fertilizer to

produce a co-granulated B source as a more seedling-safe fertilizer (Abat et al., 2015a)
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and further proved a better crop response and lower leaching potential in a simulated
leaching experiment (Abat et al., 2015c). More recently a novel potash fertilizer
containing slow and fast-releasing sources of B was proposed where the release pattern

of B better matched crop B demand during growth (da Silva et al., 2018b).

Molybdenum is primarily present in the soil as MoO4? when the soil pH is above 4.2.
The Mo-oxyanion is similar to phosphate, as the adsorption of Mo is mainly onto
positively charged metal oxides and clay, and organic material particularly when pH is
low (Bell and Dell, 2008). In acidic Australian soils, about 10% of applied Mo is leached
through the soil as most Mo is absorbed by soil minerals and OM (Riley et al., 1987).
However, Mo can easily be leached through neutral to alkaline soils (Carroll et al., 2006).
The recommended Mo fertilizer application rate is the lowest among all micronutrients
and ranges from 0.03 to 0.2 kg ha* (Mortvedt, 1991). Deficiency of Mo has been reported
in several agricultural regions (Davies, 1945, Stout and Johnson, 1956, Kaiser et al.,
2005). However, only a small number of studies have been performed on S/CRF Mo
fertilizers. For example, Bandyopadhyay et al. (2008a) prepared a slow-released Mo
fertilizer using a long-chain polyphosphate. They also tested this Mo fertilizer in the field
where they found an 80% increase in yield and a 161% increase in nodulation in green
gram (mung bean). Recently, Everaert et al. (2021b) loaded molybdate anion into a Zn-
Al LDH at different Zn/Al ratios using co-precipitation and anion exchange. The
optimum Mo-Zn,Al LDH compound could be incorporated with urea as a potential slow-
release Mo fertilizer. Mo-biochar was also proposed to be used as a slow-release fertilizer
and was observed to enhance N assimilation and plant growth compared to a Mo basal

application (Huang et al., 2022).
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Notably, potential methods for slowing or controlling the release of B and Mo remain
rare in comparison to other nutrients. This is mainly due to the chemical nature of these
nutrients and the recognition before the occurrence of deficiency. The process of using
wet chemistry to formulate the S/CRFs is time-consuming and can be more expensive
than using mechanochemistry. Further, mechanochemistry may also be able to synthesize
compounds that cannot be formulated through wet chemistry and could allow adjustment
of the release rate of the micronutrients simply through altering the stoichiometric ratio
of reactants. My hypothesis is that mechanochemistry could produce more sustainable
slow-release B and Mo fertilizers with higher nutrient use efficiency by reducing leaching

or improving plant growth compared to traditionally manufactured products.

1.5 RESEARCH GAP

Mechanochemical synthesis of fertilizers is in its infancy, with the first reports in the
scientific literature only appearing in the last 10 years. The accumulated amount of
studies explored the mobility and agronomical effectiveness of micronutrients such as B
and Mo in soils, and concluded that plant growth could benefit from slow-release
However, for new products using novel synthesize methods such as mechanochemistry,
studies to date have generally focused on slow-release character rather than agronomical
effectiveness. Fertilizer manufacturing should take into account the possible adverse
effects of added elements; particularly those that may cause contamination and toxicity
to soil or crops. There is an opportunity to mechanochemically formulate micronutrient
fertilizers and assess their effectiveness from an agronomic perspective. Three major
gaps could be identified from the literature: a) mechanochemistry has not been used to

synthesize B and Mo micronutrient fertilizers; b) the effects of mechanochemical
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synthesis on the release behaviour of B and Mo micronutrients have not been assessed in
the literature; and c) there is a lack of agronomic comparison of existing micronutrient

fertilizers with mechanochemically synthesized fertilizers.

1.6 AIMS AND OBJECTIVES OF THE PROJECT

The overall aim of this thesis was to formulate and synthesize novel slow/controlled Mo

and B fertilizers using mechanochemistry. The specific objectives of this project were to:

i. Formulate and identify slow/controlled release Mo and B fertilizers using

mechanochemistry;

ii.  Evaluate the release behaviour and identify suitable macronutrient carriers for

mechanochemically synthesized B and Mo fertilizers; and

iii.  Assess the agronomic effectiveness of the synthesized materials through leaching

and pot studies in comparison with existing/commercial B and Mo fertilizers.
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ABSTRACT: This study investigated a mechanochemical method
to synthesize a slow-release micronutrient fertilizer containing zinc
(Zn) and boron (B). Two reactants ZnO and B,0, were milled in
a ball mill for 4 or 8 h with small quantities of water as part of
liquid-assisted grinding, with or without a water-assisted reaction
(WAR). The products were characterized by X-ray diffraction,
Fourier transform infrared spectroscopy, and scanning electron
microscopy. Low-solubility zinc borate (2Zn0-3B,0,-7H,0), with
an octahedral crystal morphology, was successfully synthesized by
ball milling and WAR. A column dissolution study showed that the
products made by 8 h milling followed by 72 h of WAR exhibited a
slow and dual-release pattern of B release, with 26% of the total B

Minimum water

{ﬁw Dry wnder room temperature

Dircctly dry under room temperature

2200 3B,0; TH0
= o~

Decreasing B solubility

released after a 72 h dissolution period. Products made without milling or without WAR showed much faster B release. The
proposed synthesis route is a sustainable manufacturing process that is energy efficient and does not generate any noxious effluents,
producing a material containing two important micronutrients with a slow release rate.

KEYWORDS: mechanochemistry, micronutrients, slow release boron fertilizer, zinc borate, fertilizer manufacturing, green synthesis

M INTRODUCTION

Boron (B) and zinc (Zn) are essential micronutrients for crop
growth, quality, and yield. Boron is present in soil as B(OH);
(boric acid) under most conditions and can be easily leached
through soil or cause toxicity as it is only weakly bound by
organic matter and soil particles.”” The most common forms
of B used in fertilizers are hydrated or anhydrous sodium
borate, borax, boric acid, or less soluble sources such as
colemanite (Ca,Bs0,,-5H,0) and ulexite (NaCaB;O,
8H,0).> Less soluble B sources are preferred for inclusion in
fertilizers to avoid B leaching and possible toxicity due to the
narrow window between deficiency and toxicity for this
element." However, the solubility of these sources may still
vary with particle size and the pH of the co-granulated
fertilizer.” Other less soluble B sources have been synthesized,
such as B frits and BPO,,”~* but these raw materials are not
commonly used as fertilizers due to availability and cost issues.
Notably, there is still lack of slow-release B products that can
be used directly as fertilizers in the field or as a raw material for
inclusion in a wide range of macronutrient fertilizers.”*

Zinc is predominantly taken up by plants as Zn** like other
metal cations. However, Zn** can be readily adsorbed by soil
particles and organic matter or precipitated with anions, which
makes it less available for plants. The common Zn sources used
in the fertilizer industry are ZnO, ZnSO,-xH,0, and chelated
Zn.” Zinc oxide has the highest Zn concentration requiring

© 2021 American Chemical Society
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small amounts of raw material for fertilizer formulation and is
the cheapest of these Zn sources. Ideally, Zn with high water
solubility is preferred for inclusion in fertilizers due to the
higher agronomic effectiveness of water-soluble Zn,”* while
ZnO has very low solubility. However, the efficiency and
residual value of ZnO are not always lower than those of other
soluble Zn sources because the availability of Zn** is influenced
by other factors, such as the application method,’ the
macronutrient fertilizer with which it is coated or cogranu-
lated,”" the soil pH,"" and the application rate.'”* In
addition, Zn deficiency is common in calcareous soils across
the globe,"* and around 17.3% of the world's population suffers
from Zn deficiency.'® A fertilizer that contains both B and Zn
has logistical advantages both for use directly as a fertilizer and
as a fertilizer raw material for manufacturing new products.
Mechanochemistry (MC) is recognized as a green method
for synthesizing and transforming materials and has been
extensively studied in other industries such as alloys and
pharmaceuticals.'®'” Compared to existing chemical synthesis
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methods, MC relies purely on mechanical forces and is
therefore cleaner and more efficient. MC can potentially be
used by the fertilizer industry for two purposes: (i) to increase
the solubility of low-solubility minerals (such as apatite) by
decreasing their particle size and increasing reactivity'*~*" and
(i) to synthesize low-solubility compounds through the
incorporation of soluble salts into insoluble compounds or
matrixes, thereby producing products that are less prone to
leaching and/or less toxic. For example, metal oxides or
hydroxides such as Al,O,,*' Mg(OH) »°* and clay minerals™>**
were milled with highly soluble macronutrient salts to
synthesize low-solubility compounds containing potassium
(K) and phosphorus (P) or nitrogen (N). Honer and co-
workers applied MC to synthesize urea co-crystals either with
low solubility minerals™*® or micronutrient salts””** to
enhance N efficiency by reducing ammonia (NH;) emissions.
Traditionally, wet chemistry involves large volumes of solution
to allow reactants to dissolve, achieve homogeneity, and obtain
final products. Liquids (e.g., water) are often also used in MC
during grinding. Recent research showed that the liquid in
liquid-assisted grinding (LAG) could promote the connection
between reactants by increasing the rate of diffusion of
molecules during ball milling.*”

Hydrated zinc borates have been used in many industries as
flame retardants and preservatives for bio-composites/wood.*
The common method for zinc borate synthesis is through
hydro-thermal methods, which require excess amounts of
reactants, long drying/heating times, and large volumes of
solvents.”* In this study, we developed a greener method to
synthesize zinc borate for fertilizer use by MC and water-
assisted reaction (WAR) without producing unwanted by-
products/wastes. The WAR was modified and employed from
solvent-assisted reaction’™*" as a separate step after MC. The
use of WAR was inspired by previous studies where a second
step of agitation or hydrothermal treatment after ball milling
was found to increase grain growth of products.’” ™" Different
conditions such as the milling time and water addition were
investigated to obtain a product with relatively low B water
solubility compared to the raw materials. The synthesized
materials were characterized using scanning electron micros-
copy (SEM), X-ray diffraction (XRD), and Fourier-transform
infrared (FTIR) spectroscopy. The kinetics of B and Zn release
from the synthesized zinc borate fertilizers were evaluated
using a column dissolution technique.

B MATERIALS AND METHODS

Reagents. Zinc oxide (ZnO, 99.8% analytical grade) was
purchased from ChemSupply (SA, Australia), and boric anhydride
(B,O;, 98%, granulated) was purchased from Sigma-Aldrich (NSW,
Australia). Ground colemanite was obtained from Etimine USA, Inc.,
and disodium tetraborate (Na,B,0;) 30-mesh (as Dehybor) was
obtained from U.S. Borax Inc. Calcium chloride dihydrate (CaCl,-
2H,0) was purchased from Scharlau (Barcelona, Spain). All
chemicals were employed without further purification. Reverse
osmosis (RO) water was used for all processes.

MC and WAR. Zinc oxide, B,O; and RO water were used as
reactants for LAG. The mixtures of the reactants were either manually
ground by mortar and pestle to achieve homogeneity (control
treatment) or milled for 30 min, 1, 2, 4, or 8 h at 26 Hz. The milling
procedure was performed in a mixer mill Retsch MM400 (Haan,
Germany) with a § min break after 1 h of milling to avoid overheating.
In a typical milling procedure, 0.45 g of ZnO, 0.55 g of B,0;, and 170
uL of water as LAG to promote homogeneity and to maintain
products as free-flowing powders were loaded into a 25 mL stainless
steel jar and filled with eleven stainless steel balls with a diameter of §

mm (~2 g per ball) to achieve a ball to a solid material mass ratio of
~20. On a subset of milled samples (Control, 30 min, 1 h, 2 h, 4 h,
and 8 h), WAR was performed (Control-§, 30 min-S, 1 h-§, 2 h-§, 4
h-S, and 8 h-§) (Table 1) by adding 1.5 mL of RO water per 1 g of

Table 1. Synthesized Products and Reference Materials
Formulation and Parameters for Preparation

treatments chemicals milling time (h) WAR”
Control Zn0, B,0, 0 N
30 min Zn0, B,O, 0.5 N
1h Zn0, B,0, 1 N
2h Zn0, B,0, 2 N
4h Zn0, B,0, 4 N
8h ZnO, B,0, 8 N
Control-S Zn0, B,0, 0 S
30 min-$ Zn0Q, B,0, 0.5 S
1 h-§ Zn0, B,0, 1 S
2 h-§ Zn0, B,0, 2 S
4 h-§ Zn0, B,0, 4 S
8 h-§ Zn0, B,0, 8 S
Control-L Zn0, B,0, 0 L
4 h-L Zn0, B,0, 4 L
8 h-L Zn0, B,0, 8 L
Col + ZnO Zn0Q, Ca,B;0,,-5H,0 0 N
TetB + ZnO Zn0O, Na,B,0, 0 N

“N—no WAR, S—short time of WAR, and L—long time of WAR.

milled product to achieve a paste-like mixture. The paste-like mixtures
were directly air-dried after adding water as a short time WAR (-§
treatments) and manually ground by mortar and pestle to
homogenize. As the 4 h-S and 8 h-S treatments had lower solubility
than other treatments (see results), we performed further WAR for
longer time on Control (Control-L) and 4 h (4 h-L) and 8 h (8 h-L)
samples by sealing the mixtures in a 50 mL tube for 3 d after adding
water and incubating at room temperature around 20-25 °C.
Samples were air-dried after 3 d of contact with water and manually
ground to homogenize. For comparison, two other reference materials
were prepared by mixing ZnO with high and low solubility B sources
at the same weight ratio of 1:1.22, that is, 0.45 g of ZnO and 0.55 g of
Na,B,0; and colemanite (Ca,B,0,,-5H,0).

Water Solubility and Chemical Composition. The solubility of
the synthesized products, reactants (ZnO and B,0,), and reference
materials was assessed by weighing 0.1 g of sample into a 50 mL
digestion tube with 10 mL of RO water. Samples were shaken in an
end-over-end shaker for 1 h, followed by 10 min centrifugation at
4685¢. Then, the suspensions were filtered through a 0.2 gm syringe
filter prior to analysis using inductively coupled plasma—optical
emission spectrometry (ICP—OES, Avio 200, PerkinElmer, Waltham,
USA) and pH measurement. The sediment remaining in the
centrifuge tubes was digested overnight at room temperature using
aqua regia (HNO,/HCI = 1:3 v/v), followed by 45 min heating at 80
°C and 165 min heating at 125 °C on a digestion hot block. The Zn
and B concentrations in the digest were also analyzed by ICP—OES to
determine the total content of soluble and insoluble Zn and B.

Structural Characterization. The morphology of the synthesized
products was analyzed by field emission SEM (FE-SEM, Quanta 450,
FEI, USA). XRD patterns of products and reactants were recorded on
an X'Pert Pro multi-purpose diffractometer (PANalytical B.V. Almelo,
Netherlands) using Fe-filtered Co Ka radiation, an automatic
divergence slit, a 2° anti-scatter slit, and a fast X'Celerator Si strip
detector. The diffraction patterns were recorded in steps of 0.017° 2
theta with a 0.5 s counting time per step for an overall counting time
of approximately 30 min. Phase identification was performed on the
XRD data using in-house software (XPLOT) (Microsoft, Redmond,
Washington, USA) and HighScore Plus (from PANalytical) search/

match software. The relative amounts of the major phases were
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Figure 1. (a) Water soluble B and (b) water soluble Zn as percentages of total B and Zn of the zinc borate products and reference materials after 1
h of shaking. The error bars represent standard errors of three replicates, and different letters indicate significant differences (P < 0.0S, Tukey’s

HSD).

Figure 2. SEM images of (a) Control, (b) 4 h milled, (c) 8 h milled, and (d) the short WAR time control (Control-S), (e) 4 h milled (4 h-S), (f) 8
h milled (8 h-S), and (g) the long WAR time control (Control-L), (h) 4 h milled (4 h-L), and (i) 8 h milled (8 h-L) treatments.

determined by the Rietveld method using the TOPAS software
package from Bruker (Bruker BioSpinCorporation, Billerica, Massa-
chusetts, USA). The FTIR measurements were carried out using the
attenuated total reflectance (ATR) module on an Alpha FT-IR
spectrometer (Bruker Optics, Ettlingen, Germany). The analysis was
performed in the middle infrared range (wavelength from 4000 to 400
cm™") at 4 cm™" resolution and corrected against an air background.
The sample was mounted on the platinum platform and covered with
a thin layer of foil paper. Each sample was scanned 100 times, and the
platform was cleaned by a lint-free tissue and ethanol between
treatments.

Column Dissolution Study. Dissolution kinetic experiments
were conducted for nine selected products (Control, 4 h, 8 h, Col +
ZnO, TetB + ZnO, Control-S, 4 h-S, 8 h-S, Control-L, and 8 h-L)
using the column perfusion method described by Baird et al.*® This is
a laboratory method that examines the dynamic release of nutrients
from fertilizer formulations by continuously perfusing samples with
solution in real time. Previous studies showed good correlation
between the pot, leaching, and seeding toxicity experiments using this
method.””*” The 4 h-L was not included as no significant changes in
other characteristics were observed between 4 h-S and 4 h-L. Powders

15997

were used in this study to avoid any potential effects of granulation
due to particle size and/or binders. 0.4 g of powder sample was placed
in between 1 g of glass wool in each polypropylene column (150 mm
long X 15 mm diameter). The percolating solution (10 mM CaCl,,
pH = 6) was introduced to the column from the bottom using a
peristaltic pump at a constant rate of 10 mL h™". The solutions
released from the top of the column were collected every hour for 72
h using a fraction collector (SuperFracTM, Pharmacia, USA). At the
end of the study, residues, glass wool, and solution remaining in each
column were collected and dried in the oven under 90 °C until all
liquid vaporized. These residues were digested using hot aqua regia,
analyzed by ICP—OES, and added to all nutrients released over time
to determine the total nutrient in the sample. The nutrient in each
hourly sample was expressed as a percentage of this total. All column
dissolutions were performed in duplicate. For two materials (8 h-S
and Control-S), the morphology (FE-SEM) and the FTIR spectrum

of the residues were determined.
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Figure 3. FTIR profiles of (a) reactants, (b) Control, 4 h, and 8 h milled treatments, (c) short-time water-assisted control (Control-S), milled 4 h
(4 h-S), and 8 h (8 h-S) treatments, (d) long-time water-assisted control (Control-L), milled 4 h (4 h-L), and 8 h (8 h-L) treatments, (e)
fingerprint wavelength range (300—1500 cm™) of short-time water-assisted treatments with peaks belonging to zinc borate indicated in orange,
and (f) long-time water-assisted treatments with peaks belonging to zinc borate indicated in orange. The observed FTIR peak wave numbers and
assigned bonds of the synthesized products are summarized in the top right of the figure.

B RESULTS AND DISCUSSION

Chemical Composition and Solubility. The synthesized
products contained between 11—15% B and 26—34% Zn
(Table S1). The variation of B and Zn concentrations in the
products is likely due to the amount of hydration on the
surface of the products and the amount of crystalline water.
The water solubility of the treatments is reported as the
percentage of total B and Zn in solution after 1 h shaking
(Figure lab). More than 90% of B was dissolved for all
treatments without WAR (Figure 1a). Therefore, ball milling
alone did not change the solubility of B. A short time of WAR
after ball milling significantly decreased B solubility for 4 h-S
(26%) and 8 h-S (20%) while the Control-S treatment had B
solubility similar to those of the Control (unmilled) and milled
(4 h and 8 h) treatments, with more than 90% of the total B
being water soluble. B solubility was the lowest in the longer-
time water-assisted treatments. Surprisingly, only 14% of B was
released from Control-L, which had not been milled prior to
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the WAR. The solubility of B was around 18 and 11% for 4 h-L
and 8 h-L samples, respectively. TetB + ZnO released about
90% of the total B while Col + ZnO only released 10%. The
water solubility of Zn followed trends similar to those for B,
but solubility was very low for all treatments, less than 3% of
the total Zn. The water-soluble Zn was highest in treatments
without WAR and lowest in 8 h-S and 8 h-L. The amount of
Zn released from Col + ZnO and TetB + ZnO was below the
detection limit (<0.4 pig/L, equivalent to 0.0003% of total Zn).

