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Novel material design for sustainable development of agriculture is of key importance. In this regard,
cocrystallization emerged as an effective laboratory synthesis as well as large-scale agricultural material
production technique to enhance the efficiency of active ingredients by forming cocrystals with
agriculturally compatible molecules and thereby improving their properties, such as moisture resistance,
enzyme inhibition or nitrogen efficiency. This review provides a state of the art of this quickly developing
area from the material design perspective and examines cocrystallized products for emerging
applications in sustainable agriculture, such as novel fertilizer formulations that incorporate essential
nutrients, as well as cocrystals for other applications, such as pest control. The chemical and crystal
structures, bonding mechanisms, and the resulting properties of these cocrystals are discussed. Special
attention is given to urea-based cocrystals. By integrating macro- (e.g., N, P, K, Ca, Mg and S) and micro-
nutrients (e.g., Fe, Mn, Cu, Zn, B, Mo, Cl and Ni), these cocrystals provide novel nutrient delivery and
management strategies. We then explore existing cocrystals that assist sustainable agriculture beyond
nutrient delivery, e.g. herbicides, insecticides and fungicides. Finally, we discuss the potential routes to
enhance agricultural cocrystal sustainability, such as novel methods of their synthesis, including

rsc.li/rscsus mechanochemical processes.

Sustainability spotlight

From pesticides to fertilizers chemicals used in agriculture have had a significant impact on overall sustainability. Increasing population and intensifying
farming practices combined with little to no new arable land increase the need for excessive use of synthetic fertilizers and pesticides, undermining soil health

while contributing reactive and greenhouse gases to the environment after the application. The intrinsic diverse chemical and molecular properties of agri-
cultural materials make them a major environmental concern. In particular, nitrogen fertilizers are soluble and volatile, while pesticides and other organic bio-

active molecules have low solubility in water and are typically overapplied. Cocrystallization is only now finding its way into agriculture. Here, we provide
a perspective on the present status and future opportunities of cocrystallization for more sustainable agriculture.

1. Introduction

New developments in sustainable agriculture, including
controlled-release fertilizer and plant growth stimulant
discovery and synthesis, can provide enhanced nutrient uptake
and contribute to soil health." Making agriculture fully
sustainable will require a fundamental shift in global food
production methods.> To bridge the gap between the desired
increase in food demand and its supply under the constraints
imposed by climate change, new materials need to be designed
to possess tailored properties to address specific agricultural
challenges.® Nutrient management and delivery can be consid-
ered one such global challenge. Conventional nitrogen fertil-
izers are produced at ~120 million metric tons per year and
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contribute to the release of reactive nitrogen compounds.*
These conventional N-based fertilizers are susceptible to
nutrient loss, which is a cause of their low efficiency.” N-loss has
direct negative effects as it leads to crop yield reduction and
economic losses, as well as nutrition insecurity. This is in
addition to its negative footprint on the environment due to the
reactive and greenhouse gas emissions, eutrophication, and
water pollution.®

When conventional fertilizers release nutrients beyond the
immediate plants’ needs, the excess will not be absorbed by the
plant. For example, after applying urea to the soil, it is hydro-
lyzed to form ammonium ions.” Moreover, the excess ammo-
nium ions further transform in the soil to nitrite followed by
nitrate.® The runoff of highly soluble nitrates into water bodies
will lead to more algae growth and consequently deplete oxygen
in the water and therefore cause eutrophication. Increasing
harmful algal blooms in Lake Erie, a growing dead zone in the
Gulf of Mexico, and hypoxia in the Chesapeake Bay continue to

RSC Sustainability, 2025, 3, 781-803 | 781


http://crossmark.crossref.org/dialog/?doi=10.1039/d4su00635f&domain=pdf&date_stamp=2025-02-01
http://orcid.org/0000-0001-5634-955X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00635f
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003002

Open Access Article. Published on 19 December 2024. Downloaded on 3/14/2026 2:55:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

plague the U.S. and demonstrate the growing public concern
about the harmful effects of excess nutrients.® Moreover, nitrate
in groundwater leads to the contamination of drinking water
supplies. In this regard, from 1991 to 2003, over 4% of 5101
tested wells in the USA exceeded the EPA nitrate limit of 10 mg
L', while in California's San Joaquin Valley, over 75% of
samples surpassed the World Health Organization (WHO)
permissible limit, affecting more than 275 000 people.®

Similarly, plant protection from pests and pathogens needs
to be ensured by designing more efficient pesticides that can
avoid negative effects on the environment and human health."
Excessive use of pesticides and bioactive agrochemicals in
general leads to short-term and acute adverse health effects on
humans, and modulating their release properties via cocrys-
tallization can control their environmental risks. The overuse of
pesticides is due to their low solubility, which leads to the
application of excessive amounts.”” Cocrystallization, in
general, is well explored in the pharmaceutical industry as
a promising strategy to improve the solubility of poorly soluble
materials (based on the suitable coformer) but is yet to be fully
employed in the agricultural sector, where it can help enhance
pesticide bioavailability and reduce the need for over-applica-
tion.” Therefore, cocrystals formulated for agrochemical
purposes can create a balanced release profile.** The nutrient
release can potentially be sustained and slowed while allowing
for the enhanced release of pesticides or other agrochemicals in
the structure. This controlled behavior ensures that nutrients
remain available to plants over extended periods while reducing
nutrient leaching into the environment while simultaneously
maintaining effective pest control. Thus, cocrystallization can
lead to a more sustainable agricultural approach by providing
a relationship between the molecules that form cocrystals,
which allows for efficient resource use and minimized envi-
ronmental impact.

This review underscores the potential and significant
advancements in crystal engineering that allow for the
sustainable release of nutrients, which offer solutions to agri-
cultural challenges and contribute to environmental sustain-
ability, as shown in Fig. 1. That ensures better crop yields and
mitigates environmental impact, which opens the door for
a more sustainable future in agriculture.
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Fig. 1 Material design via cocrystallization provides new functional
materials for sustainable agriculture. In particular, nutrient-carrying
cocrystals, those of active insecticide, herbicide and fungicide ingre-
dients, are already available for large-scale testing.
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2. Nutrient-containing agricultural
cocrystals for sustainable plant
nutrition

Plants need nutrients for growth and these are classified
depending on the required quantity.”> As illustrated in Fig. 2,
the macronutrients are N, Mg, P, S, K, and Ca, while the
micronutrients are B, Cl, Cu, Fe, Mn, Mo, Co, and Zn.

By far the largest opportunity to innovate in sustainable
agriculture via cocrystallization emerges via the utility of
nitrogen-carrying fertilizer urea as a complex molecule. Urea is
a white crystalline material widely used in agriculture and it has
a critical role in boosting crop yields.'® However, this essential
fertilizer exhibits environmental stability challenges, such as
absorbing moisture under humid conditions, which can lead to
prompt hydrolysis and transformation from dry powder into
particles.” This affects the effectiveness of urea usage and leads
to wasted fertilizer.