Structural Characterization of Synthesized Products.
The SEM images of Control, 4 h, and 8 h samples showed a
morphology of agglomerated particles (Figure 2a—c). The
agglomeration of 4 h and 8 h samples might be due to cold
welding.** No identifiable crystal morphology was observed in
these treatments. A change in morphology was observed with
the WAR. In short, for water-assisted treatments, the SEM
image of Control-S (Figure 2d) showed large single particles
covered by smaller particles, likely due to recrystallization of
B,0; or different particle sizes of reactants. However, 4 h-S
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and 8 h-S (Figure 2e,f) transformed to a mixture of thick rod-
like, layered, and elongated octahedral crystals. The long WAR
time induced a transformation in morphology in all treatments
with or without milling (Figure 2g—i) where the Control-L
treatment transformed to a thin rod-like layered structure and
the 4 h-L and 8 h-L treatments were similar in crystal shape to
the 4 h-S and 8 h-S treatments but with noticeable increases in
crystal size. Most notably, the 8 h-L (Figure 2i) treatment
displayed a well-dispersed mixture of octahedral and elongated
octahedral crystals with negligible rod-like or layered crystals
seen in Control-L. The lower-magnification SEM images
(Figure Sla—f) showed that a longer milling time before WAR
and a longer WAR time favored the formation of octahedral
crystals.

The same characteristic peaks in FTIR spectra of reactants
(Figure 3a) could be seen in the spectra of milled samples
(Figure 3b). This suggests an absence of breaking and/or
formation of new bonds during milling. The short- and long-
time WAR significantly changed the spectrum (Figure 3¢,d) of
all the treatments except for the Control-S treatment, which
mainly showed the peaks of the reactants. The FTIR spectrum
of the Control-L treatment was different from all other
treatments, such as the B—O—H bending and out-of-plane
bending of B;—O and B,~O. The spectra of 4 h-S, 8 h-S, 4 h-
L, and 8 h-L treatments (Figure 3c,d) were in good agreement
with the spectrum of zinc borate (2ZnO-3B,05:7H,0)
reported in the literature.’”*” The characteristic peaks of
zinc borate are summarized in the table of Figure 3 and
highlighted in Figure 3e,f. The detailed wavelength fingerprint
range of short and long WAR treatments was slightly different
between the treatments milled for 4 h and 8 h (Figure 3e,f),
where unhighlighted peaks 1222 and 1122/1120 cm™! might
belong to other types of zinc borate (unidentifiable) with
different B=O—H bending. Nevertheless, the 4 h-S, 4 h-L, 8 h-
S, and 8 h-L treatments contained chemical bonds indicative of
zinc borate. The characteristic peaks of trihedral (1373—1377
and 957991 cm™') and tetrahedral borate (1060—1065 and
755—881 cm™") groups are in good agreement with the known
ring structure*' that belongs to 2Zn0-3B,047H,0.

The XRD pattern (Figure S2) for the ZnO reactant was in
good agreement with the theoretical pattern (ICSD 157724),
while for B,O;, there were a few peaks which were identified as
H;BO; (PDF 00-025-0097) due to its partial hydration in the
air. The differences between the Control, 4 h, and 8 h
treatments were small in terms of the XRD patterns (Figure
4a), and all the observed peaks could be assigned to ZnO and
H;BO;. The diffraction peaks became broader with an
increasing milling time as a consequence of decreasing grain
and crystallite size, increasing plastic deformation, and
increasing lattice strain, which can be attributed to the
generation of crystal defects with extended grinding
periods."”** Amirkhanlou et al. suggested that 8 h of milling
is optimum for the production of ZnO nanocrystals or
nanoparticles, while further milling will not be able to largely
change the crystallite size and lattice strain of the ZnO
powder.”” Notably, the ZnO peaks still dominated the
spectrum after 8 h of milling (Figure 4a).

The short-time WAR (Figure 4b) treatments produced new
compounds, although Control-S still largely remained as the
original reactant with identifiable ZnO peaks (Figure S2d),
which agrees with the FTIR results. The major component of
the 4 h-S and 8 h-S treatments was zinc borate
ZnB;0,(0OH)s(H,0) (LPF 1923377) (Figure S2b), also
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Figure 4. XRD patterns of (a) Control, 4 h, and 8 h milled
treatments, (b) short time water-assisted control (Control-S), milled
4 h (4 h-S), and 8 h (8 h-S) treatments, and (c) long time water-
assisted control (Control-L), milled 4 h (4 h-L), and 8 h (8 h-L)
treatments. Round marks denote the peak allocation to zinc oxide,
rhombus marks denote the peak allocation to boric acid, and triangle
marks denote the peak allocation to zinc borate 2Zn0-3B,0;-7H,0.

formulated as 2Zn0-3B,0;7H,0 in the more recent
literature.”**** Peaks of unreacted ZnO, B,0; as H;BO;,
and some unidentifiable structures (unlabeled peaks) were
detected in the XRD patterns of the 4 h-S and 8 h-S
treatments. In the long-time WAR treatments (Figure 4c),
Control-L transformed to a new phase without pre-milling
where the intensity of the peaks for ZnO was largely decreased,
and a few peaks of 2Zn0-3B,0;-7H,0 and new peaks for
other hydrated zinc borate compounds were observed. This is
in good agreement with SEM and FTIR results where a new
crystal structure and new bonds were observed. Both 4 h-L and
4 h-S treatments showed stronger 2Zn0-3B,0;:7H,0 peaks
compared with the Control-L treatment, such as peaks at 20
values of 15, 31, and 34°. However, several unidentifiable peaks
were still observed in the patterns. Full quantitative analysis
was not possible for most of the samples except for the
Control, Control-S, 4 h, 8 h, and 8 h-L treatments, as some of
the peaks in the XRD patterns of other samples cannot be
assigned to a known structure. Quantitative analysis based on
the XRD pattern of the 8 h-L sample showed that this sample
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Figure 5. Cumulative B released from (a) non-water-assisted samples and commercial samples, (b) short-time WAR samples, (c) long-time WAR
samples and cumulative Zn released from (d) non-water-assisted samples and commercial samples, (e) short-time WAR samples, and (f) long-time
WAR samples over 72 h. Error bars represent the standard error (n = 2).

consists of 80 to 85 wt% 2ZnO 3B,0,7H,0 with the
remainder of the sample being ZnO and H;BO,. By comparing
the XRD results with the SEM images, it appears that the
octahedral crystals can be attributed to the presence of 2Zn0O-
3B,0,7H,0.

Column Dissolution Study. Boron. The release profiles of
synthesized products were studied and compared with slow-
and fast-release B sources (commercial colemanite and sodium
tetraborate, respectively) (Figure 3). Colemanite had a
consistently slow release rate, which reached 32% cumulative
B release over the 72 h monitoring period, while tetraborate
showed full release of B over the same period (Figure 5a). The
dissolution rate of B decreased with increasing milling time for
both milled treatments and treatments having WAR (Figure
Sa—c). This was more evident with short and long times for
WAR (Figure Sb,c). All synthesized treatments showed an
initial rapid release (within 10 h), followed by a subsequent
slow release pattern. Control, 4 h, and 8 h treatments reached
85, 85, and 63% of total B release within the first 10 h,
respectively, and slowly released another 10% of the total B
until the end of the experiment. The B release of the 8 h
treatment was lower within the first 10 h and over the whole
dissolution period compared to the 4 h and Control
treatments, indicating that increasing the milling time before
WAR changes the kinetic dissolution characteristics of the
product.

Control-S, 4 h-S, and 8 h-S (Figure 5b) treatments showed
about 10, 40, and 30% less B release in the first 10 h compared
to the respective treatments without WAR (Control, 4 h, and 8
h). After the first 10 h, the Control-S, 4 h-S, and 8 h-S
treatments released an additional 10% of the total B over the
remaining dissolution period. Control-L (Figure Sc) showed a
slower B release compared to other control treatments, while B
release after the first 10 h was faster (20% additional B
released) than other treatments. Of all the synthesized
products, the 8 h-L product (Figure Sc) showed the slowest

release kinetics, with only 11% of the total B released in the
first 10 h and another 15% of total B released in the
subsequent 62 h period. This suggests that the octahedral
crystals are likely to have lower solubility compared to the
other crystal forms in these products. The dual release
behavior of 8 h-L could be beneficial to plant growth, with
initiall moderate B release minimizing toxicity risks (and
leaching losses) and sustained B release supporting plant
growth during later high B demand reproductive stages.”
Zinc. Dissolution of Zn was consistently negligible over the
72 h period (Figure 5d—f) for the treatments containing
colemanite and tetraborate, likely due to the high solution pH
imposed by the dissolution of these minerals (Table S1). The
same results were also observed in the batch water solubility
measurements (Figure 1b) as ZnO has low solubility
particularly in the alkaline solution. However, the Zn release
profile of synthesized products was similar to the B release
profile, where we can see an initial comparatively fast release
followed by a slow release period, albeit for a very small
percentage of the total Zn in the products. The cumulative Zn
release, ranging from 2 to 5% of total Zn, was much lower than
that of B (26 to 97% of total B). The cumulative release of Zn
was lowest in the 8 h-S and 8 h-L treatments and highest in the
Control-§ and Control-L treatments. Increased milling time
and a longer WAR time decreased the cumulative Zn release,
but the differences were negligible compared to cumulative B
release due to the low solubility of ZnO. Similar to B release, a
different release pattern was observed for Control-L.
Characterization of Residue after Dissolution. The
residues of two selected treatments (Control-S and 8 h-S) were
collected for characterization by FTIR (Figure 6¢c) and SEM
(Figure 6a,b). The FTIR spectrum of the Control-S residue
was identical to that of ZnO (Figure 3a). All absorbance bands
assigned to B-related bonds in the Control-S treatment
disappeared, which is consistent with the 90% cumulative B
release from this material. On the other hand, the FTIR
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Figure 6. (a) FTIR profiles of Control-S and 8 h-S treatments and the
residues collected after column perfusion of the Control-S and 8 h-S
treatments and SEM images of (b) Control-S, (c) residues of Control-
S, (d) 8 h-S, and (e) residues of 8 h-S. Residues of Control-S and 8 h-
S were collected from columns at the end of the column dissolution
experiments.

spectrum of the residue from the dissolution of the 8 h-S
treatment was similar to the spectrum of the initial 8 h-S
treatment. This suggests that the octahedral zinc borate
synthesized in the 8 h-S treatment (2Zn0-3B,05-7H,0) was
more resistant to dissolution than the B synthesized in the
Control-S treatment. Furthermore, SEM images of the residue
from the dissolution of the Control-S showed a fine particle
aggregate similar to that before the column dissolution,
whereas large amounts of transparent elongated octahedral
crystals with different sizes were observed in the residue from
the dissolution of the 8 h-S product. The changes of size before
and after column dissolution of the 8 h-S product is probably
due to Oswald ripening or particle migration and coalescence,
whereby small particles migrate to the surface of large
particles.*®

Effects of MC and WAR. The proposed method using
both MC and WAR results in a green and simple way to
produce zinc borate as a potential fertilizer or fertilizer raw
material. As summarized in Table 2, the milling time played an
important role in the solubility of both B and Zn to varying
extents. The extended 8 h milling time enhanced the size
reduction of ZnO* and extensively mixed the reactants, thus
promoting the growth of octahedral crystals during WAR. The
results indicated that without ball milling, the low solubility of

Table 2. Summary of Characteristics of Synthesized
Products and Their Solubility

new  new crystal micromorphology B solubility”

treatments  bonds” phases" changes® (% total)

Control no no agglomerated particles 96.2

4h no no 92.7

8h no no 772

Control-§ no no 89.9

4h-S yes yes thin rods, layers, 63.8
elongated octahedra

8 h-S yes yes thin rods, elongated 412
octahedra

Control-L yes yes thin rods, layers 74.1

4h-L yes yes thin rods, layers n/a
elongated octahedra

8 h-L yes yes octahedral 26.0

“New bonds developed compared to reactants, determined by FTIR
absorption peaks. “Determined by XRD. “Determined by SEM. %%
total B released after 72 h of column dissolution.

octahedral zinc borate cannot be produced by either short
(Control-S) or long (Control-L) WAR using the reactants we
proposed in this study. The Control-L formed products which
had low solubility during the 1 h batch test, but these products
were not stable under the conditions of the column perfusion
experiment where the products of dissolution were continually
removed from the surface of the material. The duration of
WAR is essential for the products to age or relax and further
increase grain growth as MC is continuously creating defects
and accumulating energy in the reactants. Longer WAR might
give enough time for the diffusion of B,0; to occur, similar to a
solid/vapor reaction,’” while a short WAR time might
minimize the diffusion process with water evaporation; thus,
the reaction only takes place in a very short range around the
particles. Reactants with less defects or diffusion might
recrystallize as ZnO and H;BO; or form unstable hydrated
zinc borates. In addition, the residue study indicated that the
octahedral zinc borate synthesized in the 8 h-S treatment had
the ability to attach into larger crystals rather than be leached
out by the eluant. The potential mechanism of 2Zn0-3B,0;-
7H,0 formation could be summarized in two steps: first, ball
milling accumulates in the defect-rich region in the reactants.
Second, WAR increased the diffusion and convection of
soluble reactants (ie, B,O;), thus promoting the crystal-
lization of stable crystals such as 2ZnO-3B,0;7H,0 to
minimize the accumulated mechanochemical energy.

B CONCLUSIONS

In this study, we provide a new method for the synthesis of a
zinc borate material with slow-release B and Zn characteristics
using MC and WAR. Conversion of raw materials to zinc
borate was not complete but this is desirable for a fertilizer raw
material where unreacted and soluble raw materials enhance
the rapidly soluble nutrient in the fertilizer, and the synthesized
slow release compound provides a slow release component.
Column dissolution studies suggested that the zinc borate
synthesized after mechanical milling and WAR could be used
directly as a dual-release B fertilizer or as a raw material in
fertilizer manufacture, with one B component released quickly
to avoid early season deficiency and another component
released slowly to meet plant demand over an extended period.
Moreover, the two micronutrients B and Zn in the synthesized
zinc borate are required by plants and needed in fertilizers.
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Despite the release of Zn being rather slow and small in
magnitude compared to other Zn sources such as ZnSO,, it
was higher than ZnO and could potentially be even more
available in the presence of plant roots.

Given that the goal of green chemistry and engineering is to
minimize the Eroduction of polluting and potentially toxic
waste streams,””*" this synthesis was designed from both
agronomic and green manufacturing perspectives to maximize
fertilizer efficiency as well as minimize waste production. To
achieve waste prevention (principle 1 of green chemistry),
Sheldon" suggested that the calculation of a simple E factor
(sEF) and a complete E factor (cEF) as full-scale
manufacturing E factors generally fall between these two
metrics. Compared with other methods that synthesized zinc
borate before purification (with sEF values ranging from 3.1 to
25.8 and cEF values ranging from 85.1 to 275.8—Table 52),
this method could achieve very small E factors, sEF = 0.2 and
¢EF = 1.9. Due to the lack of information in the published
methods, the calculation for the previously published methods
assumed that either Zn or B reactants were completely reacted
or the organic solvents used by these methods for further
purification were not included in the calculations. In a recent
survey, water usage was the most used metric to assess green
chemistry in commercial manufacturing.w Water usage in our
method was 1.7 g water/g product, while in other methods,
water usage could reach 77.5 to 250 g water/g product (Table
S2). The successful application of our synthesis method could
result in a very small E factor, minimal water usage, and high
materials/atom economy for the fertilizer industry. The E
factor could even reach close to 0 as the proposed method
could produce fine particles that allow direct application as
fertilizers or for coating or incorporation into macronutrient
fertilizers. In addition, existing fertilizer coating processes that
use water as the atomization and adhesion agent for coating
could be potentially used as the WAR, though this requires
further study. Other possible treatments can still be explored to
further reduce the solubility, such as heating after milling.
Further plant-based experiments are also required to compare
with other Zn and B sources in terms of agronomic efficiency.
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Table S1. Total and water-soluble concentrations of B and Zn in the reactants, reference

materials and synthesized products, and equilibrium pH of water suspensions.

Treatments Water-soluble = Water-soluble Total  Total pH?

B Zn B Zn

(mg/L) (mg/L) (o) (o)
Reactants
ZnO - 2+0 - 76 £1 8.0
B203 2509 £ 47 - 24+£0 - 5.7
Reference materials
Col +ZnO 59+6 ND 70 38+0 9.3
TetB + ZnO 950 +£47 ND 11+1 38+2 9.2
Synthesized products
Control 1415+ 76 85+3 I5£1 34+£2 7.0
30 min® 1119+ 21 65+2 12£0 27+0 7.2
lh 1132 +43 65+1 12£0 260 7.2
2h 1112+ 18 64+0 12+£0 27+0 7.2
4h 1239 + 34 75+5 13+£0 31=+1 7.2
8h 1192 £8 73 +1 12+0 31+2 7.2
Control-S¢ 1121 £ 10 68 £2 12+£0 28+1 7.1
30 min-S 830+ 17 50+1 11+£0 27+0 7.2
1 h-S 691 +27 50+1 1240 27+0 7.4
2 h-S 483+ 18 68 £2 11£1  28+2 7.3
4 h-S 340+ 2 48 £2 131 30+2 7.6
8 h-S 249+ 6 28+ 1 131 31£2 7.8
Control-L4 166 +£4 27+ 1 12+1 28+2 7.8
4 h-L 225+4 39+2 13+£1 30+2 7.8
8 h-L 130+ 10 20+ 1 12£0 29+1 7.8

*Determined after shaking end-over-end for 1 h

®Milling time
°Short water-assisted reaction time

dLong water-assisted reaction time
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Figure S1. Low magnification SEM images of (a) the short water assisted régction time
control (Control-S), (¢) milled 4 h (4 h-S) and (e) 8 h (8 h-S) treatments and the (b) the
long water assisted reaction time control (Control-L), (d) milled 4 h (4 h-L) and (f) 8 h

(8 h-L) treatments.
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Relative Intensity

Figure S2. The XRD pattern of (a) the theoretical ZnO, (b) ZnB3O3(OH)s(H20), (¢)

(a) ZuQ (ICSD 1£7724) (b) ZnB305(0H):(H:0) (LPF 1623377
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H3BO3 and (d) initial reactants ZnO and B>O3 used in this study.
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Table S2. Production of waste per g of zinc borate in our proposed method compared to

other published methods.

Ref Waste Weight (g/g % Contribute % Contribute
zinc borate) to sEF? to cEF?
(Dong Zinc nitrate >3.1 100.0 2.0
and Hu, Sodium tetraborate 0 0 0
1998, Ethanol/methanol 50.0 - 32.7
Gonen et Water 100.0 - 65.3
al., 2009)°
Solvent used for washing and purification: ethanol and water
E factor (sEF and cEF) >3.1 153.1
(Gao and Sodium tetraborate >7.6 100.0 8.9
Liu, Zinc oxide 0 0 0
2009)¢ Zinc sulphate 0 0 0
Water 77.5 - 91.1
Solvent used for washing and purification: alcohol, ether and water
E factor (sEF and cEF) 7.6 85.1
(Chen et Zinc nitrate >3.1 12.0 1.1
al., 2009; Sodium tetraborate 0 0 0
Ipek, Ammonia (25 22.7 88.0 8.2
2020)° wt.%)
Water 250.0 - 90.6
Solvent used for washing and purification: water
E factor (sEF and cEF) 25.8 275.8
This work  Zinc Oxide <0.2 100.0 11.8
Boric anhydride
Water 1.7 - 88.2
Solvent could use for washing and purification: water
E factor (sEF and cEF) 0.2 1.9

8%SEF =Y m (raw materials) + ), m (reagents) — m(product) /m(product)

SEF =Y m (raw materials) + ), m (reagents) + Y, m (solvent) +

Y. m (water) — m(product) /m(product)

¢ Due to lack of data, the calculation assumed that B-reactant was all reacted

4 Due to lack of data, the calculation assumed that all Zn-reactants were reacted
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Abstract

Purpose - Boron (B) is an essential micronutrient required throughout the growth cycle
of plants so effectively supplying crops with B using fertilizers is challenging. The
purpose of this study was to assess the agronomic effectiveness of mechanochemically
synthesized zinc borate as a slow release B source and compare it to commonly used B

sources after incorporation with different macronutrient carriers.

Methods - Zinc borate synthesized using a green mechanochemical method as well as
commercial B sources (borax, colemanite, and commercial zinc borate) were
incorporated with various macronutrient fertilizers (monoammonium phosphate — MAP,
muriate of potash — MOP and urea). The fertilizers were evaluated by a) assessing the
solubility behaviour of these products; and b) comparing potential leaching losses, plant

growth, and plant uptake through a greenhouse study.

Results - The mechanochemically synthesized zinc borate, commercial zinc borate, and
colemanite had similar dissolution rates when MAP was the carrier, but both zinc borates
dissolved more B than colemanite when MOP and urea were the carriers. In the pot trial,
high losses of B in leachates resulted in low B uptake by plants fertilized with soluble
sodium tetraborate. All the slow-release B sources had greater B uptake compared to the

soluble B treatment.

Conclusions - Our study indicates that mechanochemically synthesized zinc borate with
urea as the carrier could be effective in matching plant demand for B and reduce leaching

losses in high rainfall environments.

Keywords: mechanochemistry, slow-release boron fertilizer, zinc borate, fertilizer

manufacturing, green synthesis, agronomic effectiveness
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3.1 INTRODUCTION

Boron (B) is an essential micronutrient for crop growth. Boron fertilization can be
challenging due to the narrow window between deficiency and toxicity and the high
mobility of B in soil (Mengel et al., 2001). Both B toxicity and deficiency will harm plant
growth (Camacho-Cristébal et al., 2008; Gupta, 1983; Wimmer and Eichert, 2013) and
thus decrease crop yield (Findeklee et al., 1997; Pregno and Armour, 1992). Boron
deficiency generally occurs in highly weathered, coarse textured, low organic matter and
frequently cultivated soils, because B is easily removed from the soil through leaching,
runoff, and plant uptake (Shorrocks, 1997). Zinc (Zn) is present in the soil as a cation
and is commonly deficient in alkaline and calcareous soils due to strong sorption and
fixation (Alloway, 2009). Until now, Zn deficiency remains a global health problem that

affects more than 17% of the world’s population (Myers et al., 2015).

The most commonly applied B sources are soluble compounds, such as boric acid and
sodium borates. However, these soluble sources can cause seedling toxicity and are easily
leached from soil. Slow-release sources of B could contribute to a more efficient and
precise B application. Existing slow-release B sources are mainly colemanite, ulexite and
other sodium/calcium borates (Broschat, 2008). More recently, new slow-release B
compounds have been proposed such as boron phosphates (BPO4) (Abat et al., 2015a, c,
d), layered double hydroxides with B incorporated (Songkhum et al., 2018), and organic
(Svishcheva et al., 2022; Thombare et al., 2021) or hybrid matrices incorporated with B

(Xie et al., 2011).

Generally, micronutrients required by plants in small amounts are combined with
macronutrients nitrogen (N), phosphorus (P), and/or potassium (K), or applied as foliar

liquids to decrease the costs of application and promote the uniform distribution of
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micronutrients in the field (Gupta, 1993). However, combining slow-release
micronutrient sources with macronutrients through coating or co-granulation could
change their release behaviour due to new chemical reactions or physical aggregation
(Abat etal., 2015d; Milani et al., 2012). It is important to find new slow-release fertilizers
that retain their slow-release character when combined with macronutrients, and have
potential to achieve better plant growth and agronomic and environmental efficiency.
Only a few attempts have been made to address this issue when assessing new slow-

release B sources (Abat et al., 2015c, d; da Silva et al., 2018; Samreen et al., 2021).

Mechanochemistry has been proposed as a more sustainable synthesis method than wet
chemistry because it relies solely on mechanical forces to decrease particle size, increase
particle contact area, accumulate crystal defects and promote reactions without waste
streams being produced (Ardila-Fierro and Hernandez, 2021; Boldyrev, 2006).
Mechanochemical methods such as ball milling, crushing, and shearing are common
processes in the fertilizer industry for phosphate rock and other mineral processing and
have been widely applied in other industries such as alloy and pharmaceutical production
(Balaz, 2008; Balaz et al., 2013). Several studies have assessed the possibility of using
mechanochemistry to synthesize slow-release fertilizers. The focus of previous
mechanochemically synthesized fertilizer studies was mainly the macronutrients N, P
and K. For instance, metal (hydr)oxides (Honer et al., 2018; Julien et al., 2020), LDH
(Lei et al., 2018; Solihin et al., 2010), and ionic co-crystals (Bar¢auskaité et al., 2020;
Honer et al., 2017; Sharma et al., 2019) have been used to incorporate N, clay minerals
(Solihinetal., 2011), LDH (Buates and Imai, 2021), metal (hydr)oxides (Zhang and Saito,
2009) to incorporate P, and struvite (Solihin et al., 2010), phlogopite (Said et al., 2018),

clay minerals (Borges et al., 2017; Solihin et al., 2011), SiO2 (Yuan et al., 2014) and LDH
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(Lei et al., 2018) to incorporate K. Most of these proposed slow-release fertilizers had
low water solubility in static or batch solubility tests. However, very few agronomic
comparisons were made to compare mechanochemically synthesized products with

commercial products.

Hydrated zinc borates are low-solubility B compounds that are used as flame retardants
and preservatives for bio-composites/wood (Schubert, 2019) and could potentially be
used as slow-release B and Zn fertilizer sources. The addition of Zn being an added
benefit as one of the essential plant micronutrients. Different approaches have been used
to synthesize zinc borate, such as hydrothermal methods which produce large amounts
of waste streams during manufacturing (Gao and Liu, 2009, Gonen et al., 2009). In a
previous study, we used mechanochemistry to synthesize a zinc borate using a ball mill
and water-assisted reaction (Zheng et al., 2021). A minor amount of water was used for
the synthesis (1.7 mL water per g product) compared to other conventional methods
(77.5-250 g water per g product). The B release behaviour of the mechanochemically
synthesized zinc borate was compared to commercial colemanite and sodium borate in a
column dissolution study in which only 26% of B was released from zinc borate

compared to 95% of B from sodium borate over 72 h.

This study aimed to compare the agronomic effectiveness of the mechanochemically
synthesized zinc borate with other B sources when coated onto or co-granulated with
macronutrient carriers. We hypothesized that a) zinc borate could be synthesized in situ
during the coating process using water atomization to promote water-assisted reaction;
b) some macronutrient carriers may impair the slow-release characteristics while others
would be more suited as carriers for B sources; and c) the mechanochemical synthesized

zinc borate could be used as a slow-release B source in high rainfall areas for plant growth.

73



3.2 MATERIAL AND METHODS

3.2.1 Mechanochemical synthesis of zinc borate

Zinc borate was prepared using a mechanochemical method described in the previous
study with or without further water-assisted reaction (Zheng et al., 2021). In short, 1.35
g of ZnO and 1.65 g of B2O3 were added in 50 mL zirconia jars with six zirconia balls
(15 mm diameter, 10 g per ball) to achieve a ball to solid (reactants) mass ratio around
20. A minor volume of water (510 pL) was added for liquid assisted grinding (LAG) to
promote homogeneity. In the previous study, we used a Retsch MM400 mixer mill (Haan,
Germany), but in this study a planetary mill (PM200, Retsch, Haan, Germany) was used
to confirm the repeatability of the synthesis method. The milling procedure was
performed for 8 h with a change of direction every 1 h and a 5-min break after 1 h of
milling to avoid overheating. A control sample was subsampled 1 min after the milling
procedure started. Further water-assisted reaction (WAR) was performed in the same
manner as described in the previous study for both a subsampled control and a sample
milled for 8 h. The WAR was achieved by adding a small amount of water (1.5 g water
per g sample) to the products to make a paste-like sample and the sample was sealed for

72 h before drying under room temperature for the reaction to complete.

3.2.2 Characterization of synthesized zinc borate

The morphology of the samples was confirmed by field emission scanning electron
microscopy (FE-SEM, Quanta 450, FEI, USA). X-ray diffraction (XRD) patterns of
products were recorded with an X'Pert Pro multipurpose diffractometer (PANalytical
B.V. Almelo, Netherlands) using Fe-filtered Co Ka radiation, automatic divergence slit,

2° anti-scatter slit, and fast X'Celerator Si strip detector. The diffraction patterns were
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recorded in steps of 0.017° 2 theta with a 0.5 s counting time per step for an overall
counting time of approximately 30 min. Phase identification was performed on the XRD
data using in-house software (XPLOT) (Microsoft, Redmond, Washington, USA) and
HighScore Plus (from PANalytical) search / match software. The relative amounts of the
major phases were determined by the Rietveld method using the Bruker TOPAS software

package (Bruker BioSpin Corporation, Billerica, MA, USA).

3.2.3 Surface morphology and components of coated granules

A previous study indicated that Zn-containing coating material could react with MAP
and primarily form ZnNHsPO4 when using water to assist with a coating (Milani et al.,
2012). To confirm the crystal structure of the treatments coated onto MAP, the granules
were abraded by rotating 10 g of granules placed in a 75 mL plastic container at 30 rpm
for 30s. A fraction of the abraded coating material was sieved through a 1.0-mm sieve
and analyzed by XRD to verify the composition of the coating material on the surface of
the granules. The surface and cross-sectional morphology of the sample coated with
commercial zinc borate (CZB) and mechanochemically synthesized zinc borate with
water-assisted reaction (WZB) were evaluated using field emission scanning electron

microscopy (FE-SEM, Quanta 450, FEI, USA).

3.2.4 Manufacturing of fertilizer treatments

Macronutrient fertilizers were coated or compacted (for the pot trial) with different
sources of B and Zn (Table 3.1) to assess the solubility and plant response of the
formulations. The B/Zn sources used were control samples with essentially no milling
either without (C) or with water-assisted reaction (WC) and the samples that had been

milled for 8 h without (ZB) or with water-assisted reaction (WZB). For comparison, a
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commercial zinc borate (CZB) from Turkey (Etimine USA. Inc.) was included, as well
as a commercial fast-release B source (sodium tetraborate, TB) (U.S. Borax Inc,) and a
commercial slow-release source (colemanite (Co) from Turkey (Etimine USA Inc). The
Zn sources were zinc oxide (ZnO) and zinc sulfate (ZnSO4-7H20) (compacted with TB
to produce a fast-release B and Zn treatment in the pot experiment). The macronutrient
granules, urea, MOP (muriate of potash) and MAP (monoammonium phosphate), were
either sieved to achieve a similar size (2.0-3.35 mm) before being coated or were ground,
sieved (<250 um) and co-compacted with the B sources. The target B and Zn

concentrations in the fertilizers were 5 g kg™ and 10 g kg, respectively.

For the coating procedure, 50 g of sieved macronutrient granules and coating material
were added to a Petri dish with a covered lid. The weight of powdered coating material
added was around 2.1 g for WC, ZB and WZB, 1.7 g for C, 2.3 g for Co and 2.8 g for
TB. The powders and granules were manually shaken before spraying a total of 750 pL
deionized (DI) water in three pulses (each 5 s with a flow rate of 3 mL per min) to allow
physical and chemical reactions at the granule surface. The coated granules were dried
at room temperature for two days and sieved for further study. The coated granules were
digested overnight at room temperature using aqua regia (HNOz: HCI =1:3 v/v),
followed by 45 min of heating at 80° C and 165 min of heating at 125° C in a digestion
block. The digests were analyzed by inductively-coupled plasma optical emission
spectroscopy (ICP-OES, Avio 200, Perkin Elmer, Waltham, USA) to determine the total
content of Zn and B coated on the granules. Reference materials were used for quality
control in all the digestion and ICP tests. The amounts of Zn and B coated onto the
granules varied between treatments because ZnO tends to aggregate itself rather than

evenly distribute on the surface of the granules. Variation was particularly noticeable for
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the treatments with colemanite and borax as larger amounts of these materials were
required for coating to achieve the same B content compared to zinc borates. Therefore,
for the pot experiment, we used compacted fertilizers to achieve more precise B and Zn
contents. The compaction was carried out by mixing the micronutrient and macronutrient
powders and compacting the powders using a pellet press. The powders were mixed to
achieve the same target concentrations as before (5 g B kg™ and 10 g Zn kg?) and 7 g of
the powder was mixed with 0.3 mL of DI water to form a paste. The paste was placed
into a 4 cm cylinder and 9.8 MPa pressure was applied to form a large pellet. The pellet

was air-dried and cut into smaller pellets of similar size (2-3 mm) and weight (around 40

mg).
3.2.5 Batch solubility

The solubility of the samples was assessed by weighing 0.1 g of the sample in a 50 mL
digestion tube with 10 mL of DI water. The samples were shaken in an end-over-end
shaker for 1 h followed by 10 min centrifugation at 4685 g. A subsample of supernatant
was taken for further analysis and 5 mL of DI water was added to the original 50 mL
tube and shaken for 23 h. The suspensions were filtered through a 0.2 um syringe filter
prior to analysis using ICP-OES. To check the mass balance, the sediment remaining in
the centrifuge tubes was digested overnight at room temperature using aqua regia (HNOz:
HCI =1:3 v/v), followed by 45 min heating at 80° C and 165 min heating at 125° C in a

digestion hot block. Concentrations of B and Zn in the digest were analyzed by ICP-OES.

3.2.6 Soil leaching and pot experiment

To assess the plant response under leaching conditions, a pot experiment was performed

in a temperature (20° C-day and 15° C-night) and humidity-controlled growth chamber
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for the first eight weeks and in a glasshouse for the remaining four weeks. Canola
(Brassica napus L.) was chosen as the test crop because the sensitivity to B deficiency is
high (Salisbury, 1999). The soil used in this study was Mt Compass (Entisol), an acidic
sandy soil selected for its low B concentration (< 0.3 mg B kg soil) and prone to B
losses through leaching (Table 3.2). The soil was collected from the topsoil (0-10 cm) at
Mount Compass, South Australia and air dried before being sieved to less than 2 mm.
Plastic pots with a diameter of 12 cm were used and filled with 1 kg of soil. The soil was
wetted and mixed in a plastic bag to reach 50% field capacity 2 days before transfer into

the pots.

The fertilizer used in the pot experiment was prepared by compacting 5 g B kg (CZB,
WZB, Co and TB) and 10 g Zn kg (ZnO in Co and ZnSQ4 in TB) with MOP and urea.
The compacted fertilizer granules had an average weight of around 40 mg per granule.
To each pot, 5 granules (totaling 0.2 g fertilizer containing approximately 1 mg B and 2
mg Zn) were equally distributed 3.5 cm below the soil surface 2 days before imposition
of the leaching treatment. Treatments were randomized with three replicates for each
treatment using a complete block design generated by GenStat 19" edition. The leaching
procedure was carried out with artificial rain water (ARW, 5x10* M CaCl,, Ca(NOs)2,
MgClz and 10* M NazSO4, KCI) with a pH of 5.9. Each pot was slowly leached four
times with 350 mL (or a total of four pore volumes) of ARW to mimic a heavy rainfall
event and remove the available B from the soil. The leachates of each pot were collected
and filtered for measurement of pH and ICP-OES analysis for B concentrations. After
the leaching event, the pots were left to dry under ambient conditions for 3 days prior to
planting. Canola (Brassica napus L.) seeds (antifungal treated) supplied by Seed Service

Australia were geminated in an incubator for 3 days. The geminated seeds (five seeds per
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pot) were transplanted 1.5 cm below the soil surface and thinned to three seedlings after
1 week, two after 2 weeks and one after 3 weeks. All pots received 10 mL basal nutrient
solution (5 days after planting and every week during the growth period (11 times in
total). In total, all pots received 347 mg N kg, 136 mg P kg, 124 mg Ca kg, 80.6 mg
S kg, 20.6 mg Mg kg2, 9.4 mg Fe kg, 6.9 mg Mn kg, 0.7 mg Cu kg and 0.07 mg
Mo kg. Harvesting was carried out 12 weeks after planting. The plant shoots were cut
1 cm above the soil surface and dried in an oven at 60° C. The weight was recorded, and
the samples further ground and digested for ICP-OES analysis of the B and Zn

concentrations.

3.2.7 Statistical analysis

Differences in the amounts of B and Zn leached, B uptake and concentration in the plant

and plant yield were assessed using one-way ANOVA (analysis of variance), where

needed, the data were log-transformed to homogenize variance followed by a post-hoc

Duncan's Multiple Range Test at P<0.05 using GenStat 19™.

3.3 RESULTS

3.3.1 Micronutrient concentrations and crystal morphology

The crystal phase of the mechanochemically synthesized zinc borate was confirmed by
XRD and its morphology was confirmed by SEM (Figure S 3.1). Consistent with the
previous study, the 8 h milling followed by WAR successfully synthesized an octahedral
crystal of zinc borate with a high conversion rate (Zheng et al., 2021). The Zn and B

concentration of coated fertilizers (Table S 3.1) were generally close to the target
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concentrations. However, in some treatments such as TB, WC and Co there was less than

half of the expected concentrations in the granules.

3.3.2 Analysis of abraded material

The XRD results collected from sieving coated MAP showed large amounts of
commercial zinc borate were transformed to NH4ZnPOg4 (Figure S 3.2b). In line with the
results, the morphology of the CZB coating changed to a different crystal morphology
(plate like) when coated onto MAP compared to MOP and urea (Figure S 3.3 d, e, f).
Although WZB was largely maintained as zinc borate during the coating process (Figure
S 3.2a, Figure S 3.3g, h, and i), it still dissolved in the batch dissolution test of the MAP

granules.

3.3.3 Batch solubility

The batch dissolution test revealed that the B solubility in all treatments was significantly
influenced by the macronutrient carrier (Figure 3.1). The lowest B dissolution was
observed in the WZB, CZB and Co treatments for both urea and MOP carriers. However,
the B solubility of these treatments with MOP as the carrier was more than 2 times higher
than with urea. When urea was the carrier, WZB, CZB, Co and ZB released most
extractable B within the first hour and a minor amount of B was released in the following
23 h, while they continued to dissolve after 1 h when MOP was the carrier. Significantly
higher amounts of dissolved Zn (20-30%) were observed for all MAP treatments
compared to the MOP and urea treatments (Figure 3.1b, d and f). The release of Zn was
higher with MOP than with urea, although the magnitude of dissolution was very small

in both cases.
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3.3.4 Leaching of boron and zinc

For the TB treatments with highly soluble B and Zn, more than 60% of the added B was
found in the leachates regardless of the macronutrient carrier (Figure 3.2a).
Approximately 40-50% of total B leached was in the first leaching event. For the low-
solubility B treatments, at most 38% of B leached from the soil, mostly in the first
leaching event. Total leached B was higher with MOP than with urea as the carrier. The
amount of B in the leachate was higher for WZB than for CZB and Co. The total B
leached from WZB was 38% of total B added when incorporated with MOP and 10%

with urea.

The concentration of Zn in leachates was highest in the MOP + TB, but still accounted
for only 3% of added Zn (Figure 3.2b). Slightly higher Zn release was observed in the
MOP treatments compared to the urea treatments. This is likely because the pH of the
MOP leachates were all around 4.4, while the urea leachate started off around 6.5 then
decreased to around 4.4 for the last two leaching events (Table S 3.3). However, even
though the difference was significant in some treatments, Zn leaching was very limited

overall.