The traditional solution involves manufacturing complex
slow-release coated materials based on sulfur or polymer-
encapsulated urea granules or incorporating urease inhibitors
into fertilizer formulations.*® These inhibitors delay the enzy-
matic conversion of urea to ammonia, but their effectiveness
diminishes over time, and they add complexity and cost to the
fertilizer production process. In this regard, cocrystallization is
a promising strategy to address these limitations.**** This
technique involves the careful selection and combination of
urea with other compatible molecules to create a new crystalline
material with tailored properties. This cocrystal offers the
potential to overcome the stability challenges associated with
pure urea.”* By strategically selecting a suitable cocrystal form-
ing molecule, designed urea cocrystals can form that exhibit
superior moisture resistance or urease inhibition properties.
Additionally, the cocrystallization process could lead to
enhanced thermal stability, hindering the decomposition of
urea and subsequent ammonia gas release. This translates to
a more reliable and environmentally friendly fertilizer with
improved storage and handling characteristics.
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Fig. 2 Classification of nutrients with primary and secondary macro-
nutrients and micronutrients.*® The nutrients with dashed lines have
recently been cocrystallized with urea for agricultural applications.
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Fig. 3 Five potential molecular interactions (a—e) within urea cocrystals resulting in novel nutrient-containing formulations.??

Fundamentally, the possibility of urea being bonded with
other molecules is due to the two lone pairs on the oxygen atom
of the carbonyl group or the four protons of the N-H bonds.** An
H-bond acceptor can be an effective cocrystal partner by
engaging with the two N-H groups of urea through a split
hydrogen bond as shown in Fig. 3a, or through two separate
interactions as in Fig. 3b. In addition, an H-bond acceptor can
interact with the NH functional group as demonstrated in
Fig. 3c. A ditopic donor-acceptor moiety can form an H-bond
with oxygen in C=O0 and hydrogen in NH as shown in Fig. 3d.
Furthermore, one or two lone pairs in the oxygen of the carbonyl
group can interact with an H-donor through a single or two
points as shown in Fig. 3e.”?

Urea cocrystallization exhibits a range of advantages that
enhance the performance and sustainability of urea fertilizers,
as shown in Fig. 4. One of the most significant benefits is
enhanced cocrystal stability, which achieves improved resis-
tance to both moisture and heat.”® Cocrystallization reduces the
tendency of urea to clump and dissolve prematurely, which
means more efficient nutrient delivery to plants.”> Additionally,
cocrystallized urea exhibits better thermal stability, which leads
to the prevention of decomposition at higher temperatures and
the maintenance of consistent performance under varying

Urea Cocrystals as

Fertilizers
|

[ [ |

Enhanced Sustained Nutrient Improved Atom
Environmental Rel Efficien

Stability clease ciency

Enhanced :

Environmental Balal]‘g::l(iivNutrlent Reduced N loss
Stability ery

Fig. 4 The potential of urea-based cocrystallized materials in
agriculture.

© 2025 The Author(s). Published by the Royal Society of Chemistry

environmental conditions.** Moreover, urea cocrystallization
improves efficiency by addressing common issues associated
with conventional urea fertilizers. For instance, it reduces the
release of ammonia gas, a major source of nitrogen loss in
agriculture, thus enhancing nitrogen use efficiency and mini-
mizing environmental impact.”*** Furthermore, cocrystals can
be engineered to provide a balanced supply of essential
macronutrients and micronutrients in a single product,
promoting optimal plant growth and health. These advantages
will lead to another significant advantage of urea cocrystalliza-
tion, which is the ability to sustain nutrient release over time. By
designing cocrystals for controlled nutrient release, farmers can
ensure a steady supply of nutrients to crops, reducing the need
for frequent fertilizer applications and improving overall effi-
ciency. Additionally, some urea-based cocrystals can also func-
tion as pesticides, which can offer the dual benefits of nutrient
supply and pest management in a single application (will be
discussed in a separate section).

2.1. Macronutrient (N, P, K, Ca, Mg and S) salt-urea-
cocrystals

2.1.1. N-containing urea cocrystals. Urea nitrate is a coc-
rystal that is formed from urea and nitric acid. The crystal
consists of layered flat groups and features uronium ions
(protonated urea) connected to nitrate ions by hydrogen bonds.
These units connect to form chains through additional
hydrogen bonds between oxygen and hydrogen atoms.
Compared to regular urea, the carbon-oxygen bond in the
uronium ion stretches slightly, while the carbon-nitrogen bond
shortens. Further, the oxygen atom involved in the strongest
hydrogen bond exhibits a longer nitrogen-oxygen distance
compared to the others, which leads to a stretching effect.”® D.
Joshua et al. prepared urea nitrate by dissolving urea in water
under stirring. Then nitric acid was added dropwise to the
solution while stirring, and the mixture was cooled using an ice
bath to keep the temperature below 40 °C.>” While possessing
high nitrogen content in two forms of high usability in
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agriculture, this cocrystal has a crucial limitation, which is its
propensity to explode, thus limiting its applicability compared
to solution-based alternatives, such as urea ammonium nitrate
(UAN).>

2.1.2. P-containing urea cocrystals. Urea-phosphoric acid
or urea-phosphate is a commercial fertilizer compound that is
cocrystallized urea with phosphoric acid. This compound
delivers both nitrogen and phosphorus while minimizing
nutrient loss. The reason can be due to the proximity between
urea and phosphoric acid. This can slow the breakdown of urea
by soil enzymes and reduce the amount of ammonia released
into the atmosphere.”® This compound crystallizes in an
orthorhombic crystal system. There are eight groups of two
molecules (dimer units) packed within this unit cell.”
Hydrogen bonds in general arise due to electrostatic attractions
between a hydrogen atom on one molecule and an electroneg-
ative atom on another. There is a relatively weak hydrogen bond
established between NH in the urea molecule and an oxygen
atom in the phosphoric acid molecule. There is another shorter
hydrogen bond between the oxygen atom in urea and OH in
phosphoric acid and this shorter length indicates a stronger
bonding.*

In a solid form, it is a 17-44-0 fertilizer that is produced by
several manufacturers, including Lifosa, Lithuania, and Haifa
Group. It has the advantage of retarding the soil urease ability
for enzymatic hydrolysis due to the existence of phosphoric acid
leading to a reduction in ammonia gas emissions.*® Further-
more, replacing urea fertilizers with urea phosphate in Nile
Delta soil (pH 7.4, 1.9% CaCO3) exhibited several improvements
according to Moawad et al. In particular, urea phosphate slowed
down the breakdown of urea and its conversion to nitrate,
which prevented nitrite accumulation and minimized nitrogen
loss through gas emissions. This resulted in a greater recovery
of useable nitrogen throughout the experiment, which suggests
that it can significantly enhance fertilizer efficiency compared
to conventional pure urea.*

2.1.3. K-containing urea cocrystals. Potassium has been
virtually absent from the urea cocrystal landscape since it is
difficult to polarize and form coordination bonds. One recently
reported instance of a cocrystal involves urea, zinc (Zn), and
potassium (K) in the form of ZnCl,-KCl-urea (ZnKU), which has
two packing forms. The structure of this type of cocrystal will be
discussed further in the Zn section, but it should be mentioned
that ZnKU works as a nutrient provider and urease inhibitor.*
The work by Casali et al. proved the JBU residual activity in the
presence of ZnKU, which rapidly decreased by increasing the
concentration of the cocrystal. In the absence of the cocrystal,
the activity was around 10 0%, then 70% at 2 uM, and 10% at 8
uM.** Therefore, it has higher urease inhibition that leads to the
reduction of the ammonia release. This could lead to more
sustainable agricultural practices by promoting better crop
yields with less environmental impact.