3.3.5 Plant growth and boron and zinc uptake

Treatments with B added had more vigorous growth and advanced phenology compared
to the urea and MOP treatments without any added B (Figure 3.3). Both treatments
without added B did not grow above the elongation or rosette stage (BBCH growth stage
< 34, the BBCH-scale was introduced by Meier (1997) to describe the phenological
development of canola plants) and some replicates almost died in the final 4 weeks,

indicating severe B deficiency in this leached acid sandy soil. Symptoms of B deficiency
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were observed in both vegetative and reproductive growth in most replicates of the TB
treatments. Two replicates of the urea + TB treatment did not reach the elongation stage

after 12 weeks of growth.

All treatments with added B had significantly higher fresh and dry weight yields than the
treatments without B (Figure 3.4). Additionally, no visual signs of B deficiency were
observed in the low solubility B treatments. The B concentration of the whole plant in
the treatments followed Co = CZB = WZB > TB > N for MOP and Co=CZB> WZB >
TB > N for urea. The B uptake of the canola followed the same order as the B
concentrations in shoots. Concentrations of Zn in plants were similar in all treatments,
while Zn uptake was significantly higher in all B added treatments compare to N due to

the higher yield.

3.4 DISCUSSION

3.4.1 Co-compaction resulted in more accurate micronutrient enrichment than

coating

When incorporating micronutrients into macronutrients, several methods can be used
such as coating, compaction or granulation. The two methods assessed in this study,
coating and compaction, indicated that more precise micronutrient incorporation could
be achieved through the co-compaction method on a laboratory scale. The lower recovery
rate from the coating method is likely caused by poor coating adhesion due to: (a) the
coating material having different particle sizes and hydrophobicity; (b) more coating
material required for the target % resulting in higher losses; and (c) variation in the

porosity, moisture content and shape of the macronutrient granules (Goldszal and
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Bousquet, 2001; lley, 1991). For example, ZnO is generally a hydrophobic compound
and thus more likely to aggregate to itself than being evenly coated on the surface of
granules. As indicated in Table 3.1, the B concentration in the Co coating material was
40% less than for most other treatments, thus more coating material was required for
coating. When there is a large amount of material to be coated, the interaction between
the coating particles themselves can be weak, resulting in more loss, and hence
concentrations can be below target, particularly where compounds with low B
concentration are used. On the other hand, analysis of the compacted fertilizer pellets
confirmed that the Zn and B concentrations were close to the target. Concentrations of B
and Zn in compacted products were on average 89% of the target concentration for B and
103% for Zn (data not shown), values which are closer to the target compared to those
produced by coating (Table S 3.1). Therefore, in the pot trial, only compacted fertilizer

products were used.

3.4.2 Water-assisted reaction as part of the coating process was not effective

Our previous results showed that a WAR was essential to obtain a zinc borate with
octahedral crystal morphology and low solubility. We hypothesized that this WAR might
be carried out as part of the coating process using water atomization. However, when
coated onto MOP and urea, the mechanochemically synthesized sample without WAR
(ZB) was more soluble than the one synthesized using WAR (WZB), indicating that the
water treatment during coating was not as effective in reducing solubility as the separate
WAR prior to coating. This lower effectiveness of the WAR during coating might be due
to the presence of the macronutrient carrier, potentially absorbing some of the water,
reacting with the reagents or lowering the available water. To incorporate this product,

the WAR must be completed beforehand, or a different approach must be used. To
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achieve the targeted micronutrient content, compacting is better than coating in this case.
Therefore, in the pot trial, only the zinc borate synthesized using WAR (WZB) was used

to compare with other low-solubility or conventional soluble sources.

3.4.3 Urea and MOP are more suitable carriers for zinc borate than MAP

It is important to consider the macronutrient sources used for manufacturing
micronutrient-enriched fertilizers, as the macronutrients generally have different pH and
ionic strength which could potentially affect the release character of the incorporated
micronutrient compounds (da Silva et al., 2018b). All low-solubility B treatments became
much more soluble when coated with MAP and almost all B was released within the first
hour. Generally, the dissolution of MAP acidified the solution thus promoting the release
of B. Similar results were observed in a previous study, where colemanite was more
soluble with MAP than with MOP (Abat et al., 2015c). Furthermore, the high
concentration of the phosphate and ammonium released from the dissolution of MAP
likely drove the dissolution further by removing Zn and Ca (from colemanite) from the
solution through precipitation of CaHPOa, Zn3(PO4)2 and/or NH4ZnPO4. Both urea and
MOP showed lower solubility of the slow-release B compounds (zinc borate and
colemanite) than MAP, with the lowest solubility for urea. The lower B release from urea
compared to the MOP is likely due to the dissolution of urea increasing the pH of the

solution.
3.4.4 The mechanochemically synthesized zinc borate is an effective B nutrient
fertilizer

The B losses in the leachates generally followed the solubility of the B compounds and

were higher for MOP than for urea. Among all the B added treatments after leaching,
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only TB treatment had a residual B concentration in soil less than 0.5 mg B kg* which is
the concentration suggested by other studies for healthy canola growth (Bullock and
Sawyer, 1991; Shorrocks, 1997). We indeed observed impairment of reproductive organs
(flower buds or flowers), and incomplete or damaged embryo formation in MOP + TB
treatment in the plant trial (Figure 3.3b) that was caused by B deficiency (Dell and Huang,
1997). Except for one replicate of the urea + Co treatment, all replicates of the slow-
release B treatments reached the flowering to reproduction stage (BBCH 60-79). In
addition, when applying soluble B fertilizers, toxicity should also be considered as a

potential risk that harms crop yield (Abat et al., 2015c, Degryse, 2017).

Even though deficiency symptoms were observed in the TB treatments, the crop fresh
and dry weights were very similar between the treatments with added B. When
considering canola yields in the field, the most important part is the development of seeds
as these are used for oil extraction. However, in the pot study, the fresh and dry weights
were largely the stem and petioles of the canola before the development of seeds and
pods (Major, 1977), and the growth stage varied between treatments at harvest.
Therefore, it is more appropriate to compare B concentration in plants and B uptake for
the low-solubility B treatments. Notably, the B concentrations in urea + Co and CZB
were double that of the urea + WZB treatment. This could be explained by two possible
reasons: a) the greater B leaching for the WZB treatments, and b) the WZB with urea as
the carrier becoming less available to plants over time. Several studies have concluded
or suggested that the critical B concentration in plant tissue for deficiency is around 10
mg kg (Asad et al., 1997; Bell, 1997; Huang et al., 1996). Indeed, deficiency symptoms
were observed during harvest for the plants with B concentrations less than 10 mg kg™,

namely the N and TB treatments (Figure 4a). In general, several studies have suggested
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that the appropriate plant B concentration for optimum canola yield is 20-30 mg B kg
in plant tissue (Bullock and Sawyer, 1991; Malhi et al., 2003) and 12-16 mg kg™ in seed
(Ma et al., 2019). These critical concentrations vary with different plant species
(Shorrocks, 1997) and even with different genotypes (Stangoulis et al., 2000). In this
study, no deficiency was observed for any of the slow-release B source treatments,
therefore after heavy leaching, the B supply from the slow-release B source was adequate

for canola growth.

Compared to other low-solubility B sources such as colemanite, the zinc borate has an
advantage as Zn was also supplied as part of the low-solubility B compound. However,
there was no difference in Zn concentration or uptake between the different B treatments,
likely due to the low solubility, and hence slow release, of Zn in the treatments with zinc
borate. The uptake of Zn was higher for all treatments with B compared to the control,

due to the enhanced plant growth in the presence of B (Grewal et al., 1998).

3.5 CONCLUSIONS

In this study, the effectiveness of mechanochemically synthesized zinc borate and other
commercial slow- or fast-release B sources was evaluated using two macronutrients as
carriers. We concluded that mechanochemically synthesized zinc borate co-compacted
with urea or MOP was a more effective B fertilizer than commonly used soluble B
sources under leaching conditions. This study highlights the importance of agronomic
comparisons of fertilizer formulations, particularly on material engineered through new
chemical methods, as the behaviour of the fertilizers will change when incorporated with

other nutrients or applied in soil for crop growth. More precise, green and effective
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manufacturing methods are needed for fertilizer materials that produce fewer waste
streams and reduce energy requirements in production to meet Sustainable Development
Goals. Mechanochemistry offers an opportunity to transform fertilizer manufacturing
methods, but the resultant products need to be evaluated not only for their manufacturing
environmental footprint but also for their agronomic and environmental performance and
their compatibility with current nutrient delivery systems. Field studies are required to
further confirm the effectiveness of this mechanochemically synthesized zinc borate as a

B and Zn fertilizer.
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3.6 SUPPORTING INFORMATION

Table S 3.1 The B and Zn content of macronutrient fertilizer granules coated with

different treatments.

Treatment B (mg g™ after coating) Zn (mg g after coating)

Urea MOP MAP Urea MOP MAP
wC 32+03 21+£03 20+01 93+06 84+08 84+1.2
WZB 32+04 46+02 39402 78+1.0 10.1+0.6 87+0.5
C 29+£01 43+03 38+09 94+02 99+0.6 89+09
7B 45+02 46+02 40+£04 95+£01 96+05 82+1.1
CZB 50+06 45+06 66+0.6 105+05 98+0.1 92+1.0
Co 34+02 3.0+04 32404 74+06 38+04 39+02
TB 35+0.7 24+00 22401 99+0.8 10.1+0.7 93+1.0
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Table S 3.2 The pH of the coated fertilizers after 24 h dissolution.

Treatments Urea MOP MAP
C 7.8 8.1 43
WC 8.3 8.1 4.2
7B 7.8 8.0 43
WZB 8.3 7.9 4.2
CZB 8.1 8.1 43
Co 8.9 8.3 4.6
TB 9.9 8.9 4.5
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Figure S 3.1 The (a) XRD pattern and (b, c) SEM images of mechanochemical
synthesized zinc borate with water assisted reaction (WZB).
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Figure S 3.2 The XRD patterns and calculated composition of abraded material from

MAP coated with (a) mechanochemically synthesized zinc borate, (b) commercial zinc

borate, and (c) colemanite + ZnO.
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Figure S 3.3 SEM images (of the surface and a cross-section) of MAP, MOP, and urea,
either (a-c) uncoated, (d-f) coated with commercial zinc borate (CZB) or (g-1) coated

with mechanochemically synthesized zinc borate (WZB).
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Table S 3.3 The average pH of the four consecutive leachates (L1-4) collected from the
acid sandy soil treated with MOP or urea fertilizer compacted with different B/Zn

sources.

B/Zn MOP Urea

source L1 L2 L3 L4 L1 L2 L3 L4

None 43 + 46 * 45+ 44+0 66 + 6.2 + 44+0 430
0 0 0 0.5 0.1

TB+27ZnSOs 43 + 46 = 45+ 44+0 6.1 = 56 + 44 + 43+0
0.1 0 0 0.2 0.2 0.1

Co+2Zn0O 43 + 46 * 45+ 44+0 63 + 59 + 44+0 44 +
0 0.1 0.1 0.4 0.5 0.1

CZB 44 + 46 * 45+ 44 + 62 + 64 + 4420 44+0
0 0.1 0 0.1 0.5 0.5

WZB 43 + 46 * 45+ 44+0 65 + 56 + 44+0 430
0 0 0 0.5 0.2
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Table 3.1 Synthesis methods, source materials and target nutrient contents for the

different B and Zn sources.

Milling Nutrient _
Treatments time (h) WAR?2 B Zn concentration
B (%) Zn (%)
Mechanochemical (WZB and ZB) and control (WC and C) treatments
wWC 0.017 Y 12 28
WZB 8 Y B20O3 ZnO 12 29
C 0.017 N 15 34
/B 8 N 12 31
Commercial B treatments
CZB Commercial Zinc borate 10 35
Co Colemanite  ZnO 8 36
B ZnOin
Sodium solubility test /
tetraborate  ZnSOq in the 6 36/19
pot experiment

& WAR= water-assisted reaction
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Table 3.2 Characteristics of the Mt Compass soil.

Characteristics Value
pH (H20: soil - 5:1) 59
pH (0.01 M CaClz: soil - 5:1) 4.9
Total C (g kg?) -Total Carbon 5.0
Exchangeable K (cmolc kg?) 0.2
Exchangeable Ca (cmolckg™?) 1.5
Exchangeable Mg (cmolc kg?) 0.3
CEC (cmolckg™?) - Cation Exchange Capacity 2.0
Hot water extractable B (mg kg™?) 0.2
Clay (g kg™) 43
Silt (g kg 9.0
Sand (g kg™b) 943
Field capacity (g kg™?) 35
Total Zn concentration (mg kg™?) 8.0
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Figure 3.1 The B and Zn release of coated (a, b) urea, (c, d) MOP (muriate of potash),
and (e, f) MAP (monoammonium phosphate) with C (ZnO + B203), WC (ZnO + B203
and water-assisted reaction), ZB (ZnO + B203 8h milling), WZB (ZnO + B20s3, 8h
milling and water-assisted reaction), CZB (commercial zinc borate), Co (Colemanite +
Zn0) and TB (tetraborate + ZnO) after 1 h and 24 h shaking in a batch water-solubility

test. The error bars represent the standard deviation of three replicates.
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Figure 3.2 (a) B and (b) Zn recovered in leachates from four successive leaching events
of pots (L1 to L4) for MOP (muriate of potash) and urea treatments alone (N) or co-
compacted with borax + ZnSO4 (TB), colemanite + ZnO (Co), commercial zinc borate
(CZB), or mechanochemically synthesized zinc borate (WZB). The error bars represent
standard deviation of three replicates and different letters indicate significant differences

(P <0.05, Duncan’s Multiple Range Test). The red line indicates the amount of B and Zn

added per pot.
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BUREA

Figure 3.3 Images of canola before harvesting for: a) urea and MOP (muriate of potash)
without added B (N), b) Urea and MOP + sodium tetraborate (TB), c) Urea and MOP +
Colemanite (Co), d) Urea and MOP + commercial zinc borate (CZB), and €) Urea and

MOP + mechanochemically synthesized zinc borate (WZB).
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Figure 3.4 The (a) fresh and (b) dry weight; (c) B and (d) Zn concentration of shoots;
and (e) B and (f) Zn uptake and (e) fresh and (f) dry weight for canola grown for 12
weeks after leaching, in response to the application of different B (+Zn) sources co-
compacted with MOP (muriate of potash) or urea (N: no B; TB: sodium tetraborate; Co:
colemanite, CZB: commercial zinc borate; WZB: mechanochemically synthesized zinc
borate). The error bars represent the standard deviation of three replicates and different
letters indicate significant differences between treatments for a given macronutrient
carrier - capital letter assigned to MOP and small letter assigned to urea (P <0.05,

Duncan’s Multiple Range Test).
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Abstract

This study describes a mechanochemical (MC) technique to synthesize a slow-release
fertilizer containing zinc (Zn), molybdenum (Mo) and minor amounts of sulfur (S). The
reactants ZnO, MoOs, and ZnSQO4-7H2.0 were milled in a ball mill with a two-step
operation. The two metal oxide reactants were initially milled for 1 h followed by milling
with ZnSO4-7H20 or a small addition of water for another 2 or 4 h. The products were
characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and thermogravimetric analysis (TGA),
which confirmed the successful synthesis of a product with low Mo solubility containing
mostly Zn and Mo. The product milled with ZnSO4-7H>0 formed a clear layered
structure which further slowed the release of Mo. The slow-release character of the
product with 1 h + 2 h milling was observed in a column dissolution study; the solubility
of Mo was less than half the product made without the second milling step. Furthermore,

the products maintained lower solubility in a wider pH range compared to the reactants.
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41 INTRODUCTION

Zinc (Zn) and molybdenum (Mo) are essential micronutrients for plant metabolism as
they are important constituents or activators of various enzymes (Mengel et al., 2001b).
Zinc is present in the soil as a cation and is commonly deficient in calcareous soils
(Alloway, 2009). Zinc deficiency remains a global health problem that is estimated to
affect 17% of the global population (Myers et al., 2015). At the same time, high
concentrations of soluble Zn from water-soluble Zn-containing fertilizers can affect
microbial functions in soil e.g. Rhizobium (El-Kenawy et al., 1997). Molybdenum is
present in the soil as a cation, anion, or complex, with several valences depending on soil
conditions (Kaiser et al., 2005). Many greenhouse and field trials have evaluated the
importance of Mo application for crop yield, seed quality, and interactions with nitrogen
(N) fixation and phosphorus (P) uptake and availability. Molybdenum deficiency is
generally more severe in legume plants, as Mo-bonded pterins are an important cofactor
of many enzymes in the N fixation system (Adams et al., 1990; Basak et al., 1982; Campo
et al., 2009; Mengel et al., 2001; Reddy et al., 1981; Reisenauer, 1963; Zimmer and
Mendel, 1999). Commonly used Mo fertilizer compounds are primarily soluble Mo salts
such as sodium molybdate dihydrate (Na2M004.2H>0) and ammonium heptamolybdate
tetrahydrate ((NH4)sM070244H20). The micronutrient is generally applied with
macronutrients or as a foliar fertilizer (Vieira et al., 1998). Soluble Mo sources are
immediately available to plants, but can also be easily leached out of soils or fixed in
Mo-retentive soils. Molybdenum deficiency is observed mainly in well-aerated acid
soils, as a decrease in soil pH will increase the Mo adsorption onto soil oxides,
particularly on Fe oxides (Kaiser et al., 2005). However, alkaline soils in high rainfall

areas can also lose plant-available Mo through runoff or leaching (Schulin et al., 2010).
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Therefore, slow- or controlled-release Mo fertilizers are preferred, to better synchronize
supply with plant demand and further improve fertilizer efficiency. Only a few attempts
have been made to synthesize slow-release Mo fertilizers, such as long-chain sodium
magnesium polymolybdophosphate (Bandyopadhyay et al., 2008b) with a half-life of
more than 21 days and a Mo intercalated Zn-Al layered double hydroxide (LDH)
(Everaert et al., 2021a) with a half-life range of 35 to more than 600 h during hydrolysis

in water or mimicked soil solution.

Advanced materials, such as layered structures with a charged surface, have been
considered as a matrix for carrying nutrients as fertilizers because the charged surface
could potentially load the desired elements and release them more slowly. Various
attempts have been made to load or incorporate plant nutrients in layered structures, such
as clay minerals (montmorillonite, zeolite, etc. + N, P, S, potassium (K), and boron (B)
(de Campos Bernardi et al., 2013; Manjaiah et al., 2019; Olad et al., 2018), graphene
oxide + P, copper (Cu) and Zn (Kabiri et al., 2017, Andelkovic et al., 2019) and LDH +
P, N, B and Mo (Benicio et al., 2017, Everaert et al., 2016, Torres-Dorante et al., 2009).
Mechanochemistry (MC), which relies solely on mechanical forces, is a cleaner and more
efficient method for the synthesis of functional materials. Certain industries, such as
alloying, have a long history of utilizing MC and currently the technique is expanding
into other important industries, such as pharmaceuticals, lithium-ion batteries,
semiconductors, catalysis, and ceramics, where sustainable manufacturing is demanded
(James et al., 2012a). Numerous studies have evaluated the possibility of synthesizing or
modifying materials with layered structures such as clay minerals (Frost et al., 2002,

Yang et al., 2006, Chen et al., 2019, Said et al., 2018), graphite (Posudievsky et al., 2012),
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MoS2 (Wu et al., 2010), layered hydroxide salts (LHS) (Thomas, 2012, Santosa et al.,

2020) and LDH (Tongamp et al., 2007, Iwasaki et al., 2012, Zhang and Li, 2013).

Milling as one of the methods used in mechanochemistry is also used in fertilizer
manufacturing. The earliest application was simply to decrease the particle size of raw
materials used in manufacturing plants, such as phosphate rock, to increase surface area
and achieve a higher extraction rate or greater solubility (Balaz, 2008a). Using MC to
activate or synthesize layered structure materials as carriers for plant nutrients is one of
the earliest approaches to mechanochemically synthesize materials proposed as potential
fertilizers. Mechanochemically combined kaolin and potassium dihydrogen
phosphate/ammonium dihydrogen phosphate (KH2PO4/NHsH2PO4) was proposed as a
slow-release NPK fertilizer (Zhang and Saito, 2009). Later, other clay minerals such as
smectite and glauconite were mechanically intercalated with urea as a slow-release N and
K fertilizer (Rudmin et al., 2020). Tongamp et al. (2008) proposed a MC process, using
Mg and Al hydroxide and magnesium nitrate hexahydrate (Mg(NO3).-6H20), to
synthesize Mg-Al-NO3z LDH as a slow-release N-fertilizer. They used a two-step milling
method, in which they first milled Mg(OH)2 and Al(OH)z for 1 h and then added hydrated
salts for another 2 h milling. A 24 h static solubility test showed a slower N-release
pattern for the Mg-Al-NOs LDH than for the reactants before ball milling. This two-step
milling process has been used in several other studies to mechanochemically synthesize

a LDH (Qu et al., 2016a).

Recently, attempts have been made to incorporate Mo into LDH or LHS, where Mo was
either part of the layered structure or an intercalated guest anion. A Mo-containing LDH
structure was successfully synthesized forming Ni-Mo LDH (Mostafa et al., 2018) and

Zn-Mo LDH (Muramatsu et al., 2007) using co-precipitation and urea decomposition
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methods, respectively. Later, Zn-LHS was synthesized using alkaline precipitation
methods and further intercalated with Mo by anion exchange (Abrantes Leal et al., 2020).
To date, only one synthesized Mo-containing LDH has been reported as a potential Mo
fertilizer. Everaert et al. (2021) loaded molybdate anion into a Zn-Al LDH at different
Zn/Al ratios using co-precipitation and anion exchange. The optimum Mo-Zn,Al LDH

compound could be incorporated with urea as a potential slow-release Mo fertilizer.

In this study, we aimed to have Mo as part of the layered structure with Zn using MC
synthesis, providing a new material containing both Mo and Zn micronutrients and
having slow-release characteristics. To achieve this, we adopted a two-step milling
process. In the first step, the metal oxides (ZnO and MoOs3) are milled to create more
defects and decrease the particle size. In the second step, either ZnSO4-7H>0 or water
was used in minor amounts as a means to provide additional anions to promote the
formation of a positively charged layer structure (Qu et al., 2016a). We report the
chemical composition, characterization of the structure, and release behaviour of this
mechanochemically synthesized fertilizer. The objectives of this study were a) to
synthesize a slow-release Mo fertilizer with a one-pot ball milling procedure without
further purification and/or waste generation; and b) to evaluate the nutrient release of the

synthesized fertilizer.

4.2 MATERIALS AND METHODS

4.2.1 Reagents

Three reactants were used in this study: zinc oxide (ZnO, 99.0% puriss) was purchased

from Sigma-Aldrich (NSW, Australia), molybdenum (VI) oxide (MoOs, 99.5%) was

109



purchased from Merck (VIC, Australia) and zinc sulfate heptahydrate (ZnSOs-7H;0,
100%) was purchased from Acros Organics (NJ, United State). All chemicals were
employed without further purification. Reverse osmosis (RO) water was used for all

processes.

4.2.2 Mechanochemical Synthesis and Washing Procedure

The synthesis procedure is summarized in Figure 4.1. In general, MoOz and ZnO were
weighed and added to 50-mL zirconia jars, with four or six zirconia balls (15 mm
diameter and 10 g per ball) in each jar to achieve a ball-to-sample weight ratio of around
20. Balls were added to, or extracted from, the milling vessel during processing to keep
this ratio constant. Ball milling was carried out in a planetary mill (PM200, Retsch, Haan,
Germany) with a 5 min break and a change of direction every 30 min of milling to avoid
overheating. After 1 min of milling, a 1 g subsample (labelled ZM1) was taken. After 1
h of dry grinding, another 1 g subsample was taken from the jars (sample ZM2) and then
either 200 uL RO water (termed ‘ZM’ samples) or 1.198 g of ZnSO4-7H20 and two balls
(termed ‘ZMS’ samples) were added. The subsample ZMSland ZM2 (1 g per jar) and
two balls were taken after 1 min of milling with ZnSQO4-7H.O or water. Subsamples
ZM3/ZMS2 and ZM4/ZMS3 were collected after 2 h and 4 h of milling in the same
manner. Half of the subsamples ZM1 to 4 and ZMSL1 to 3 were further washed with 1 L
of flowing RO water and dried at room temperature (resulting in samples W-ZM1-4 and
W-ZMS1-3) to remove unreacted soluble reactants and achieve a higher crystallinity in

the products for structural characterization.
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Figure 4.1 Flowchart of the sequential sampling of ZM1-4 (a) and ZMS1-3 (b).
4.2.3 Structural Characterization

The morphology of the samples (including the reactants) was analyzed by field emission
scanning electron microscopy (FE-SEM, Quanta 450, FEI, USA). X-ray diffraction
(XRD) patterns of products and reactants were recorded with an X'Pert Pro multipurpose
diffractometer (PANalytical B.V. Almelo, Netherlands) using Fe-filtered Co Ka
radiation, automatic divergence slit, 2° anti-scatter slit, and fast X'Celerator Si strip
detector. The diffraction patterns were recorded with a step size of 0.017° 2 theta and a
counting time of 0.5 s per step for an overall counting time of approximately 30 min. The
relative amounts of the major phases were determined by the Rietveld method using the
Bruker TOPAS software package (Bruker BioSpinCorporation, Billerica, MA, USA).
Fourier transform infrared (FTIR) spectroscopy measurements were carried out using the

attenuated total reflectance (ATR) module on an Alpha FT-IR spectrometer (Bruker
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Optics, Ettlingen, Germany). The analysis was performed in the middle infrared range
(wavenumber from 4000 to 400 cm™) at a resolution of 4 cm™ and corrected for an air
background. The sample was mounted on a platinum platform and covered with a thin
layer of foil paper. Each sample was scanned 100 times and the platform was cleaned
with lint-free tissue and ethanol between treatments. The thermal decomposition was
carried out in air using a thermogravimetric analyzer (Q500, TA Instruments, USA),

heating from room temperature to 900°C at a rate of 10°C min™,

4.2.4 Water Solubility, Chemical Composition, and Release of Mo

The solubility of the samples was assessed by weighing 0.1 g of the sample into a 50-mL
digestion tube with 10 mL of RO water. The samples were shaken on an end-over-end
shaker for 1 h followed by 10 min centrifugation at 4685 g. Then 5 mL of the supernatant
was taken for further analysis and 5 mL of RO water was added to the original 50-mL
tube and shaken for 23 h. The supernatant samples were then filtered through a 0.2-pm
syringe filter before analysis using an inductively coupled plasma-optical emission
spectrometry (ICP-OES, Avio 200, Perkin Elmer, Waltham, USA) and pH measurement.
The sediment remaining in the centrifuge tubes was digested overnight at room
temperature using aqua regia (HNOs: HCI =1:3 v/v), followed by 45 min of heating at
80°C and 165 min of heating at 125°C in a digestion hot block. The concentrations of
Zn, Mo, and S in the digest were also analyzed by ICP-OES to determine the total content
of soluble and insoluble Zn, Mo, and S. References materials were used for quality

control in all the digestion and ICP tests.

The Mo release as a function of pH was determined in a titration experiment. The samples
(0.03 g of ZMS1, ZMS2, ZM1 and ZM3) were weighed into a 50 mL tube and 30 mL

RO water was added. The samples were titrated with either 1 M HCI or 1 M NaOH, with
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20 minutes equilibration on a shaker between each titration step. After each equilibration
step, the pH was determined and a 1 mL subsample was taken and filtered over a 0.45
pm filter. The samples were diluted and the concentration of dissolved Mo and Zn in the
sample was measured by ICP-OES. Reference materials were used for quality control in

all the digestion and ICP tests.

4.2.5 Column Dissolution Study

Dissolution kinetic experiments were carried out for ZM1, ZM3, ZMS1 and ZMS2
(unwashed samples) using the column perfusion method described by Baird et al. (2019).
This is a laboratory method that examines the dynamic release of nutrients from fertilizer
formulations by continuously perfusing samples with a solution. Previous studies have
shown a good correlation between pot, leaching, and seedling toxicity experiments with
this method (Abat et al., 2015b, Abat et al., 2015c, da Silva et al., 2018a). Powders were
used in this study to avoid any potential effects of granulation due to particle size and/or
binders. The powdered sample (0.2 g) was placed in between 1 g of glass wool in each
polypropylene column (150 mm long x 15 mm diameter). The percolating solution (10
mM CaCl,, pH=6) was introduced into the column from the bottom using a peristaltic
pump at a constant rate of 10 mL h. The eluates from the top of the column were
collected every hour for 72 h using a fraction collector (SuperFracTM, Pharmacia, USA).
At the end of the study, residues, glass wool, and the solution remaining in each column
were collected and dried in the oven at 90° C until all liquid vaporized. These residues
were digested using hot aqua regia, analyzed by ICP-OES, and added to all nutrients
released over time to establish the total nutrient content of the sample. The nutrient in
each sample collected hourly was expressed as a percentage of this total. All column

dissolutions were performed in duplicate.
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4.3 RESULTS AND DISCUSSION

4.3.1 Structural characterization
4311 SEM

Different morphologies were observed between the reactants (Figure 4.2) and the milled
samples (Figure 4.2 and Figure S 4.1). The morphology of ZMS1 (Figure 4.3a) was
agglomerated particles, most likely due to the introduction of water into the system via
ZnS04-7H20 resulting in crystal agglomeration (Qu et al., 2016b). Further milling
resulted in the appearance of a lamellar structure in ZMS2 and ZMS3 samples (Figure
4.3b and c). The morphology of the hexagonal platelets and the lamellar structure was
very clear after the washing procedure for samples W-ZMS1-3 (Figure 4.3d-g). The
crystal morphology of the non-washed milled samples ZMS1, ZMS2, and ZMS3 was not
as clear compared to that of the washed samples. This has also been reported in other
ball-milling studies, in which agitation (Qu et al., 2017), aging (Stepanova et al., 2022),
hydrothermal (Wang et al., 2015, Fahami et al., 2016) or ultrasonic (Szabados et al.,
2016) procedures in water after milling were found to increase the crystallinity or the
amount of the layered products (Melia et al., 2017). On the other hand, the morphology
of W-ZM3 and W-ZM4 (Figure S 4.1a) did not change to clear platelet structures like
W-ZMS2 and W-ZMS3 after the washing procedure; therefore, the second step of milling
with ZnS04-7H20 is essential to form the lamellar and platelet structure. Other MC
experiments also found that introduction of water and a guest anion into the reactants

promoted the formation of a layered structure (Qu et al., 2016b, Qu et al., 2016a).
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Figure 4.2 FTIR spectra (a), XRD spectra (b), SEM images and TGA results for the

reactants ZnSOs4-7H20 (c, ), ZnO (d,g) and MoOs (e,h).
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Figure 4.3 SEM images of (a, b, ¢) ZMS1-3, (d, e, f) W-ZM1-3 and (g) High

magnification W-ZMS2. Red arrows indicate clear hexagonal platelets.
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43.1.2 XRD

In the control samples ZM1 (Figure S 4.2a) and ZMS1 (Figure 4.4a), most of the peaks
could be assigned to the initial reactants (Figure 4.2b); ZnO and MoOs peaks were
observed in ZM1 and ZnO and ZnSOs4-7H.O peaks in ZMS1. A decrease of peak
intensity and broadening in ZM2-4 (Figure S 4.2a) indicated a reduction in crystallite
size and an increase in lattice strain due to the additional milling. Peaks (26= 14, 20, 27,
31, 34, 39, 59, and 71°) assigned to ZnsMo0,011-5H,0 could be identified in ZM3, ZM4
and W-ZM2-4 (indicated by red squares in Figure S 4.2 a, ¢ and in Figure 4.4 c). This
suggests that both the washing procedure (in W-ZM2) and the addition of water in the

second step (in ZM3-4) could promote the formation of ZnsMo02011-5H>0.

In the ZMS samples, the peaks assigned to ZnSOa4-7H>0 that were observed in the ZMS1
sample could not be seen in the W-ZMS1 sample, indicating that washing removed the
ZnSQO4-7H20 (Figure 4.4c). These peaks also disappeared after 2 h milling (ZMS2) or 4
h milling (ZMS3). Instead, new peaks were observed at 38, 68, and 72° in ZMS2 and
ZMS3 (Figure 4.4a). Further, the peak intensity decreased and many broad new peaks
were observed in ZMS2 and ZMS3. The broad peaks ranged from 26 = 10-15°, 25-35°,
45-50°, and 58-62°. This is likely due to the formation of a poorly crystallized layered
structure (Temuujin et al., 1998). The washing procedure increased the crystallinity of
ZMS2 and ZMS3, with the broad peaks in ZMS2 and ZMS3 becoming individual peaks
in W-ZMS2 and W-ZMS3 (Figure 4.4a, c). Many studies have reported that a follow-up
step of ageing the mechanochemically activated products in water could greatly
accelerate crystallization (Stepanova et al., 2022, Suchanek et al., 2004). However, this
was a short washing procedure, thus only slightly promoting crystallinity. In W-ZMS1,

peaks were observed that indicated the presence of zinc hydroxide sulfate (ZHS), also
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known as osakaite, ZnsSO4(OH)s-5H20 (Ohnishi et al., 2007) (purple triangle marked in
Figure 4.4c). These osakaite peaks nearly disappeared in W-ZMS2 and W-ZMS3. The d-
space of the 26~9° peak representing the space between the layers decreased and shifted
from 10.91 A in W-ZMS1 to 10.88 A in W-ZMS2 and 10.67 A in W-ZMS3. This is
likely due to the loss of water per unit of ZHS due to the increasing milling time
(Stanimirova et al., 2017). The peaks assigned to ZnsMo2011-5H20 could also be
identified in W-ZMSL1, while after extended milling in the second step, the peaks became
slightly different in the W-ZMS2 and W-ZMS3 samples. Peaks around 20, 34, 45, 53,
and 64° disappeared and peaks around 15, 27, and 31° were slightly shifted to the left. A
new peak around 48° was observed. After fitting the new phase with the ICDD database,
no Mo analogue structure could be identified; however, the peaks (indicated by the black
arrows in Figure 4.4c) were close to the peaks assigned to Zn,CrOs-H.O and
4Zn0-Cr0O3-3H20. A possible explanation could be that extended milling changed
ZnsMo02011-5H20 to a less hydrated phase of zinc molybdenum hydroxide (Monma et
al., 2009, Wang et al., 2021). Some of the peaks are similar to the ammonium zinc
molybdate layered double hydroxide in the literature (Karuppiah et al., 2022). Overall,
these results suggest that the layered structure observed in the SEM images of W-ZMS2

and W-ZMS3 was due to formation of a zinc molybdenum oxide and osakaite analogues.
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assigned to ZnsMo0201:-5H20 and those indicated as v are assigned to osakaite
(ZnsS0O4(OH)6:5H20); the ¥ indicates an unidentifiable zinc molybdenum oxide
analogue; (b) FTIR spectra of ZMS1-3 (d) washed ZMS1-3 (W-ZMS1, W-ZMS2 and
W-ZMS3).

4313 FTIR

Broad bands were observed around 3500-3200 cm™ for all samples (Figure 4.4b, d and
Figure S 4.2b, d), which could be attributed to the stretching of the OH bond in the
crystalline water, interlayer water or in M-OH groups. Another band associated with the
OH-bending of water in the layered structure was observed as a weak band close to 1640
cm™. The bands assigned to the interlayer water or hydroxide group decreased with
increasing milling time in ZM3-4 (Figure S 4.2b) and ZMS1-3 (Figure 4.4b). A band

attributed to the SO4% vibration was observed between 1000-1200 cm™tin ZMS1. This
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band changed from a single strong peak in ZMSL1 to a shoulder peak in ZMS2 and ZMS3,
indicating that SO4%> may have partially transformed to HSO4™. A possible explanation
for this transformation is due to the loss of structural water, as H" of H2O is used for the
protonation of SO4% (Stanimirova et al., 2017). The peaks around 600 cm™ are assigned
to the antisymmetric deformation mode of SO+ in the ZMS 1-3 samples. The absorption
bands in all samples within the range of 700-1000 cm™ are due to the vibration of
[MoOy]™ (Liang et al., 2012). The peaks in W-ZMS1 attributed to interlayer water or
hydroxide groups attached to the surface and SO4> were much weaker than in W-ZMS2
and W-ZMS3 as a result of the formation of fewer layers with fewer bonding sites for
hydroxide groups/ interlayer water or anions (Figure 4.4d). Furthermore, minor peaks of
carbonate (COs*) were found in W-ZMS2 and W-ZMS3, which were probably
intercalated during the washing procedure. These new peaks were not observed in the
ZM samples after the washing procedure (Figure S 4.2d), which indicated the new peaks
assigned to carbonate in W-ZMS samples are associated with the formation of osakaite.
Similar spectra with identifiable peaks have been observed in osakaite and a hemihydrate
osakaite metaphase (Stanimirova et al., 2017). Together, the results of XRD and FTIR
confirmed that the second step of milling the hydrated salt with the initial metal oxide

reactants promoted the formation of osakaite and a zinc molybdenum oxide analogue.
43.14 TGA

The unwashed products were used for TGA assessments to better understand the reaction
of water and ZnSO4-7H.0 during the second step of milling. As shown in Figure 4.5, a
three-stage thermal degradation was observed for ZMS1-3, which was attributed to
dehydration of surface water (first stage), interlayer water and crystal water (second

stage), and sulphate removal (third stage). The first mass loss before 200° C was
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approximately 2 times greater in ZMS1 (12.9%) than in ZMS2 and ZMS3 (6%). The
theoretical and measured crystal water content in ZnSQO4-7H20 is 17.34 wt.% (Figure
4.2f). This change is likely due to two reasons. First, extended grinding may have
removed most of the water on the surface of the reactants; and second, part of the water
may have been interlaminated into the layered structure or incorporated as a hydroxide
group. Therefore, less water was eliminated before 200° C while more water was
removed after 200° C for the ZMS2-3 samples. This was further supported by the DTG
peaks being divided into 3 peaks for ZMS2 and ZMS3 in the 200-400°C range, compared
to a single peak for ZMS1. The third stage is the loss of the interlayer anion SO4% or
absorbed COs? at temperatures over 400° C (Andersen et al., 2021, Radha and Kamath,
2009). The mass loss of ZMS2 and ZMS3 above 400° C was very close to the calculated
amount of SO4 in the synthesized products i.e. around 11 wt%. The decomposition of the
sulphate group was complete at a slightly higher temperature for ZMS2 and ZMS3 than
for ZMS1. According to the results from the FTIR, transformation of sulphate to a
bisulphate occurred after extended milling generating a crosslink of the O? between the
layers thus increasing the thermal stability of SO4% and remaining hydroxide group
(Stanimirova et al., 2017). For the ZM samples, ZM1 and ZM2 (Figure S 4.1b) had a
profile similar to the ZnO (Figure 4.2g), the water added after first step milling did not
make any changes in ZM2 due to lack of second step milling, while TGA profiles of ZM3
and ZM4 indicate incorporation of water into the newly formed crystal structure (Figure
S 4.1b). In ZM3 and ZM4, a large degradation was observed with four distinct weight
loss peaks ranging from 0-400° C. A similar weight loss for ZnsM02011-5H>0 was
reported by Zhai et al. (2017) who observed three weight loss peaks associated with the

water and hydroxide groups around 200-300° C.
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Figure 4.5 TGA and DTG curves of (a) S1, (b) S2, and (c) S3 and the calculated mass
loss within different temperature ranges.