2.1.4. S-containing urea cocrystals. The reaction between
urea and sulfuric acid can lead to the formation of urea sulfate,
which is also known as monocarbamide dihydrogen sulfate or
1-aminomethanamide dihydrogen tetraoxosulfate.®® This
compound is usually used as an herbicide (or with other
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herbicides) and desiccant, but it is dangerous due to its caustic
and corrosive behavior.** However, it can be broken down
quickly after being applied as a fertilizer, converting into urea
and sulfate ions, which are safe compounds. It can be applied
through irrigation or foliar methods and is also used to convert
low-solubility minerals containing calcium and magnesium
into more efficient nitrogen-based fertilizers.*® This means that
urea sulfate can contribute to sustainability by enhancing
fertilizer efficiency, improving nutrient availability in soils, and
minimizing environmental impact. Moreover, its multi-
functionality as an herbicide and fertilizer can reduce chemical
inputs and promote more sustainable agricultural practices
while protecting ecosystem health.

2.1.5. Mg-containing urea cocrystals

2.1.5.1. MgSO, Mg(H,PO,), and Mg(NOz),-urea cocrystals.
The combination of nutrients in a single cocrystal is advanta-
geous in sustainable agriculture. High urea-content cocrystals,
such as MgSO,-6urea-0.5H,0, have been synthesized and
exhibited vastly different thermal properties from pure urea. It
showed no melting peak at 132 °C, typical for urea. Instead, they
show new melting peaks at higher temperatures of around 210 °©
C, which means the higher stability of the cocrystallized urea
over the conventional one.*® Similarly, Mg(H,PO,), 4urea has
a lack of a well-defined urea melting peak at 132 °C but displays
apparent new peaks at 195 °C, likely resulting from the melting
of the corresponding urea phosphate fragments.** On the other
hand, there was an endothermal peak observed at 135 °C for
Mg(NOj3),-4urea-xH,O. This peak corresponds to the melting of
crystalline water and the absence of a strong endothermal
transition at 132 °C indicates that urea is incorporated into the
new crystal structure, consequently resulting in stronger
bonding.** The use of these high-stability urea cocrystals, such
as MgSO,-6urea-0.5H,0, Mg(H,PO,), 4urea, and Mg(NO3),-
-4urea-xH,0, has significant sustainability implications. The
enhanced thermal stability of these cocrystals means that they
can maintain their structure and function under a wider range
of environmental conditions. This can lead to more efficient
and prolonged nutrient release. This controlled release mech-
anism reduces the rapid volatilization and leaching of nitrogen,
which are common with traditional urea fertilizers. By mini-
mizing nitrogen loss, these cocrystals enhance nitrogen use
efficiency, decreasing the environmental impact associated with
nitrogen runoff and greenhouse gas emissions. Furthermore,
the incorporation of additional nutrients like Mg and P in these
cocrystals supports plant growth and soil health and therefore
promotes more sustainable agricultural practices.

2.1.6. Ca-containing urea cocrystals

2.1.6.1. CaSO,-urea cocrystals. A recent excellent summary
of utilizing gypsum with urea cocrystals for sustained-release
fertilizers has been published.’” CaSO,-4urea is the most
extensively studied urea cocrystal, primarily due to the wide-
spread availability of gypsum and gypsum-derived waste, as
shown in Fig. 5.°® Unlike pure urea, which exhibits a melting
peak at 132 °C, CaSO,-4urea shows a melting point peak at
approximately 210 °C.*® This shift is a direct indication of the
stabilization of urea molecules in CaSO,-4urea crystals, which
potentially  reduces their environmental reactivity.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The process of using industrial by-product waste to produce CaSO,-4urea.?*4°
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Fig. 6 (a) NHz emissions from urea and CaSOg4-4urea (abbreviated as URCASU) until 50 hours from ref. 36, which was measured in silt loam soil.

The measurements were taken over 48 hours under static conditions, with the chamber maintained at 23 °C and a relative humidity level of 50—
60%.%¢ (b) NHz emissions from the same compounds according to previous work* but until 75 days. The measurement was done in soil, with
either urea or CaSO4-4urea, which was added to a flask containing a thick layer of soil. The relative humidity was approximately 90% and the NHz
released was consistently captured ina 0.2 N H,SO4 solution and quantified using a methyl red indicator. Moreover, mini prills of urea served as
the reference, while the urea cocrystal prepared mechanochemically was tested in its powdered form. However, the experiment was designed to
compare the NH3z emissions from these two nitrogen sources under controlled conditions.** (c) The kinetic dissolution of urea.** The samples of
urea and its cocrystal were formed into pellets using a hydraulic press. For the static dissolution test, a single pellet was placed in an Erlenmeyer
flask containing distilled water and maintained at room temperature for 120 hours. A urea pellet served as the control. Dissolution rates were

measured by taking 0.5 mL samples from the solution at regular intervals.**

Barcauskaité et al. synthesized a CaSO,-4urea cocrystal using
a 4:1 molar ratio of urea to calcium sulfate dihydrate.** They
utilized gypsum drywall powder and demonstrated that other
gypsum sources could also be used.

Brekalo et al. investigated the role of water in synthesizing
CaSO,-4urea via ball milling through the two approaches of
neat grinding (NG) and liquid-assisted grinding (LAG).** NG
experiments using hydrated calcium sulfate forms (hemi-
hydrate and dihydrate) achieved approximately complete
CaSO,-4urea conversion at both room temperature and 70 °C
after 1 hour of milling, while anhydrous calcium sulfate showed
minimal conversion. This highlights the essential role of water,
further demonstrated by LAG experiments, where adding water
to anhydrous mixtures resulted in low conversion regardless of
water content.”” Comparing this to another study where added
water accelerated a similar synthesis, the authors concluded
that water directly present in the calcium sulfate structure, as
opposed to externally added, proves more effective for CaSO,-
-4urea formation. However, water has a central role in CaSO,-
-4urea synthesis via ball milling, but not through the expected
neutralization reaction. Instead, water pre-existing within the
crystal structure of hydrated calcium sulfates (dihydrate and

© 2025 The Author(s). Published by the Royal Society of Chemistry

hemihydrate) acts as a catalyst. Compared to externally added
water, this originally existing water in the structure offers
unique advantages such as direct coordination to calcium
(dihydrate) and mechanical disruption (hemihydrate). This
might lead to the creation of internal stress during release,
enhancing reactivity.