4.3.2 Solubility of Mo
4.3.2.1 Batch solubility

The batch solubility tests, titrations, and column dissolutions were conducted using
products prior to the washing procedure. Sample W-ZMS2 was also included in the batch
solubility test for comparison. The chemical composition of ZMS2 and ZMS3 was
similar (50-52% Zn, 7% Mo and 5% S) (Table 4.1). The ZM2-4 samples had a higher
content of Zn (65-70%) and Mo (10-11%) than the ZMS products. The higher Mo and
Zn contents in ZM1 compared to other fully milled samples is likely caused by the short
(2 min) milling time limiting sample homogeneity. The freshly added reactants with high
water contents formed heterogeneous aggregates, making representative subsampling
difficult. The ZMS1-3 and ZM1-4 products had a pH around 6.3 after 1 h of dissolution,
which increased to 6.5 after 24 h of dissolution. Molybdenum release was lowest in ZM1
and ZM3 among the ZM samples and in ZMS2 among ZMS samples after 1 h of

equilibration. The amount of Mo released after 24 h of water dissolution doubled in ZM1,
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3 and 4 compared to the 1-h equilibration, while only a 3-5 % increase was observed in
ZMS samples. A higher Mo release was observed in ZM2 than in ZM1, indicating that 1
h ball milling promoted the release of Mo, possibly due to reductions in particle size
(increasing sample surface area) resulting in faster dissolution. Interestingly, the amount
of Zn and S released after 24 h was lower compared to release after 1 h for the ZMS1
sample. This is likely due to the formation of the zinc hydroxide salt during dissolution
in a batch system, which is consistent with other studies that use water agitation
procedures to promote the growth of the layered structure after the MC process (Qu et
al., 2017). However, milling with minor amounts of water and ZnSO4-7H-0O in the second
step decreased Mo solubility. The differences between water-extractable nutrients in
ZMS2 and ZMS3 were minor indicating that the 2 h milling after adding ZnSO4-7H20
was adequate to decrease the solubility of the highly soluble ZnSQO4-7H>0. The MoO3
used as a reactant had the lowest batch solubility (when expressed as % of total Mo)
because of the 6- or 10-times higher Mo content in MoOs compared to ZM and ZMS
samples and because of the lower equilibrium pH of the solution (Table 4.1). The
dissolution of MoO3 in water caused the pH to drop to 3.2 after 1 h and 2.6 after 24 h. At
these pH values, MoOs is only slightly soluble in water (Oyerinde et al., 2008). When
these compounds are added to soil, the soil would buffer the pH and this pH drop would
not occur and dissolution products would be sorbed by soil surfaces, resulting in higher

inherent solubility.
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Table 4.1 Chemical composition of reactants and samples ZM1-4 and ZMS1-3, and equilibrium pH of water suspensions after 1 h and 24 h of

shaking.
Water extractable % of total element pH

Nutrient content% (w / w)

Treatments 1h 24 h
1h 24h

Zn Mo S Zn Mo S Zn Mo S
ZM1 81.0+£4 119x1 |/ 0.7+0 10.8+2 / 25+0 240+ 1 / 6.6 6.8
ZM2 6961 1070 / 3.9=+0 32.2+0 / 3.0+£0 305+0 / 6.6 6.8
ZM3 64.7 =3 99+0 / 05=+0 109+0 / 0.8+0 176+ 0 / 6.8 6.8
ZM4 69.7x1 1070 / 1.0+0 135+0 / 14+0 19.8+0 / 6.8 6.8
ZMS1 51.1+0 6.4+2 6.3+0 192+1 2880 44 +1 1751 2881 39.2+0 6.2 6.5
ZMS2 5160 6.7+0 47+0 9.0+0 172+ 0 3381 103%£0.2 2090 39.7+1 6.3 6.5
ZMS3 5040 6.5+1 46+0 9.7+0 1840 35.1+1 110+ 23.1%0 418+ 1 6.3 6.6
W-ZMS2 505+4 57+0 380 3.2+0 94+0 134+1 52=+1 141+ 2 165+1 6.2 6.5
ZnO 85.7+2 |/ / 0 / / 0 / / 7.0 74
MoOs / 65.9+5 / / 2.2 / / 9.2 / 32 26
ZnS04-7TH,O0  31.8+0 / 156+0 7003 / 69.3+1 87.2+3 / 946+3 53 54
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The Mo release from ZM1, ZM3, ZMS1 and ZMS2 as a function of pH was determined
in an acid and base titration experiment (Figure 4.6 a, b). The pH increased quickly for
all samples in the base titration after adding 3.5 mmol base solution g sample where pH
increased from around 6 to more than 10 (Figure 4.6). On the other hand, a strong acid
buffering capacity was observed in the acid titration, with the samples maintaining a pH
around 6 until 7 mmol acid solution g sample was added. For the ZM samples, the
lowest solubility was observed at small acid additions, while for the ZMS samples the
lowest Mo solubility was observed at small base additions. During the base titration, both
ZM samples had much higher Mo. However, the lower solubility might also be due to
the formation of ZHS, where dissolved MoO.% might be able to attach or exchange to
the surface or interlayer of ZHS (Reichle et al., 1975, Hongo et al., 2010). Increasing pH
would also promote the formation of ZHS with a larger plate surface area (Zhang and

Yanagisawa, 2007).
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Figure 4.6 The effect of the acid or base titration on (a) equilibrium pH and (b)
dissolution of Mo from ZM1, ZM3, ZMS1, ZMS2.
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4.3.2.2 Column dissolution

Given that the batch dissolution tests could underestimate the solubility due to
precipitation and crystallization of mechanochemically activated products, we further
compared the column dissolution results of the unwashed products ZM1-3 and ZMS1-2
(Figure 4.7). The Zn release was consistently low and negligible from both ZM1 and
ZM3; only around 5% of the total Zn was released after 72 h of dissolution (Figure 4.7
a, ¢). This is due to the low solubility of ZnO. The cumulative release of Mo after 72h
from ZM1 (42%) was double that of ZM3 (21%) (Figure 4.7b). The total release of Mo
(50%), S (89%) and Zn (25%) for ZMS1 was 3.8, 2.9, and 4.7 times higher than for
ZMS2, respectively (Figure 4.7d, e). All nutrients in ZMS1 and ZMS2 had a biphasic
release behaviour in which 50-80% of the total nutrients leached (after 72 h dissolution)
were released within the first 10 h, followed by a slow and steady release until the end of
the experiment. The steady release stage was slower in ZMS2 compared to ZMS1. The
amount of nutrients released by the end of the experiment was in good agreement with
the soluble amount in the batch solubility test for ZM3 and ZMS2, but not for ZM1 and
ZMS1. The removal of dissolved Mo and S by the percolation solution doubled the Mo

and S release of ZM1 and ZMS1 compared to the release in the batch solubility test.
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The biphasic release of nutrients is ideal and might better fit plant nutrient demand have
compared to a highly soluble product. The slower release of Zn, Mo and S after the initial
flush may be related to the dissolution of the layered structure of ZHS and zinc
molybdenum oxide hydroxide in ZMS2 and zinc molybdenum oxide hydroxide in ZM3.
The products were tested without any purification process (i.e. washing, or other
additional treatments); thus, the initial rapid release may have resulted from unreacted or
amorphous reactants. Therefore, this Zn-Mo-S could fall into the category of a
rhizosphere-controlled fertilizer whose initial soluble fraction compensates for the soil
deficiency and the rest of the insoluble residue could be released by exudation of acids

by plant roots (Erro et al., 2007, Lépez-Rayo et al., 2017).

On the basis of above results, we can conclude that a slow-release Zn-Mo-S fertilizer
with a layered structure was successfully synthesized by the two-step ball milling
process. Although a large amount of layered structure was observed by SEM, the
reactants were still present in the synthesized products as was evident from XRD and
FTIR results. A possible explanation could be that the reaction is not complete due to the
formation of a layered structure that passivates the ZnO surface (Shao et al., 2014). With
the objective of this study in mind, the products were not modified or purified further;
therefore, the products directly after MC synthesis were used in the column dissolution
test. Previous studies have shown a relatively good correlation between pot, leaching,
and seedling toxicity experiments with this method in a controlled environment (Abat et
al., 2015b, Abat et al., 2015c, da Silva et al., 2018a). In general, the application rate of
Mo as fertilizer is 0.01-0.5 kg ha* for Mo-deficient soil, and that of Zn is 4.5-34 kg ha
for Zn-deficient soil (Martens and Westermann, 1991). The composition of the

synthesized products could fit into the application rate above, reducing the chance of
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unwanted elemental accumulation in soil or seedling toxicity. Furthermore, MoOs is
readily soluble in the presence of ammonia, thus products from this study could be better

incorporated with macronutrients such as diammonium phosphate or urea.

44 CONCLUSIONS

The adapted two-step MC method successfully prepared the desired sparingly soluble
fertilizer to contain Mo and Zn for plants. This method used minor water and the final
products were produced as dry powders without generating any waste water such as
reacting, purifying or leaching solutions. The biphasic release behaviour of these
nutrients could potentially satisfy the demands of plants and remedy soil deficiency
without causing seedling or bacterial toxicity (e.g. Rhizobium) with soluble Zn or
leaching risks for Mo. The dissolution study of the products indicated that ZMS2 could
be applied alone as a slow-release fertilizer containing Mo and Zn. The Mo content in
the products could be further optimized to achieve a lower or higher initial release rate
to satisfy plant demand or compensate for soil deficiency. Further optimization or
evaluation of the products to adjust the Mo release could possibly also be achieved by
calcination or hydrothermal treatment. Agronomically, a comparison with other Mo
fertilizers in plant trials is needed to confirm the effectiveness and residual value of these

products.
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Abstract

Molybdenum (Mo) is one of the essential micronutrients required for plant growth but is
easily leached from neutral and alkaline soils. The use of slow-release Mo sources could
potentially reduce leaching losses from soils and increase crop yields. In this study, we
assessed mechanochemical synthesis as a green method to produce slow-release Mo
sources. Molybdenum compounds (MoOs or (NH4)eM07024-4H20)  were
mechanochemically treated (8-h ball milling) with ZnO to achieve compounds with a Mo
content of 1-36%. The compounds made with MoOz had reduced solubility, while the
compounds made with ammonium molybdate were highly soluble and therefore not
included for further assessment. Macronutrient pellets were compacted with 4 % Mo and
36 % Mo (characterized as ZnMo0Os) for agronomic comparisons. A column dissolution
test showed that the 4% Mo compound in a macronutrient carrier (DAP and MAP) only
released around 40% of added Mo compared to ~80% for a non-mechanochemically
treated control. Column leaching with two soils revealed that the release behaviour of
Mo was strongly related to the pH of the leachate, which was affected by both the soil
pH and the macronutrient carrier. More Mo was released when co-compacted with
diammonium phosphate (DAP) compared to monoammonium phosphate (MAP). The
mechanochemically treated compound with 4% Mo showed significantly less leaching
than the control without ball milling in both MAP and DAP treatments. In a pot trial with
simulated leaching, the treatment with mechanochemically treated 4% Mo showed higher
plant uptake than other Mo sources but only significantly so with DAP as carrier. Overall,
our results indicate that the mechanochemically treated compound could be used as a

slow-release Mo fertilizer in high-rainfall areas.
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5.1 INTRODUCTION

Molybdenum (Mo) and zinc (Zn) are essential nutrients for plant growth (Kaiser et al.,
2005). The dominant soluble Mo species in the soil is MoO4> (molybdate) and is
adsorbed by clay minerals and Fe and Al oxides in acid soils (Goldberg et al., 1996,
Goldberg et al., 2002). Unlike most other essential cationic micronutrients (e.g. Cu, Zn),
Mo availability decreases with decreasing pH (Gustafsson and Tiberg, 2015). In acidic
soils, liming usually rectifies Mo deficiency, as absorbed Mo is released into the soil
solution (Walker et al., 1955, Anderson, 1956). However, in areas of high rainfall, Mo
levels in soil may be low, due to losses through leaching and runoff (He et al., 2005).
Currently used Mo fertilizers are commonly soluble molybdates (NazMo0O4.2H.O and
(NH4)sM070244H20). Few studies have examined the use of slow-release Mo sources in
fertilizers. A 1960s study reports the use of a Mo glassy frit in a field experiment
(Henkens and Smilde, 1966) and found a greater residual effect on crop growth compared
to a soluble Mo source. Bandyopadhyay et al. (2008) proposed a Mo-containing long-
chain magnesium sodium polyphosphate as a slow-release Mo fertilizer and found
increased crop yield over the soluble Mo treatment in a field study. More recently, a
layered double hydroxide incorporated with Mo was proposed as a slow-release Mo
fertilizer, with urea being a potential carrier to allow Mo speciation to be maintained

(Everaert et al., 2021).

Until now, Zn deficiency remains a global health problem. It affects more than 17% of
the world’s population (Myers et al., 2015). Zinc fertilizers can be applied by themselves,
incorporated with macronutrients or by foliar application (Montalvo et al., 2016).
Compared to separate soil or foliar applications, incorporating micronutrients with

macronutrients is a more efficient way to reduce labour and spreading costs.
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Mechanochemistry is a green manufacturing method that has gained much attention in
industrial synthesis recently for alloys, semiconductors, ceramics and pharmaceutical
applications (Balaz et al.,, 2013, James et al., 2012a). Recent mechanochemical
approaches to fertilizer synthesis have mainly focused on macronutrient NPK fertilizers.
Several studies have been carried out to incorporate NPK nutrients into an inorganic
matrix such as a clay mineral or LDH (Borges et al., 2017b, Lei et al., 2018, Tongamp et
al., 2008, Zhang and Saito, 2009). Recently, mechanochemical methods have been used
to combine alkaline metals with urea in organic co-crystals to produce more stable N
fertilizers with reduced volatilization losses (Casali et al., 2018; Casali et al., 2019; Honer
et al., 2017; Honer et al., 2018). Only one study reported the mechanochemical
incorporation of metal or semi-metal in a fertilizer using a ball mill. Yuan et al. (2014)
reported an amorphous glass phase of K-Si-Ca-O produced using CaO, SiO», and KOH
as reactants. The reactants were milled for 2 h and both the milling speed and the SiO;
content were adjusted to achieve optimal results. The optimal SiO2 content was chosen
to perform a study of the K release rate versus the milling speed. They concluded that a
slow-release K fertilizer can be obtained when the milling speed is above 300 rpm.
Overall, few attempts have been made to synthesize micronutrient fertilizers using
mechanochemistry (Li et al., 2017, Tang et al., 2021) and most mechanochemically
synthesized products have only been tested for water solubility to indicate their
effectiveness as slow-release fertilizers. However, solubility tests are not a good indicator
of agronomic efficiency in soil. Therefore, it is crucial to agronomically compare newly

synthesized fertilizers.

Zinc oxide is one of the cheapest and high analysis sources of Zn widely used in the

fertilizer industry. Zinc oxide has low water solubility, but its effectiveness as a fertilizer
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depends largely on the application method, soil pH, and (if applicable) the macronutrient
it is incorporated with (McBeath and McLaughlin, 2014). The efficiency of ZnO is
similar or close to that of soluble Zn fertilizers such as ZnSO4 when optimum application
methods are selected (Hergert et al., 1984; McBeath and McLaughlin, 2014; Montalvo
et al., 2016; Rehm et al., 1980). Molybdenum-doped ZnO and ZnMoO4 have been
synthesized by different chemical methods using ZnO and MoOs (Wu et al., 2015, Wang
et al., 2016, Zhang et al., 2015) and have drawn much attention in the materials
engineering industry as semiconductors and photocatalysts (Zhao et al., 2020, Yu et al.,
2012). One of the products made was mechanochemically synthesized ZnMoOs
(Mancheva et al., 2011, Zazhigalov et al., 2016). In other industries, mechanochemistry
has been proposed to prepare complex metal oxides, doped metal oxide, and metal oxide

nanoparticles as functional materials (Zduji¢ et al., 1992, Tsuzuki, 2021).

In this study, we proposed using mechanochemically treated ZnO and MoOs as a new
slow-release Mo fertilizer. We aimed to incorporate Mo into a ZnO structure or
synthesize a new complex metal oxide. In addition to formulation and characterization,
the resulting products were thoroughly assessed agronomically by a) incorporating the
Mo products into macronutrients (muriate of potash - MOP, MAP and DAP); b)
performing column leaching with a 17-day incubation period using two soils; and c)
evaluating the effectiveness of the Mo-incorporated fertilizers in a plant uptake

experiment with simulating leaching.
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5.2 METHODS

5.2.1 Mechanochemical synthesis and characterisation

Zinc oxide (ZnO, 99.0% puriss) from Sigma-Aldrich (NSW, Australia), molybdenum
(VI) oxide (M0Os3, 99.5%) from Merck (VIC, Australia) and ammonium molybdate
tetrahydrate ((NH4)eM07024-4H>0) from Chem-Supply (SA, Australia) were used as

received.

Different amounts of (NH4)sM07024:4H20 (AMT) or MoOz were mixed with ZnO to
obtain 3 g mixtures in total with Mo concentrations ranging from 1 to circa 35% as
indicated in Table S 5.1 and Table 5.1. The mixtures were milled in a 50 mL zirconia jar
with six zirconia balls (15 mm diameter and 10 g per ball) to achieve a weight ratio of
the ball to the sample of around 20. Ball milling was carried out in a planetary mill
(PM200, Retsch, Haan, Germany) for 8 h at a rotation speed of 550 rpm with a break of
5 min and a change of direction every 30 min to avoid overheating. The milled products
were characterized by X-ray diffraction (XRD) and Fourier transform infrared (FTIR)
spectroscopy. X-ray diffraction patterns of products and reactants were recorded with an
X'Pert Pro multipurpose diffractometer (PANalytical B.V. Almelo, Netherlands) using
Fe-filtered Co Ka radiation, automatic divergence slit, 2 ° anti-scatter slit, and fast
X'Celerator Si strip detector. The diffraction patterns were recorded in steps of 0.017° 2-
theta with a counting time of 0.5 s per step for an overall counting time of approximately
30 min. The relative amounts of the major phases were determined by the Rietveld
method using the Bruker TOPAS software package (Bruker BioSpin Corporation,
Billerica, MA, USA). Fourier transform infrared spectroscopy measurement was carried
out using the attenuated total reflectance (ATR) module on an Alpha FT-IR spectrometer

(Bruker Optics, Ettlingen, Germany). The analysis was performed in the middle infrared
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range (wavenumber from 4000 to 400 cm™) at a resolution of 4 cm™ and corrected for an
air background. The sample was mounted on a platinum platform and covered with a thin
layer of foil paper. Each sample was scanned 100 times and the platform was cleaned
with lint-free tissue and ethanol between treatments. The morphology of the synthesized
products was imaged using field emission scanning electron microscopy (FE-SEM,
Quanta 450, FEI, USA).

Table 5.1 The mechanochemical treatments of MoO3; and ZnO milled with different
Zn:Mo ratios for 8 h.

Treatments MoOs (g) ZnO (g) Mo (%) Zn (%) Zn:Mo
36% Mo 1.64 1.36 36 36 1
10% Mo 0.45 2.55 10 68 7
8% Mo 0.36 2.64 8 71 9
4% Mo 0.18 2.82 4 76 19
2% Mo 0.09 2.91 2 78 39
1% Mo 0.05 2.95 1 79 79

5.2.2 Fertilizer manufacturing, solubility in water, and column dissolution

The compaction of micronutrient and macronutrient powders was carried out using a
pellet press. The selected micronutrient samples were the compounds made using MoOs
and ZnO with 4% or 36% Mo. Also, a mixture of MoOsz and ZnO (at 4% Mo) without
mechanochemical treatment was included for comparison, as well as a mixture of AMT
and ZnS0O4-7H20 as a soluble reference treatment. The macronutrient granules MOP
(muriate of potash, KCI), MAP (monoammonium phosphate) and DAP (diammonium
phosphate) were ground in a commercial grinder, sieved (<250 um) and mixed with the
Mo products (Table 5.2) before adding 1 mL of DI water to 5 g of mixed powder to form
a paste. The paste was placed in a 4-cm diameter die and 9.8 MPa pressure was applied

using a pellet press (Simplex 12HJ Templeton Kenlyand Co, IL, USA) to form a single
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pellet. The pellet was air-dried and cut into small pellets of similar size (2-3 mm square)

and weights (around 40 mg)

Table 5.2 The amount of micronutrient compound added to macronutrient fertilizers and
final Mo and Zn content in the compacted pellets with MAP, MOP and DAP.