CaSO,-4urea exhibits lower solubility, slower dissolution,
and higher nitrogen retention as represented in Fig. 6 (a-c).
While urea releases 70% of its nitrogen as NH; within 20 days,
CaSO,-4urea barely releases any even after 90 days, which
means a significant improvement in stability and potential for
more sustainable and controlled nitrogen release in agricultural
applications.*

2.1.6.2. Ca(H,PO,), and Ca(NOj),~urea cocrystals. Ca(H,-
PO,),-4urea also shows the same behavior as magnesium
dihydrogen phosphate, which lacks a well-defined urea melting
peak at 132 °C and instead, it has a new melting peak at around
197 °C, due to the existence of urea phosphates.** Ca(NOj3),-
-urea thermally has a higher melting point compared to pure
urea, around 155 °C, due to the boiling of liquid calcium nitrate.
In Honer et al. accelerated experiments, they exposed Ca(H,-
PO,),-4urea and Ca(NOs),-4urea to 100% relative humidity
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(approximately 21 mm Hg) at 23 °C.** Time-resolved images
revealed that urea deliquesced rapidly, absorbing moisture and
forming liquid droplets. Furthermore, Ca(NOj;),-4urea also
deliquesced after one day. In contrast, Ca(H,PO,),-4urea
showed only minor moisture formation, which remained
mostly surface-bound, not reaching a state similar to urea after
one day of exposure. These compounds took until the third day
of exposure to achieve comparable moisture absorption under
100% relative humidity. The authors concluded that this indi-
cates that ionic cocrystal materials may inherit the stability
properties of their inorganic parent compounds, stabilizing
urea from hydrolysis and potentially reducing NH; losses. This,
in turn, promotes sustainability due to the lower negative
effects on the environment.

2.2. Micronutrient (Fe, Mn, Cu, Zn, and Ni) salt-urea
cocrystals

2.2.1. Fe-urea cocrystals. An iron chloride complex with
urea was synthesized by Ibrahim et al. by mixing solutions of the
corresponding metal salts with urea in methanol. This colored
solid was then isolated using filtration and dried and the
resulting Fe-related compound was FeCl,-6U-3H,0.*® The
thermal analysis of the Fe—urea complex showed a loss of water
molecules in the thermal region of 42-159 °C as a stage.
Further, in another stage from 159 to 290 °C, more water
molecules were lost, accompanied by ammonium chloride,
ammonia, hydrazine and nitrogen molecules. The first stage
showed a 4.14% loss, while the second stage demonstrated
a 45.38% loss due to the high quantity of released molecules
from the structure. Furthermore, a third stage showed around
32% mass loss and the loss might belong to cyanuric acid and
CO, molecules in the range of 290-397 °C. The last stage, which
can be ascribed to CO molecules, was at 397-642 °C with 3.60%
mass loss.*

Iron is also a crucial element in the competition between
plants and pathogens. By withholding iron, plants can limit
pathogen growth. Additionally, iron aids in activating the plant
immune system to resist infections.** Thus, iron is indispens-
able for plant health and can be strategically utilized to combat
bacterial and fungal infections. Guha et al. showed that incor-
porating iron with urea even in nanocomposites can enhance
nutrient utilization and potentially increase plant resistance to
pathogens.** The antibacterial activity of the FeCl,-urea
complex is evaluated and reaches around 18 and 14 mm mg "
against Staphylococcus aureus bacteria and Candida albicans
fungi.” In general, iron is an essential micronutrient vital for
various metabolic processes, such as chlorophyll synthesis and
enzyme functions. It is important for photosynthesis, which
leads to enabling plants to convert sunlight into energy. Iron
deficiency can cause chlorosis (yellowing of leaves) and stunted
growth.*

2.2.2. Mn-urea cocrystals. Mn is involved in several physi-
ological processes, such as photosynthesis, nitrogen metabo-
lism, and enzyme synthesis.”® It is crucial for chloroplast
formation and the production of specific enzymes. It can
support plant defense against pathogens by aiding in the
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synthesis of lignin, which serves as a physical barrier, and
boosting the activity of defense-related enzymes like peroxi-
dases.””*® Additionally, Mn might have urease inhibition prop-
erties, which could further influence nitrogen metabolism and
utilization in plants.*”

Manganese was complexed with urea in the work of Agha-
bozorg et al. to prepare manganese(u) hexakis (urea) perchlo-
rate, [Mn(urea)s]-(ClO,4),.** Ibrahim et al prepared
MnCl,-3urea-3H,O0 and MnCl,-6urea and examined the
thermal decomposition. They revealed that MnCl,-3urea-3H,0
had a three-stage decomposition behavior. The compound lost
3 water molecules, 1 urea molecule, 1 ammonium chloride
molecule, and half a chlorine molecule, along with some
cyanide at temperatures ranging from 156 to 624 °C. On the
other hand, MnCl,-6U showed only two-stage decomposition
and released 7 ammonia molecules, 3 carbon dioxide mole-
cules, and 1 nitrogen molecule around 260 °C, followed by the
loss of a molecule with the formula C,H;N;O; at a higher
temperature (around 466 °C).*

2.2.3. Cu-urea cocrystals. Prior et al. prepared Cu(urea),(-
H,0);(NO3)-(urea)(NO;) complexes by dissolving copper nitrate
trihydrate with urea in 70% aqueous ethanol. Then the solution
is warmed and then evaporated at room temperature.®® The
resulting cocrystal had a 1:4 metal to urea ratio. In this
configuration, the copper ion has a distorted octahedral
geometry with six ligands and four planar oxygen donors. There
are two urea molecules and two water molecules arranged
opposite each other, contributing to these four primary bonds.
In addition, the remaining two coordination sites involve
a loosely bound water molecule (Cu-O distance of 2.441 A) and
a monodentate nitrate anion (Cu-O distance of 2.577 A).*
Moreover, Eisa et al. successfully obtained CuSO,-3CO(NH,),-
‘H,O from mechanosynthesis between urea and Cu,(COj3)(-
OH),, as listed in Table 1.** The results showed a delay in
releasing nutrients coupled with efficient nitrogen delivery and
reduced losses. This cocrystal achieved approximately 24%
nitrogen content and reduced nitrogen volatilization emissions
from the soil by over 40% after 27 days compared to pure urea,
which indicates the improvement of nitrogen retention and
availability in the soil. That is an indication of the potential of
CuSO,-3CO(NH,),-H,0 for sustainable agricultural
applications.™

2.2.4. Zn-urea cocrystals. ZnKU (Zinc-KCl-urea) ionic
cocrystals exist in two polymorphic modifications, as obtained
by Casali et al** The main difference between both forms
belongs to the arrangements of atoms within the crystal lattice.
In addition, in both forms, there is a hydrogen bonding network
involving urea N-H donors and chloride acceptor ions. Further,
there is bifurcated bonding between the urea O atom and both
Zn and K.** The structure of ZnU, ZnT, and ZnTU involves H
bonds between NH, groups and Cl, as shown in Fig. 7. In ZnU,
there is another H-bond formed between NH, groups and O,
and in ZnT, there is one between NH, groups and S. However, in
ZnTU, only O and Cl participate in H bonds, and there are no
NH,-S bonds.**

Urea has a melting point of about 136 °C, while thiourea has
a melting point of about 178 °C. The addition of ZnCl, to ZnU

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Overview of cocrystal fertilizers from 1933 solution synthesis methods to 2024 mechanochemistry

View Article Online

RSC Sustainability

Coformers Cocrystal Detected properties Method Publication year Ref.

CaS0,-2H,0 CaS0,-4CO(NH,), Less hygroscopic than urea Coprecipitation 1933 56

Ca(H,PO,),-H,0 Ca(H,PO,), 4CO(NH,), Non-hygroscopic Coprecipitation 1967 57

CaS0,-2H,0 CaS0,-4CO(NH,), N-S-Ca fertilizer Ball milling 1998 58
High hardness 2007 59
Slow releaser Granulation and drying 2012 60

CaS0,-2H,0 CaS0,-4CO(NH,), Slow releasers Ball milling 2017 36

Ca(H,PO,), Ca(H,PO,),-4CO(NH,),

Ca(NO3),-4H,0 Ca(NOs),-4CO(NH,),

MgSO0,-H,0 MgS0,-6CO(NH,),0.5H,0

Mg(H,PO,), 2H,0 Mg(H,PO,), 4CO(NH,),

KCl CO(NH,),-ZnCl,-KCl Urease inhibitor 2018 32

ZnCl,

SC(NH,), ZnCl,-SC(NH,), Urease inhibitor 2019 51

ZnCl, ZnCl,-CO(NH,),

ZnCl,-SC(NH,), CO(NH,),

CaS0,-2H,0 CaS0,-4CO(NH,), Lower probability of 2020 40
reacting with water than urea

CaS0,-2H,0 CaS0,-4CO(NH,), Slow N release 2022 41

Cu,(CO;)(OH), CuSO,-3CO(NH,),-H,0 2024 14

(ZnCO,),(Zn(OH),);  ZnSO,-CO(NH,),-2H,0
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Fig. 7 Cocrystallization products between ZnCl, and urea/thiourea, where (a) ZnT, (b) ZnU, (c) ZnTU, (d) ZnT with H-bonds, (e) ZnU with H-

bonds, and (f) ZnTU with H-bonds.>*

lowered the melting point to 124 °C, whereas ZnT has a melting
point of 157 °C. The combination of the three compounds as
a single cocrystal significantly reduced the melting point to 100
°C.** Form 1 of ZnKU showed a monoclinic system with a P2,/m
space group, while ZnKU in form 2 is in the space group of P2,/
n.*> The addition of ZnCl, and KCI to urea to obtain a ZnKU
cocrystal led to a reduction in the melting point to around 135 °
C for form 1 and a slight increase to around 142 °C for form 2.**
The solubility of urea decreases by a third when it forms a coc-
rystal with ZnCl,. The cocrystal of ZnTU dissolves 37% and the
rest remains as ZnT and ZnTU.>

© 2025 The Author(s). Published by the Royal Society of Chemistry

The ionic cocrystal of ZnKU provides a sustainable approach
to nutrient delivery in agriculture by releasing essential
elements such as K and Zn. In addition to supplying key
nutrients, ZnKU significantly inhibits urease activity and
consequently reduces nitrogen loss and lowers the ammonia
emissions into the atmosphere, which leads to higher nitrogen
use efficiency (NUE).** This reduction in ammonia release not
only enhances nitrogen cycle management but also can aim to
avoid environmental pollution and the negative impact of
greenhouse gases. Furthermore, the synthesis of ZnKU is envi-
ronmentally friendly because it depends on utilizing simple,
scalable, and solvent-free methods that align with sustainable
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agricultural practices and promote eco-efficient fertilizer
production on a large scale. Prior et al synthesized
a Zn(urea),(H,0),-2(NOj3) cocrystal via a chemical method by
dissolving urea and zinc nitrate hexahydrate in water. Then the
solution is warmed and evaporated similar to copper urea coc-
rystal preparation with also a 1:4 metal-to-urea ratio.”

2.2.5. Ni-urea cocrystals. Krawczuk et al reported
a complexation between urea and Ni(u) in the form of
(Ni(urea),- (H»0),)- (NO3),.*> They prepared this compound by
dissolving nickel(n) nitrate hexahydrate in hot isopropyl alcohol
(propan-2-ol) using reflux. Then they added urea to the nickel
compound with a molar ratio of 1:4. The mixture was filtered
and slowly evaporated at room temperature, with the product
obtained after a few weeks. The resulting combination of Ni and
urea compound has a central Ni atom surrounded by four
oxygen atoms from urea molecules, arranged in a flat plane
around the nickel. In addition, there are two water molecules
positioned opposite each other (in trans-positions).”> The exis-
tence of the Ni cocrystal with urea is significant, as it is involved
in various physiological processes in plants. It plays a role in
nitrogen metabolism during the reproductive phase of growth,
contributes to phytoalexin synthesis, and participates in the
photosynthesis process.*

2.2.6. Outlook for nutrient-urea cocrystal fertilizers.
Important work on the synthesis of nutrient-urea cocrystal
materials is shown in Table 1. Initial attempts were focused on
coprecipitation, while the recent use of mechanochemical
techniques allowed for a more diverse range of nutrients to be
incorporated. Yet, the highest emphasis was given to major
nutrients using widely available salts, such as CaSO,-2H,0.
Recent attempts have been focused on developing new, multi-
component, and multifunctional formulations incorporating
other functionalities, such as urease inhibition, into a cocrystal
lattice to obtain molecularly uniform fertilizers.'*3%3639-425154
This trend could be of major importance in creating other
fertilizer formulations that can fix nitrogen directly in legumes
with the help of certain micronutrients, such as B and Fe.*®

Moreover, some significant results can be highlighted such
as the finding that chlorophyll a + b content was around 0.8 mg
per g FW (fresh weight) after 18 days when no nitrogen was
added, 1.3 mg per g FW with urea, 1.2 mg per g FW with
CuSO,-3urea-H,0, 1.6 mg per g FW with ZnSO,-urea-2H,0."*
In addition, the decrease in solubility (increase in sustained
release) reached 99% for the urea-4HBA cocrystal compared to
pure urea.”* A notable observation is a significant reduction in
NH; emissions when compared to urea by more than 50% when
using CaSO,-4CO(NH,),.*® The urease inhibition increased by
80% for ZnKU compared to pure urea.*’” Additionally, the
reduction in ammonification reached approximately 80% for
ZnTU.>* CaSO,-4urea exhibited 91% enhancement in grain
yield (g per pot) and 145% for NUE (mg per g biomass).* The
same cocrystal of CaSO,-4urea showed approximately 14%
improvement in the amount of protein compared to pure urea
when applied.* Collectively, these show the complex and
beneficial behavior of cocrystallized nitrogen fertilizer materials
that do not rely on the conventional practices of adding exog-
enous soil microbiota inhibitors.
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3. Carbon-containing compound-
urea cocrystals

3.1. Carboxylic acid urea cocrystals

3.1.1. Urea-hydroxybenzoic acid. Low-molecular-weight
phenolic compounds, including hydroxybenzoic acid (HBA), are
common components of essential oils with antimicrobial
properties.* Depending on their structure and concentration,
they can either promote or inhibit microbial growth. Further-
more, phenolic compounds like HBA are broken down into
simpler substances, eventually leading to their mineralization
and integration into soil organic matter.®> This biodegradation
process helps reduce the persistence of these compounds in the
environment, contributing to their safe use in agricultural
applications.