Compound Amount of Mo/Zn Theoretical Label in the
compound added g per (%) column leaching
5 g of Macronutrient Mo Zn and pot trail

4% Mo 0.25 0.2 3.8 MC

Control 4% Mo 0.25 0.2 38 C

36% Mo 0.027 0.2 0.2 nd?

AMTP® and 0.019 091 0.2 3.8 AMT

ZnS04-7TH0

&nd = not determined as not included in the column leaching test.
b AMT - (NH4)sM07024-4H,0

The solubility of the samples was evaluated by weighing 0.1 g of the sample in a 50 mL
digestion tube with 10 mL of RO water. Samples were shaken on an end-to-end shaker
for 1 h followed by 10 min centrifugation at 4685 g and pH was determined. Samples
were filtered through a 0.2-pum syringe filter before analysis. The sediment remaining in
the centrifuge tubes was digested overnight at room temperature using aqua regia
(HNOs: HCI =1:3 v/v), followed by 45 min of heating at 80° C and 165 min of heating
at 125° C in hot block digestion. All samples were analyzed by inductively coupled
plasma-optical emission spectrometry (ICP-OES, Avio 200, Perkin Elmer, Waltham,
USA) to determine the total content of soluble and insoluble Mo and Zn. Reference

materials were used for quality control in all the digestion and ICP tests.

Release of Mo and Zn from these products was tested using the column perfusion method
described by Baird et al. (2019). This is a laboratory method that examines the dynamic

release of nutrients from fertilizer formulations by continuously perfusing samples with
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a solution in real time. Previous studies have shown a good correlation between pot,
leaching, and seeding toxicity experiments with this method (Abat et al., 2015a, b; da
Silva et al., 2018). Compacted pellet samples (0.2 g) were placed between 1 g of glass
wool in each polypropylene column (150 mm long x 15 mm diameter). The percolating
solution (RO water) was introduced into the column from the bottom using a peristaltic
pump at a constant rate of 10 mL h. The solutions released from the top of the column
were collected every hour for 72 h using a fraction collector (SuperFracTM, Pharmacia,
USA). At the end of the study, the residues, the glass wool and the solution remaining in
each column were collected and dried in the oven at 90° C until all the liquid vaporized.
These residues were digested using hot aqua regia, analyzed by ICP-OES, and added to
all nutrients released over time to establish the total nutrient in the sample. The nutrient
release was expressed as a percentage of this total. All column dissolutions were

performed in duplicate.

5.2.3 Leaching in soil

A column leaching experiment was performed to examine the release of Mo from the
fertilizers in acid soil and in calcareous soil (for soil properties see Table S2). The
columns consisted of syringes (120 mm length, 15 mm diameter) that were filled with a
layer of glass wool and 30 g of soil. Around 400 mg of fertilizer (or circa 10 granules)
was evenly distributed throughout the soil column. Deionized water was introduced to
the column from the bottom to the top using a peristaltic pump at a constant rate. The soil
was first saturated until no dry soil was observed; then 30 mL of deionized water was
added to leach the column from the top on Day 1 and Day 3 followed by six leaching
events with 20 mL of DI water every 2 or 3 days. After each leaching, the column was

incubated at a constant temperature (25° C). After the final leaching, the soil in each
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column was dried in the oven and further homogenized by grinding using a mortar and
pestle. The soil was then subsampled and digested to determine total Mo concentrations.
The collected and filtered leachate after each leaching and digested soil extract were

analyzed using ICP-OES.

5.2.4 Pottrial

The pot trial was conducted in a glasshouse using pure sand as a growth medium.
Chickpeas were selected due to the high demand for Mo by legumes. Plastic pots (120
mm diameter and 120 mm height) with a few layers of mesh placed at the bottom were
filled with 1 kg of washed sand. For each pot, 5 granules (0.2 g of fertilizer containing
around 0.4 mg Mo), corresponding to 0.28 kg Mo ha! soil assuming a bulk density of
1.4 g cm3, were placed 4.5 cm equidistantly below the soil surface. Leaching was carried
out two days later to allow the dissolution of the fertilizer before leaching. The sand
naturally contained around 4% water; therefore, no water was added before leaching.
Treatments were randomized with 4 replicates of each treatment using a complete block
design generated by GenStat 19th edition. The leaching procedure was performed with
DI water. Each pot was leached four times with 350 mL (or a total of approximately 4
pore volumes) of water to mimic heavy rainfall events which could remove soluble Mo
from the fertilizer and soil. The leachates of each pot were collected and filtered before
the determination of solution pH and Mo concentrations by ICP analysis. After the
leaching events, the pots were left in ambient conditions for 3 days before planting. The
chickpea (anti-fungi treated) was germinated for 2 days in the dark at a constant
temperature (25° C). Germinated seeds (3 seeds per pot) were transplanted 2.5 cm below
the soil surface and thinned to 1 after 2 weeks. All pots received 10 mL of basal nutrient

solution 5 days after planting and every week during the growing period (7 times in total).
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Total amounts of nutrients supplied by the basal nutrient solution were 63 mg N kg, 198
mg P kg, 250 mg K kg 90 mg Ca kg, 150 mg S kg, 15 mg Mg kg?, 5 mg Mn kg,
5 mg Fe kg?, 0.5 mg Cu kg?, 0.05 mg B kg?, and 0.05 mg Co kg™. Harvesting was
carried out at flowering (stage R1) 7 weeks after planting. Plant shoots were cut 1 cm
above the soil surface and roots were collected and washed with DI water. Both roots and
shoots were oven dried for 72 h at 60° C for dry mass weight and further ground and

digested before ICP analysis for Mo content.

For statistical analysis, one-way and two-way ANOVA (analysis of variance) was used
for the pot trial followed by Duncan's multiple range test (MRT) to check significant
differences using GenStat 19". Where needed, the data were log-transformed to

homogenize variance.

5.3 RESULTS AND DISCUSSION

5.3.1 Solubility of mechanochemically treated Mo-ZnO and characterisation of

materials

The batch solubility test was conducted to assess the solubility of the mechanochemically
treated M0O3-ZnO products from both AMT and MoOs (1 %, 2 %, 4 %, 8 %, 10 % and
33/36 % Mo). In addition, we also tested the 4% and 36% Mo-Control, which had the
same MoOs3-ZnO mixture but without ball milling. The measured total Mo content was
close to the expected content for both AMT and MoOs treatments (Table S 5.3).

Molybdenum release was much higher for the AMT than for the MoOs treatments (

Figure 5.1a). Molybdenum solubility increased with increasing Mo content for both

MoOs and AMT treatments up to a Mo content of 10%, where all Mo was dissolved for
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the AMT treatment and ~30% for the MoOs treatment. At the highest Mo content (33%),
Mo in the AMT treatment was fully dissolved, while the solubility for the MoOs (36 %
Mo) treatment was lower than the treatment with 10% Mo. This is likely due to the
formation of new compounds. The 4% and 36% Mo control treatments (without
mechanochemical processing) released more than twice the Mo compared to the
mechanochemically treated samples. Given the high solubility of the AMT compounds,
only compounds made with MoOs were further evaluated. The 4% Mo was selected
because of its suitable Zn/Mo ratio for agronomic purposes (ratio similar to that of
common Zn/Mo fertilizer rates) and the 36% Mo because newly formed compounds were

found in this material (see further)
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Figure 5.1 a) Solubility of Mo for mechanochemically treated ZnO with different amounts of MoO3z and (NH4)sM07024-4H,0 after 1 h
equilibration in water; b) FTIR and ¢) XRD spectrum of mechanochemically treated ZnO with different amounts of MoOg3; d) FTIR and e) XRD

of the reactants.
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The FTIR spectra of mechanochemically treated samples showed a different pattern

compared to the reactants, ZnO and MoOs (

Figure 5.1Db, d) as increased Mo content modified the peak intensity and position. The
peak at 851 cm™ in the 2 % Mo sample shifted to 899 cm™ at 4 % Mo and split to a
shoulder peak at 909 and 806/798 cm for the 8 % and 10% formulations. The peaks at
851, 899 and 909 cm™ are likely ascribed to the Mo-O-Mo vibration of Mo®* in [M0Oa]
clusters (Chen et al., 2010). The shoulder peaks observed in the 8 and 10 % Mo at 806
and 789 cm™ could be assigned to antisymmetric stretching of Mo-O (Yadav and Sinha,

2019). Characteristic peaks of MoO3 (

Figure 5.1d) and Zn-O-Mo (1100-1400 cm™) were not observed in the 2%-10% Mo
samples (Yu et al., 2012). The FTIR spectra of the 36% Mo sample are in line with the
FTIR spectra of ZnMoOs reported in an earlier study (Yadav and Sinha, 2019). It can be

concluded that the bond has been altered with increasing Mo content after ball milling.

The X-ray diffraction peaks of the samples agree well with the FTIR results. The six clear
peaks in the samples incorporated with 2-10 % MoOs could be assigned to the wurtzite

phase of ZnO (

Figure 5.1c), but they were broader than in the control samples (Yu et al., 2012). In the
control samples, the peaks assigned to MoOs were clearly visible even at lower Mo
content (Figure S 5.2a), but these peaks completely disappeared in the

mechanochemically treated samples with 2-10% of Mo (

Figure 5.1e). However, a very broad bump was observed around 2 theta = 31 ° when the
percentage of Mo increased to 8 % which was in line with the FTIR results where the

shoulder peaks appeared. This could be due to an increase in the Mo concentration that
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shifted the crystal plane (Ali et al., 2019). When the Mo content increased to 36%, in
addition to the identifiable ZnO peaks and minor peaks assigned to MoOs (Figure S 5.2b),
many new peaks assigned to several zinc molybdates and zinc molybdenum oxide were
observed (Figure S 5.1) (Wang et al., 2018). A calculation using the Scherrer equation
confirmed the decrease of crystallite size to approximately 1.5 to 2.0 nm for low Mo
concentration samples after mechanochemical treatment (data not shown) (Patterson,
1939). .Amirkhanlou et al. (2012) reported mechanochemically synthesized
nanocrystalline ZnO could reach a particle size around 60 nm after 8 h ball milling and
further milling could not further decrease the particle size. Increasing the pressure within
the ball milling jar with oxygen could further reduce the particle size to 5 nm
(Glushenkov et al., 2008). Therefore, the much smaller crystallite size of ZnO obtained
in this study was likely due to smaller Mo®" (0.065 nm) doped into and replacing Zn?* in
the ZnO structure, thus suppressing the growth of ZnO crystals (Yu et al., 2012). Overall,
these results indicate that the mechanochemically treated samples at a low Mo inclusion
rate successfully penetrated the wurtzite crystalline lattice of ZnO, particularly at 2 and
4 % Mo, where no impurity peaks were observed (Umar et al., 2015), while the crystal

structure changed at the highest Mo rate (36%) as a result of new compound formation.

5.3.2 Column dissolution of Mo compacted in MAP, MOP, and DAP

All pelletized samples were macronutrient fertilizers containing a final Mo concentration
of 0.2%. Both macronutrients (K and P) were quickly released from the formulations and
no difference was observed between Mo treatments (Figure S 5.4 a, ¢). Total Mo released
from DAP and MAP was twice as high in the treatments with the 36% Mo compounds,
reaching 80 % and 70 % respectively than in those with the 4% Mo compounds (Figure

5.2 3, b). The Mo release for the 4% Mo treatments was half that of the 4% Mo-Control
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for both the MAP and DAP treatments. The Mo release from MAP + 4 % Mo was slow
and constant, while in DAP + 4 % Mo, a dual release was observed where the release
was fast in the initial 10 h (39 %), followed by a minor release (3 %) in the following 62
h. In the MOP treatments, more than 80 % of the total Mo was released after 72 h of
dissolution. Total Zn release was negligible in most treatments (<6%) over 72 h, except
for MOP + 36 % Mo and MAP + 36 % Mo where 70% and 18% of the total Zn was
released, respectively. The lower percentage release of Zn in the 4% Mo treatments was
likely due to a) formation of more lower Zn solubility compounds when using MAP and
DAP as carriers such as NHsZnPO4 and Zn3(POa4)2; (Milani et al., 2012) b) the higher Zn
content in the 4% Mo treatments compared to the 36% Mo treatments: c) presence of
higher amount of more soluble ZnMoO4 in 36% samples compared to ZnO in 4%
samples. Overall, the column dissolution indicated that the DAP + 4% Mo and MAP +
4% Mo behaved as slow-release Mo fertilizers. Leaching in soil and a pot trial were

performed to further evaluate the agronomic effectiveness of these two treatments.
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Control without mechanochemical treatment. Error bars present the standard error of the

mean (n = 2).
5.3.3 Molybdenum leaching from fertilizers in soils

Leaching in soil was assessed in two contrasting soils. Four treatments were included in
the leaching as indicated in the table of Figure 5.3: a) DAP and MAP alone (no
micronutrients added, treatment N) or compacted with b) soluble micronutrients
((NH4)sM07024:4H,O0 + ZnSO04-7H0, treatment AMT); c) reactants without
mechanochemical treatment at 4% Mo (treatment C); and d) mechanochemically treated
sample at 4% Mo (treatment MC). For all treatments, Mo incorporated with DAP had a

higher Mo release compared to MAP (Figure 5.3). More Mo was leached from the
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calcareous Streaky Bay soil than from the acid Ngarkat soil except for the DAP + MC
treatment. When Mo sources were applied with MAP, the lowest Mo leaching was
observed in AMT and MC treatments in both soils, both circa half that of the C treatment.
The leached Mo from C was 66% in Ngarkat soil and 93% in Streaky Bay soil at the end
of incubation (Figure 5.3 e, f). When Mo sources were applied with DAP, the Mo release
was lowest with MC sources compared to C and AMT treatments (Figure 5.3 g, h). Mo
leached from MC was approximately 20% lower in Ngarkat soil and 40 % in Streaky
Bay soil compared to C and ATM treatments. The Mo release over time in both soils
followed the same trend as the pH changes, with an increase in Mo release as the pH of
the leachate increased (Figure 5.3a-d). Mo recovered from the residue in the digested soil
sample corresponded well with Mo released except for C with DAP in the Ngarkat soil,
where no residue was recovered. This may have been due to inhomogeneity of the soil
sample or unremovable residues attached to the glass wool. The amount of retained Mo
in the soil after leaching was higher for the MC treatment than the other treatments,
except with MAP in the Ngarkat soil where AMT and MC retained a similar amount
(Figure 5.3 i). The residue of the C treatment was only observed in Ngarkat soil with

MAP as the carrier.

Overall, Mo release was affected by the soil, most likely due to differences in the soil pH
(Riley et al., 1987). Most treatments had lower Mo recovery in the Streaky Bay soil than
in the Ngarkat soil except for MC + DAP. This is consistent with the theory that typical
well-drained, near-neutral sandy soils or calcareous soils with organic matter less than
50 g kg tend to retain little Mo (Goldberg and Forster, 1998, O'Connor et al., 2001).
Moreover, the Mo release from the pellet is also largely affected by the pH induced by

the macronutrient carrier. With the same Mo and soil treatment, the Mo release was
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higher for DAP compared to MAP due to the higher solution pH around DAP granules,
except for C treatments where most of the Mo leached out within the first 3 days in the
Streaky Bay soil. Due to the lower pH of the leachate in AMT compared to C, the leached
Mo was higher for C in all treatments, except the DAP treatments applied in the Streaky
Bay soil, where most of Mo leached out by Day 3. Interestingly, the MC and C had a
similar pH in the leachate over the 6 leaching events, while the release of Mo was 20-
50% lower in MC compared to C treatments regardless of the soil and carriers. The
results, therefore, suggest that the MC treatments might be less affected by soil pH

compared to the C and AMT treatment.

156



Ngarkat MAP Streaky Bay MAP Ngarkat DAP Streaky Bay DAP
@ (b) (c) (d) ©N BAMT AC ¢MC

=
o

(S |
QU‘I

Mo in leacheat (%) pH of leachate

0 © G & ©
14 Ti‘l.;ne (da)(/)s) 10 14 17 0 3 7 10 14 17
E 100 (i) BAMT HEC HEMC Treatments Mo and Zn sources
c 801
" 50 N None
2 =
§ 101 AMT (NH4)sM07024-4H,0 + ZnSO4-7H20
D 201 i C 4% MoOs + Zn0O
; _
S o . - MC Mechanochemically treated 4% MoOs + ZnO
\‘g Ngarkat Streaky Bay ‘ Ngarkat Streaky Bay

Figure 5.3 The (a, b, ¢, d) pH of the leachate and (e, f, g, h) cumulative Mo (% of added Mo) leached from columns at each leaching day
from Ngarkat and Streaky Bay soils; the (i) digested residual Mo in the soils after the leaching events. The table indicated the micronutrients

added to the treatments and the letter stands for the treatments. Error bars present the standard error of the mean (n = 6).
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5.3.4 Pot Trial

More Mo was leached from DAP treatments than from the MAP treatments (Figure 5.4
a, b). The highest recovery of Mo in the leachate was observed in the DAP treatment with
C, for which more than 70% of added Mo was found in the leachate (Figure 5.4 b), while
only 13% was leached for the corresponding treatment with MAP (Figure 5.4 a). The
lowest Mo recovery in leachate was observed in the MAP + MC treatment (5%). When
DAP was the carrier, the Mo recovery in leachate from the MC treatment reached 39%.
The AMT treatments behaved similarly for both MAP and DAP fertilizers, with 17-25%
of the added Mo leached after 4 leaching events. Surprisingly, the Mo leaching from the
soluble AMT control treatment was lower than that of the MC treatment for DAP (Figure
5.4 d). This can perhaps be explained by the lower leachate pH for the AMT treatment
than for the MC treatment. Furthermore, the pH of leachates was higher for DAP than
for MAP across all treatments (Figure 5.4 c, d). In agreement with column leaching, the
recovery of Mo in the leachate was closely associated with the pH of the leachate.
Leaching of Zn in leachates was observed only in the AMT treatment with MAP as the
carrier (Figure S 5.4 a). Despite the use of soluble ZnSO4-7H20 in the AMT treatment,
leaching of Zn from the sandy medium for the AMT treatment with DAP was low, likely
due to precipitation of Zn with P compounds, such as NHsZnPOs and hopeite

(ZnP0s4)2-4H>0 (Milani et al., 2012).
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Figure 5.4 (a,b) Amount of Mo recovered in the leachate (as percentage of added) and
(c,d) pH of the leachate from MAP or DAP alone (N), or compacted with AMT
((NH4)sM07024:4H,O + ZnS04-7H20), C (4% MoOz + 2ZnO) or MC
(mechanochemically treated 4% MoOs + ZnO) in the pot experiment collected after 4
consecutive leaching events of one pore volume each (L1 to L4). Error bars present the
standard error of the mean (n = 4). Different letters indicate statistical (P < 0.05)

differences between Mo treatments using one-way ANOVA; Duncan's MRT.

The shoot and root dry weights were significantly lower in the DAP+AMT treatment
than in the treatment with DAP alone and the shoot dry weight of DAP+MC was
significantly higher than the treatment with DAP alone. The lower yield for the
DAP+AMT treatment may be due to dissolved Zn?* from ZnSO4-7H0 causing toxicity,
(Kaur and Garg, 2021) as the sand had no or minimal cation exchange capacity. In the

MAP treatments, there were no significant differences in yield between the treatments (
Figure 5.5 a, d).