Urea-HBA acid cocrystals can also provide a sustainable,
slow-release nitrogen source.”* Rajbongshi et al. employed
a LAG approach to prepare urea and hydroxybenzoic acids
(HBAs).** This involved grinding stoichiometric amounts of
urea and respective co-formers in a mortar and pestle with
acetonitrile. Urea formed 0.5:1 adducts with 4HBA and
24DHBA (2,4-dihydroxybenzoic acid), each containing one
molecule of the respective HBA per half molecule of urea in the
asymmetric unit. Both structures shared an infinite urea chain
motif, where the p-hydroxy group of the HBA acted as both
a hydrogen bond donor and acceptor through synthons II and
IV.”? In contrast, urea formed a 1 : 1 cocrystal with 25DHBA, with
one molecule of each component in the asymmetric unit,
crystallizing in the chiral monoclinic P2; space group (see
Fig. 8).”* This diverse range of stoichiometries and crystal
structures highlights the intricate interplay between urea and
HBAs in cocrystallization, influencing both composition and
packing arrangements.

TGA data revealed the material thermal stability up to
approximately 180 °C. While pure urea boasts high water
solubility, its cocrystals with HBA exhibit lower values. This
reduction is attributable to multiple factors such as the exis-
tence of less soluble co-formers which drag down the overall
solubility. In addition, cocrystals exhibit fewer solvent-exposed
facets due to their anisotropic morphology compared to pure
urea multi-faceted structures, limiting solvation sites. Further-
more, hydrophobic benzene C-H groups from the co-formers
and stronger hydrogen bonding within the crystals further
reduce solvation energy. The solubility of urea is around 1000
mg mL ', while for the urea-4HBA cocrystal it was 9.2 mg mL ™,
representing a 99% reduction.*® Moreover, the urea release
profile showed that urea was more sustainable in the cocrystal
form than in its pure form. The maximum average release was
reached after 6 days for pure urea, while sustained until 26 days
for the cocrystal form. This is an indication of its ability to be
used in the agriculture field.

3.1.2. Urea-glutaric acid (UGA). Glutaric acid in combina-
tion with copper has been proposed as an efficient agricultural
fungicide.®® Kumari et al. reported that they prepared UGA from
a mixture of 2:1 of urea and glutaric acid.** After 30 days,
a crystal was formed within the solution. This experiment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Urea—HBA Cocrystal

99% reduction in solubility
compared to pure urea.

[§]

H-Bond

Lower cost of production
compared to pure urea

Lower leaching rate
compared to pure urea

Enhancement in N

absorption by soil
Synthon III + Synthon IV

+ Synthon V

Sustained release profile

Fig.8 Urea and hydroxybenzoic acid cocrystals formed via three different arrangements.?* (a) 4HBA, (b) 24DHBA, (c) 25DHBA, (d) urea-4HBA, (e)

urea-24DHBA, and (f) urea-25DHBA.

demonstrated a straightforward method for crystallizing UGA,
potentially leading to further study of its properties and
potential applications.*® TGA and DSC analysis showed the
promising thermal stability of the UGA crystal. It remained
stable up to 137.69 °C, indicated by minimal weight loss. At this
point, a major decomposition event occurred, releasing water as
evidenced by the weight loss and a sharp peak in the analysis.
This indicates a slight increase in thermal stability compared to
pure urea.

3.1.3. Urea-adipic acid cocrystal (UAA). Adipic acid has
many applications in the food industry and hence is compatible
with a food production chain. It is used as an antimicrobial
agent, among other uses.®® Parakatawella et al. synthesized
needle-like single crystals of a 2 : 1 urea-adipic acid cocrystal by
mixing nitromethane and acetonitrile in equal proportions for
crystallization.®” In addition, Shanthi et al. obtained high-purity
urea and adipic acid and mixed them in a 1:1 ratio.*® The UAA
salt was gradually added until a small precipitate formed at the
bottom. Conversely, another structural form of the same coc-
rystal crystallized through slow evaporation of a saturated
aqueous solution with a pH of 3.11.° The crystal structure
revealed pairs of urea molecules (centrosymmetric amide
dimers) interacting with halves of adipic acid molecules in both
polymorphic forms.

The urea release profile of the urea-adipic acid cocrystal is
a key feature of its use as a sustained-release nitrogen fertilizer.
The 2:1 urea-adipic acid cocrystal, particularly form II,
revealed significantly reduced solubility and more efficient
nitrogen release over time compared to commercial urea. In soil
samples, over 60% of commercial urea leached out within two
days, while the urea-adipic acid form II cocrystal released only
about 40%, indicating a slower and more controlled release.®”
These properties help mitigate issues of runoff and

© 2025 The Author(s). Published by the Royal Society of Chemistry

eutrophication associated with urea usage in soil, which makes
it an environmentally friendly option. However, while these
methods have successfully produced the desired cocrystals,
their sustainability should be considered. The use of methanol,
which is a volatile organic compound, can raise environmental
and safety concerns. Furthermore, although effective, the slow
evaporation method may not be energy-efficient for large-scale
production. Future research should explore more sustainable
and energy-efficient crystallization methods to align with green
chemistry principles.

3.1.4. Galic acid-urea (GAU) cocrystal. Gallic acid is an
important phenolic compound found in various plants, fruits,
and teas. It is known for its antioxidant properties, which help
in protecting cells from oxidative damage.*® Additionally, gallic
acid exhibits anti-inflammatory, antimicrobial, and anticancer
activities, and therefore it is valuable in pharmaceutical and
nutraceutical applications.® Its presence in natural products
also contributes to their health benefits, enhancing overall
wellness.

Jyothi et al. prepared gallic acid-urea using a mechano-
chemical grinding method.” Each gallic acid molecule forms
five-membered rings due to hydrogen bonds within itself
(intramolecular interactions). In addition, amide and carboxylic
acid groups of gallic acid and urea molecules connect through
N-H---O and O-H:--O hydrogen bonds, forming “acid-amide
supramolecular heterosynthons.” These heterosynthons form
1D chains linked by further N-H---O bonds, creating an X-
shaped pattern. Chains are further connected by ring motifs OH
in GA and NH, in urea. Further, there is a lone pair interaction
that exists between the urea carbonyl and the GA centroid
molecule. GA molecules also stack on top of each other through
-7 interactions.”
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TGA of the cocrystal of GAU showed that it melts at 180 °C
and decomposes at 350 °C, leaving a 13% residue. For the GA-
propionamide monohydrate cocrystal (for comparison),
a weight loss of 4.18% at 100 °C indicates the presence of one
water molecule. Additional weight loss occurs at 230 °C and 350
°C due to melting and decomposition. The GA-propionamide
leaves 15% of its mass as residue, confirming the presence of
one water molecule in the cocrystal. However, this indicates that
both cocrystals with GA exhibit a higher melting point than pure
urea, which means more thermal stability.”®

3.1.5. pr-Malic acid-urea cocrystal. pL-Malic acid, or simply
malic acid, is a dicarboxylic acid. It is found naturally in various
fruits, including apples, and is often used as a food additive to
add a tart taste.”*””* pi.-Malic acid has two stereoisomeric forms:
t-malic acid and p-malic acid, which are mirror images of each
other. The pr prefix indicates that the compound is a racemic
mixture of both L and b forms.” Malic acid is used in various
industries, including food and beverage, pharmaceuticals, and
cosmetics, due to its acidity and ability to enhance flavors. It is
also a component of the citric acid cycle, an important meta-
bolic pathway in organisms.

Krawczuk et al. prepared cocrystals of urea and r-malic acid
(ULMA) by dissolving both components in water at a 1: 1 molar
ratio. The resulting solution was left undisturbed under
ambient conditions for slow evaporation of the solvent and
controlled crystallization of ULMA.”® Moreover, Kanagathara
et al. dissolved pr-malic acid (a 1: 1 mixture of p and L forms) in
a suitable solvent. Urea was then added to the solutionina1:1
molar ratio.”” The mixture was heated until it became clear,
which usually means a complete dissolution. Then, the solution
is cooled to room temperature for crystallization over several
days. Finally, colorless crystals of a urea-pL-malic acid (UDLMA)
cocrystal were then filtered and dried under ambient
conditions.

The chemical stability of the UDLMA cocrystal is thoroughly
examined using computational and experimental approaches.
These calculations indicate a stable molecule with a substantial
HOMO-LUMO energy gap of 7.152 eV, which suggests potential
bioactive properties and feasible charge transfer within the
cocrystal.”” Natural Bonding Orbital (NBO) analysis shows
significant stabilization energy from intramolecular interac-
tions, supporting the cocrystal stability. Global chemical reac-
tivity descriptors, including chemical hardness (3.576 eV) and
electronegativity (4.091 eV), indicate UDLMA chemical stability
and its strong electron-attracting ability. Molecular electrostatic
potential analysis reveals distinct regions of negative and
positive potential, corresponding to hydrogen bond acceptors
and donors, respectively, further enhancing the cocrystal
stability.”” These results collectively confirm the UDLMA coc-
rystal chemical stability, which might be potential for various
agricultural applications.

3.1.6. Urea-succinic acid cocrystal. In conventional phar-
maceuticals, succinic acid cocrystals might have a crucial role in
enhancing drug performance by altering the properties of active
pharmaceutical ingredients, such as solubility and stability.”
This enhanced stability and solubility can be beneficial in
agricultural applications.  Additionally, succinic acid,
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a component of U-SA cocrystals, is important for energy
production in cells, being a key intermediate in the Krebs
cycle.” Its antioxidant properties are utilized to repair cellular
damage and protect against environmental stressors.*
Furthermore, succinic acid serves as an acidity regulator and
flavor enhancer in food and beverage products, contributing to
improved taste and pH balance.

A vapor-phase approach was adopted for cocrystal synthesis
by Zhang et al. using a custom-designed apparatus.®* There is
a horizontal glass reactor that comprised three distinct zones
that are a 300 mm heating zone, a 100 mm crystal growth zone,
and a connecting section. In the design, all zones are main-
tained at a constant diameter of 32.7 mm. Precise temperature
control (+1 °C) was achieved within the heating zone using
a resistance furnace. However, crystallization occurred in the
growth zone, where temperature was controlled by a thermo-
static water bath. Nitrogen gas served as the carrier, flowing over
the samples in the heating zone and transporting the sublimed
material vapors toward the growth zone. This gas-phase
approach offers several advantages over traditional solution-
based methods, including reducing solvent dependency and
accessing metastable phases.**

The thermal behavior showed that the prepared 2:1 urea-
succinic acid cocrystal exhibited a unique melting point at 120 °©
C, with transformations detected around 142 and 160 °C.5' B. K.
Singh et al. cultivated a urea-succinic acid cocrystal by a slow
evaporation technique at 35 °C. They dissolved 25 grams each of
high-purity urea and succinic acid (2 : 1 ratio) in water, adding
a small amount (1 mol%) of maleic acid. After stirring for 4
hours at 35 °C, the solution was left undisturbed for 4 days in
a constant temperature bath.** Alhlaweh et al. prepared urea-
succinic acid via spray drying of 2-propanol solutions and ob-
tained pure bulk 1: 1 cocrystals. A 2: 1 cocrystal readily formed
via simple solvent evaporation from a 2-propanol solution at
room temperature.®

The thermal stability of the urea-succinic acid cocrystal is
higher than that of pure urea, reaching around 140 and 150 °C
for 1:1 and 2:1 U-SA cocrystals, respectively. This enhanced
stability allows it to handle higher temperatures, which could
be significant for agricultural applications. The improved
stability and reduced environmental impact of these cocrystals
suggest that they could be useful in developing more sustain-
able agricultural practices. Future research should explore their
potential for enhancing nutrient delivery and minimizing
environmental degradation in agricultural settings.

3.2. Other-organic carbon urea cocrystals

3.2.1. Citric acid-urea. Citric acid-urea (CAU) might be
used in agriculture for seed protection, antimicrobial activity,
and enhancing soil disease resistance. As a seed coating, CA
provides a protective barrier against pathogens and metal ions,
promoting successful germination. Its antimicrobial properties
inhibit bacterial and fungal growth, reducing the need for
chemical pesticides.®® When added to soil, citric acid-urea
might improve nutrient availability and plant immunity,
fostering robust growth and resilience against diseases. These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attributes make citric acid-urea a good additive for sustainable
and effective agricultural practices. The cocrystal structure
shows two synthons between C=O of urea and O-H acid,
besides N-H of urea with C=0 of acid. Further, the V synthon is
between C=0 of urea and H-O of the acid.”

3.2.2. Fluconazole-urea. Fluconazole is an antifungal
medication widely used to treat various fungal infections.® It
belongs to the triazole class of antifungals and works by
inhibiting the synthesis of ergosterol.** This disruption
weakens the cell membrane, leading to the death of fungal cells.
Fluconazole is effective against a broad spectrum of fungal
species.

A 1:1 molar ratio of fluconazole (FLZ) and urea was dis-
solved in ethanol by Adewale et al. to form a solution and
initiate a cocrystallization process (to form a FLZU cocrystal).*”
This solution was left to slowly evaporate over 9 days, leading to
the formation of fine white block crystals.®”

3.2.3. Trospium chloride-urea. Trospium chloride (TCl) is
an anticholinergic medication used to treat incontinence and
overactive bladder syndrome.*® Skofepova et al. fabricated
trospium chloride-urea (TCIU) cocrystals, shown in Fig. 9, via
solution crystallization. The investigation into its thermal
stability exhibited initial water evaporation, followed by
multiple urea decomposition stages around 190 and 240 °C
overlapping with its melting point at 133 °C.*® That means that
no distinct melting point for the cocrystal was observed, which
might indicate decomposition before melting.