For both macronutrient carriers, the effect of Mo addition on Mo concentrations and

uptake was much higher in the root than in the shoot (
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Figure 5.5 b, ¢, e and f). The highest shoot Mo concentrations were observed in

MAP/DAP + MC and DAP + C treatments (

Figure 5.5 b). The small but detectable Mo shoot concentrations in the N treatments were
likely derived from the chickpea seed itself as the pure sand did not contain a detectable
amount of Mo. This is in line with other legume growth studies as Mo is essential for N
fixation (Rebafka et al., 1993). The root Mo concentration was highest for AMT and MC

in the DAP treatments, and highest for MC and C in the MAP treatments (

Figure 5.5 e). The Mo uptake in roots and shoots followed the order MC>C=AMT>N

when DAP was the carrier and MC=C>AMT>N when MAP was the carrier (

Figure 5.5 ¢, f). The lower Mo uptake observed for the MAP+AMT treatment compared
to the other Mo treatments is likely due to a) both AMT and zinc sulphate fertilizer
acidifying the soil solution, around roots, thus reducing the Mo uptake (Gammon Jr et
al., 1954) and b) Zn?* toxicity. This is supported by the leaching results where AMT
treatments had much lower pH than the control and other Mo-added treatments (Figure

5.4¢c).
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The availability of Mo is controlled by the pH of the soil solution. Many studies have
concluded that liming alone with Mo application can largely promote Mo availability and
plant Mo uptake (Hagstrom and Berger, 1963, McBride and Cherney, 2004). In soil, Mo
movement or leaching is mainly affected by soil pH. Johansen et al., who conducted a
field trial on tropical pasture legumes using MoOs and sodium molybdate, reached
similar conclusions that soil pH influences Mo movement. Furthermore, they also
concluded that there was no difference in residual effects on legume growth between the
two Mo sources they applied (Johansen et al., 1977). So, plant uptake of Mo is likely
affected by the pH of both the macronutrient carrier and the soil solution, as well as the

solubility of the Mo source.

Overall, our results indicate that mechanochemical treatment resulted in slower Mo
release and protected Mo against leaching, resulting in higher uptake than for the control
(without mechanochemical treatment) when DAP was the carrier. There was no
significant difference in plant uptake between the mechanochemical and control
treatment when MAP was the carrier, likely because there was less Mo leaching with
MAP. However, our experiments were carried out at high fertilizer rates (columns) or
with pure sand (pot trial). In field soils with higher pH buffering capacity, the fertilizer
carrier would likely have had less effect on the pH and there may have been no Zn toxicity
in the soluble reference treatment. Further work is therefore recommended to compare

these fertilizer sources in soil systems.
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5.4 CONCLUSIONS

The mechanochemical method used in this study did not require water or solvent and did
not produce any waste streams. The mechanochemically synthesized Mo-Zn fertilizer
was found to be less prone to leaching than currently used Mo fertilizer sources (MoOs
and (NH4)sMo07024-4H20). In addition, the lower leaching loss was found to result in
higher Mo uptake compared to a non-treated control when DAP was the fertilizer carrier.
Therefore, the mechanochemically synthesized Mo-Zn fertilizer has promise as a slow
release fertilizer for application in high rainfall areas. To promote this green synthesis
method, agronomic comparisons with conventional fertilizers are essential. This study
demonstrated the importance of agronomically assessing new fertilizers, especially when
examining micronutrients, as micronutrients are required in only small amounts and they
are more likely to be affected by other nutrients applied at the same time. The informed
selection of macronutrient carriers could greatly change the effectiveness of applied
fertilizers. However, pot trials cannot guarantee performance in all agronomic situations.
The soils used in this study were sandy soils with a low ability to adsorb Mo, unlike
heavier soils where Mo fixation might become a dominant parameter affecting plant Mo
uptake. So, further pot and field trials with different soils and climates are required to

further evaluate the effectiveness of the synthesized products.
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5.6 SUPPORTING INFORMATION

Table S 5.1 The mechanochemical treatment of AMT and ZnO with different Zn:

ratios milled 8h.

Mo

AMT?2: ZnO treatments

Treatments AMT (g) ZnO () Mo % Zn% Zn:Mo
33% Mo 1.76 1.24 33 33 1.0
10% Mo 0.53 2.47 10 66 6.6
8% Mo 0.42 2.58 8 69 8.6
4% Mo 0.21 2.79 4 75 18.7
2% Mo 0.11 2.89 2 77 38.8
1% Mo 0.05 2.95 1 79 78.9
& AMT-(NH4)sM07024-4H,0
Table S 5.2 The characteristics of the two soils for column leaching.
Characteristics Value
Ngarkat Streaky Bay
pH (H20: soil -5:1) 6.8 8.6
pH (0.01 M CaCly: soil - 5:1) 5.3 7.9
Organic carbon (%) 0.7 1.5
Exchangeable K (cmol. kgt <0.2 0.6
Exchangeable Ca (cmol kg™?) 2.2 6.3
Exchangeable Mg (cmol. kg™) 0.4 1.4
CEC-Cation Exchange Capacity (cmolc kg?) 3.1 5.8
Clay (g kg™ 3 9
Silt (g kgh) 1 4
Sand (g kg?) 81 15
CaCOgz (%) <0.2 83
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Table S 5.3 Experimentally determined (recovered) and expected Mo and Zn

concentration in the mechanochemically synthesized Mo + ZnO treatments.

Treatments MoOs + ZnO AMT2+ ZnO

Recovered Expected Recovered Expected

Mo% Zn% Mo% Zn% Mo% Zn% Mo% Zn%
36/33% Mo 36.3+2 383+2 36 36 30.0+4 29.4+4 33 33
10% Mo 10.1+£1 701+2 10 68 11.0+£1 6475 10 66
8% Mo 86+0 742+2 8 71 9.0+0 70.1+2 8 69
4% Mo 430 775%£1 4 76 40+0 744+1 4 75
2% Mo 210 7814 2 78 250 7675 2 77
1% Mo 11+0 773x2 1 79 1.3+0 758+4 1 79

@ AMT-(NH2)sM07024-4H20
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Figure S 5.4 The percentage of total Zn recovered in the leachate from (a) MAP or (b)
DAP alone N (no micronutrient source), or compacted with AMT ((NH4)6M07024-4H,0
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Chapter 6 Conclusions

6.1 GENERAL CONCLUSIONS AND REFLECTION

Mechanochemistry is an emerging and sustainable synthesis method (Schubert, 2019)
that could be beneficial in reducing the carbon footprint and waste stream generation of
the fertilizer industry (Ardila-Fierro and Hernandez, 2021). Most research in the use of
mechanochemistry to synthesize fertilizers has focused on the development of slow-
release macronutrient fertilizers. However, micronutrients such as boron (B) and
molybdenum (Mo), which have a high risk of leaching or fixation after application, could
also benefit from slow release. In addition, mechanochemistry is still in its infancy in the
fertilizer industry, and many mechanochemically synthesized materials have been
evaluated simply by the solubility of the products rather than using an agronomic
approach. Therefore, three gaps could be identified from the literature: a)
mechanochemistry has not been used to synthesize B and Mo micronutrient fertilizers;
b) the effects of mechanochemical synthesis on the release behaviour of B and Mo
micronutrients have not been assessed or compared in the literature; c) there is a lack of
agronomic comparison of existing micronutrient fertilizers with mechanochemically

synthesized fertilizers.

The main objectives of the present study were to: a) mechanochemically synthesize slow-
release B and Mo fertilizers; b) evaluate the release behaviour and identify suitable
macronutrient carriers for mechanochemically synthesized B and Mo fertilizers; and c)
assess the agronomic effectiveness of the synthesized materials through leaching and pot
studies in comparison with existing/commercial B and Mo fertilizers. The major findings

of this thesis are summarized below and directions for future work are discussed.
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6.2 MAJOR FINDINGS

6.2.1 Mechanochemical synthesis of slow-release micronutrients fertilizer

In Chapters 2, 4 and 5, micronutrient fertilizer formulations were synthesized using
mechanochemistry with water-assisted reaction, two-step milling and doping techniques.
Three different types of micronutrient fertilizers were synthesized. The products were
characterized using methods widely used in chemical engineering, including SEM, FTIR,
XRD and TGA. In addition, solubility in water and column dissolution were tested as an

initial assessment of the release behaviour.

In Chapter 2, zinc borate was synthesized for the first time as a dual-release B fertilizer
using a mechanochemical method employing water-assisted reaction (WAR) with ZnO
and B20Os as reactants. The results indicated that the milling time and WAR were essential
for synthesizing zinc borate with a high conversion rate, achieved without any waste
generation and minimal water use. The water usage in our method was 1.7 g of water per
g of product, compared to 77.5 to 250 g of water per g of product for existing methods

described in the literature.

In Chapter 4, a layered structure product containing Mo and Zn was synthesized. Slow-
release Mo fertilizers could be very beneficial to reduce Mo leaching in alkaline soils and
Mo fixation in acidic soils. I first milled ZnO and MoOsz with minor amounts of water to
activate the oxides before adding ZnSO4-7H-0 in the second milling step. This second
step was essential to deliver the guest anion and hydroxide groups, in this case, sulphate
and crystal water, for the formation of a layered structure. This study aimed to create a
slow-release Mo product through incorporation in, or attachment to, the layered

compound. The characterization indicated that the products after the washing procedure
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contain a layered structure compound, identified as zinc hydroxide sulfate (ZHS),
together with low solubility zinc molybdenum oxide hydrate (ZnsMo,011.5H,0) and its
less hydrated analogue. Column dissolution indicated that the compounds synthesized
after the two-step ball mill could be used as a slow-release Mo source. Compared to
reactants containing MoOg, the product synthesized in this study had a higher pH buffer
capacity and maintained its low solubility character over a wider pH range. In other
words, this Mo product is less likely to be fixed by acidic soil. However, when coated

onto macronutrients, this product lost its slow-release character.

A different approach was therefore used, in Chapter 5, to synthesize a slow-release Mo
fertilizer. Different amounts of MoOz or (NH4)sM07024-4H20 were milled together with
ZnO to find the optimum Mo content with the slowest release character. The Mo
solubility was lowest with MoOz as the reactant, and Mo solubility increased with
increasing Mo content up to 10 % Mo and then decreased again for products with 36%
Mo. Characterization suggested that when Mo is less than 4%, Mo has likely been doped
into ZnO during ball milling, while at the higher Mo contents, transformation to zinc

molybdate (ZnMoQa) occurred.

6.2.2 Effect of macronutrient carriers on release behaviour

The performance of the mechanochemically synthesized zinc borate was evaluated
against commercial B sources in Chapter 3. Fertilizing crops with B is a challenging
practice, as B could be easily leached from soil (Gupta, 1983). Micronutrients are often
coated, compacted or co-granulated on macronutrients, to reduce application costs and
achieve better field distribution. Thus, we tested various macronutrient carriers to

incorporate the mechanochemically synthesized B compounds.
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As WAR is an essential step to form zinc borate, we tested whether the WAR could be
combined with the coating process. Zinc borate synthesized without or with WAR,
commercial zinc borate, colemanite and borax (with ZnO) were used as micronutrient
coatings on MAP, MOP and urea by water spraying. However, WAR failed to perform
during the coating process. Furthermore, the coating process resulted in a heterogeneous
application and all low-solubility B sources lost their slow-release characteristics when
coated onto MAP. Therefore, a co-compaction method was used to combine the

micronutrients with MOP and urea, for assessment in a leaching and pot study.

Two different mechanochemical approaches were explored in this work for the synthesis
of a slow-release Mo fertilizer. In Chapter 4, a two-step method with ZnSO4-7H20 in the
second step was used, and in Chapter 5, a single-step method was employed using oxides
only. The former approach aimed to synthesize a layered structure with Mo incorporated
or attached to the structure, while the latter aimed to dope Mo into the ZnO structure.
These Mo products were incorporated with macronutrients and the release behaviour was
tested in a column dissolution study. The results indicated that the Mo products
synthesized in Chapter 5 were less soluble than those synthesized in Chapter 4 when
combined with macronutrients. This may be due to ion exchange with the layered
structure products (Clearfield, 1988, Clearfield, 1995). The layered structure product
synthesized in Chapter 4 does not appear to be well-suited for the enrichment of a
macronutrient fertilizer but might be effective when applied by itself. Therefore, further
leaching and plant studies were only performed with the Mo-doped fertilizers from
Chapter 5. These results underline the importance of assessing newly formulated

micronutrient fertilizers with the methods applied in agronomic practice. Both the
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solubility and release pattern of the Mo products dramatically changed after being

incorporated with macronutrients.

6.2.3 Agronomic effectiveness of mechanochemically synthesized fertilizer

After mechanochemical synthesis and column dissolution, the most promising fertilizers
were further tested in column leaching with soils (Chapter 5) and plant pot trials with

simulated leaching (Chapters 3 and 5).

In Chapter 3, | compared canola yield and B uptake with B sources after four heavy
leaching events using a sandy soil deficient in B. The plant study confirmed that the
mechanochemically synthesized zinc borate could be used as a slow-release B source.
Although the concentration and uptake of B per pot were lower in mechanochemically
synthesized zinc borate than for the other slow-release B sources, the crop yield was
similar for all low-B solubility treatments and higher than with the soluble commercial

B source.

In Chapter 5, both the soil column leaching and the pre-planting leaching indicated that
MAP was a better macronutrient carrier for all Mo sources than DAP, as the dissolution
of DAP largely increased the pH of the leachate and soil solution and hence increased
Mo leaching. The mechanochemically treated Mo products had a consistently lower loss
of Mo with both carriers compared to the control without mechanochemical treatment.
The mechanochemically treated Mo products resulted in higher Mo uptake only when
DAP was the carrier. It highlighted the importance of considering the right macronutrient
carrier for Mo application with different soils, as soil pH is one of the most important

factors controlling Mo availability in practice.
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Together, these results emphasize the importance of agronomic evaluation of new
potential fertilizers. The mechanochemically synthesized zinc borate and Mo compounds
had low solubility alone in the dynamic column dissolution test. However, when applied
with other nutrient sources, many other phenomena need to be considered, such as the
co-applied macronutrient, the pH and ionic composition of the soil, the climate and the

nutrient demand of the plant species.

6.2.4 Water use efficiency, carbon footprint and agricultural sustainability

Overall, mechanochemistry offers an opportunity to transform fertilizer manufacturing
methods, but the resultant products need to be evaluated not only for their agronomic and
environmental performance and their compatibility with current nutrient delivery
systems, but also for their manufacturing footprint. This work presented a novel approach
to mechanochemically synthesize B and Mo fertilizers with a low environmental
footprint and similar or increased agronomic effectiveness compare to some fertilizer
used in the field. For the zinc borate synthesized in Chapter 2, | assessed the sustainability
of the manufacturing process using the E factor (Sheldon, 2017) and identified the much
lower water usage and waste generated during synthesis compared to conventional
manufacturing methods. For the novel Mo-containing compounds | synthesized in
Chapters 4 and 5, there was no conventional manufacturing process against which the
sustainability of the mechanochemical synthesis could be compared. However, no solid
waste or solution was produced during and after the synthesis of these new Mo-
containing compounds. In addition, the identified slow-release Mo compounds were used
directly after mechanochemical synthesis in fertilizer manufacturing without any further

purification.
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The strength of my work lies in the connection between green mechanochemical
synthesis and agronomic evaluation against commercial products with current fertilizer
delivery systems. This work considered the sustainability during fertilizer manufacturing
(lower waste streams) and agricultural practice (less leaching and run-off) to promote a
greener fertilizer formulation and meet the Sustainable Development Goals (International

Fertilizer Industry, 2002).

This study addressed the gaps from several perspectives: a) new formulations of slow-
release Mo and B micronutrient fertilizer were proposed; b) evidence was provided to
support mechanochemistry as a small-footprint method for fertilizer manufacturing; c)
this work revealed the importance of evaluating the agronomic performance of new
fertilizer formulations using existing nutrient delivery systems; and d) this work
highlighted the importance of agronomic comparison of mechanochemically synthesized

fertilizers with traditional fertilizers through soil leaching and plant uptake studies.

6.3 SUGGESTED FUTURE WORK

6.3.1 On mechanochemistry
6.3.1.1 Post-synthesis treatments

In this work, the only post-synthesis treatment carried out was a water-assisted reaction
(WAR) on the zinc borates synthesized in Chapter 2. In the literature, various post-
synthesis treatments have been described, e.g. hydrothermal treatment, calcination, water
agitation, or ultrasonic treatment. These treatments may assist in achieving a higher

conversion rate of target compounds, shorter reaction time or more efficient energy
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utilization. The application of post-synthesis treatments could further optimize the slow-

release character of mechanochemically synthesized fertilizers.
6.3.1.2 Scalability of the technology in fertilizer manufacturing

All the products reported in this work were synthesized using laboratory-based mix mills
or planetary mills. However, mills used in the fertilizer industry are very different from
these laboratory mills. Among the wide range of crushers and mills used in commercial
fertilizer plants, the mills used to treat phosphate rock are the most likely to be suited for
mechanochemical purposes. Three major mills are used to decrease the particle size of
phosphate rock: ring-roller mills (vertical rotating with a horizontal ring), ball mills
(horizontal rotating with large steel balls) and table-roller mills (horizontal rotating with
spring-loaded rollers). To promote mechanochemistry in fertilizer manufacturing,
milling equipment that is already used on an industrial scale in the fertilizer industry

should be assessed for its potential for mechanochemical applications.

6.3.2 On agronomic practice
6.3.2.1 Field studies with more plant varieties

The plant trials performed in this study were pot studies in a controlled environment with
two plant varieties using simulated leaching and daily watering. The findings are not
representative of the much wider climatic conditions, soil types, and plant species
presented in agronomic practice. Therefore, field applications with various climates, soil
types and plant species are required to further assess newly formulated micronutrient

fertilizers.
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6.3.2.2 Foliar and seed priming treatments

In this work, we only assessed one method used in the fertilizer industry for micronutrient
application, which is incorporated with macronutrients as a fertilizer granule applied
before planting. Other common methods used in the fertilizer industry for micronutrient
application are foliar and seed priming with soluble salts. These methods are also worth
exploring using products synthesized through mechanochemistry, as the particles are
generally small, and could be evenly distributed on the surface of seeds or leaves. In
addition, processes such as WAR (an essential step for zinc borate synthesis in Chapters
3 and 4) and water agitation could be completed in the solvent before foliar or seed

priming applications.

6.3.3 On sustainable practice

6.3.3.1 Using mechanochemically activated material to recycle micronutrients from

waste streams

Mechanochemically treated compounds (e.g. serpentine, kaolinite, calcite) have been
used as absorbents to recycle useful elements through heavy metal solidification, and
wastewater precipitation (Grabias-Blicharz and Franus, 2023, Guo et al., 2010, Nasser
and Mingelgrin, 2012). Mechanochemically activated products could potentially be used
to recycle the micronutrients from waste streams. For example, the findings of Chapter
2 suggest it might be possible to use mechanochemically activated ZnO to recycle borate
from waste streams, as the mechanochemically milled ZnO can react without fully

dissolving.
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6.3.3.2 Using raw materials to synthesize novel fertilizers

One of the important considerations in this work was to minimize waste when
synthesizing or designing new fertilizers. However, all chemicals were purchased from
different chemical manufacturers and they would have been extracted, leached or purified
with different methods. Therefore, the waste of water or reactants therefore is hard to
identify and makes evaluation of sustainability metrics difficult. To maximize the
sustainability of mechanochemistry, raw materials such as minerals directly produced by
mining could be considered in the future for fertilizer formulations. For example, South
Australia could potentially provide Mo minerals such as molybdenite (MoSz) as potential

reactants or fertilizers for further mechanochemical treatment.

6.3.3.3 Cost analysis

For any new technology to be successfully applied in commercial manufacturing, the cost
is a big consideration. In this work, sustainability was majorly focused on the waste
streams such as water and overused reactants. However, no consideration was made of
the cost of the manufacturing process, such as energy and capital costs. As mentioned in
the previous section, the chemicals used in this work were purchased from chemical
manufacturing which are much more expensive than the chemicals used in fertilizer
manufacturing. In further work, a full cost analysis should be carried out as part of a

feasibility study.
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