The cocrystallization of TCl with urea significantly enhances
its intrinsic dissolution rate, which might make it beneficial for
agricultural applications.®® This increased dissolution rate of
TCl ensures the absorption of the active ingredients when
applied to plants, leading to faster and more effective pest
control and nutrient delivery. Additionally, the cocrystallized
formulation potentially improves TCl permeability through
plant cuticles, overcoming its natural low permeability. Urea, as
a common fertilizer, adds dual functionality to the formulation,
providing both pest control and essential nutrients, thereby
promoting overall crop health and productivity. This approach

Trospium

Trospium chloride-urea
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also supports sustainable agriculture by ensuring efficient use
of active ingredients, minimizing environmental impact, and
offering stable, effective formulations suitable for varied envi-
ronmental conditions.

3.2.4. Catechin-urea. Catechin is a natural flavonoid
compound found in various foods such as tea, cocoa, fruits, and
red wine.* It is a potent antioxidant known for its health
benefits. Catechin has been studied for its role in reducing the
risk of cardiovascular diseases, improving cognitive function,
and even potentially lowering the risk of certain types of
cancer.” It is also known for its anti-inflammatory and anti-
microbial properties, making it a valuable compound in tradi-
tional medicine and cosmetic products.”* Catechin ability to
scavenge free radicals and reduce oxidative stress in the body
contributes to its wide range of health-promoting effects. In
general, urea is regarded as a cost-effective and sustainable
coformer for enhancing the physical properties of various
substances, even those not currently used in agriculture.
Through cocrystallization, urea can enhance the stability of
active pharmaceutical ingredients (APIs), such as catechin,
under conditions of high humidity or elevated temperatures.®

Leng et al. obtained urea-catechin (UC) via dry grinding of
a 1:1 molar ratio of urea and catechin.” Regarding thermal
stability, compared to pure urea and moisture-sensitive amor-
phous catechin, the UC cocrystal displays higher stability. While
urea degrades rapidly after melting, the cocrystal boasts
a significantly higher melting point and resists moisture for
weeks at high humidity. The melting point of the cocrystal starts
at around 176 °C, which is higher than that of pure urea.
Further, amorphous catechin readily absorbs moisture, result-
ing in the formation of unstable catechin hydrate that loses its
improved properties upon dehydration.”® Cocrystallization of
catechin with urea enhances its physical stability compared to
amorphous catechin. UC remains stable under high humidity
(75% relative humidity) at 25 °C for two weeks, while amor-
phous catechin transforms into catechin hydrate under the
same conditions. Additionally, UC shows a melting temperature
of 176 °C with a corresponding heat of fusion of 162.78 J g™,

Higher TCl dissolution
rate

Pest control

9000 @

H-Bond

Fig. 9 Trospium and different views for the trospium chloride—urea cocrystal and the measured higher TCl dissolution rate with its suggested
application as pest control, where (a) tropsium and (b) tropsium chloride-urea structure.®®

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Sustainability, 2025, 3, 781-803 | 791


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00635f

Open Access Article. Published on 19 December 2024. Downloaded on 3/14/2026 2:55:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

indicating that it is less sensitive to moisture and temperature
compared to catechin hydrate.

The cocrystallization of catechin with urea (UC), which
enhances catechin stability and storage under high humidity
conditions, can be useful in agriculture. UC improved stability
compared to amorphous catechin and catechin hydrate makes
it ideal for agricultural formulations that require resistance to
environmental factors. UC antioxidant and antimicrobial
properties can protect plants from oxidative stress and diseases,
potentially enhancing plant health and productivity. Addition-
ally, UC stability allows for sustained release formulations,
providing long-lasting effects with reduced environmental
impact. Therefore, cocrystallization with urea offers a prom-
ising strategy for creating a more robust and shelf-stable form of
catechin for various applications.

3.2.5. Nitrofurantoin-urea. Nitrofurantoin (NF) is an anti-
biotic medication used to treat urinary tract infections, and it
inhibits various bacterial enzyme systems and exhibits broad
antibacterial activity against both Gram-positive and Gram-
negative organisms.* However, its effectiveness is limited by its
poor water solubility, which reduces its significance and
requires the development of alternative solid forms.*

The cocrystallization was done via coprecipitation. Khan
et al. obtained yellow needle-shaped crystals of a 1:1 nitro-
furantoin-urea (NFU) cocrystal by dissolving 2 mmol of NF (B-
form) and an equal amount (2 mmol) of urea in 160 mL of
methanol at 70 °C. The solution was then allowed to evaporate
at room temperature for two days.’® Further, Cherukuvada et al.
mixed 0.2 mmol of NF powder (46.8 mg) and the same amount
of urea powder (12 mg) and then ground them together using
a mortar and pestle. This mixture was then dissolved in 4 mL of
a hot solvent mixture composed of equal parts DMF and
dioxane. The solution was left undisturbed at room temperature
to slowly evaporate over several days. Eventually, yellow crystals
formed from the solution.”” This structure started to decompose
at 160 °C with no definite melting point.

The cocrystallization of NF with urea can make some
advancements in utilizing its antibiotic properties for agricul-
tural purposes. NF-urea cocrystals might exhibit enhanced
water solubility and stability, which is crucial for effective
delivery and prolonged action against bacterial infections in
plants. With NF broad-spectrum antibacterial activity,
including efficacy against both Gram-positive and Gram-nega-
tive organisms, these cocrystals offer a potent and environ-
mentally sustainable alternative to synthetic pesticides. By
targeting bacterial pathogens, NF-urea cocrystals can help
manage crop diseases, improve plant health, and reduce the
need for chemical interventions, thus promoting sustainable
agricultural practices.

3.2.6. Outlook for organic compound-urea cocrystals.
Several observations emerge. First, the synthesis of these urea
cocrystals has low sustainability due to the high use of solvents,
solution handling and solution crystallization, as shown in
Table 2. Only a few cocrystals are available in the literature
that used mechanochemical methods. Second, there is a lack
of information on the properties of the resulting material.
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The current state of the art is described in Section 4 of this
review.

4. Applications in sustainable
agriculture and environmental
management

4.1. Solubility or urease/nitrification inhibition combined
with urea as the nitrogen source

Casali et al. showed that ZnKU has urease inhibition abilities
and measured jack bean urease activity (JBU) with varying urea
concentrations. Using a fixed, high urea concentration (64 mM),
they then tested how different ZnKU concentrations affected
enzyme activity. ZnKU significantly shows inhibition in urease,
even at low concentrations (2 mM). At the highest tested
concentration (8 mM), ZnKU achieved nearly 90% inhibition.*>
Casali et al. also reported that the cocrystal, which is composed
of urea and CAT in a 1:1 stoichiometry, can inhibit urease.>*
The choice of catechol as a coformer stemmed from its ability to
inhibit soil urease. The resulting urea-CAT cocrystal exhibited
comparable inhibition of JBU activity when compared to cate-
chol alone. In addition, after an incubation period of 20
minutes, the cocrystal led to a complete loss of urease activity.
Furthermore, the urea-catechol cocrystal demonstrated
reduced water absorption capacity, lower solubility (approxi-
mately 15% reduction compared to pure urea), and improved
moisture stability. These properties position the cocrystal as an
excellent alternative to urea for use as a sustained-release
fertilizer.>* Further, Silva et al. researched the impact of humic
material in stabilizing urea hydrolysis under controlled relative
humidity.®®* Humic materials play a significant role in the global
nitrogen cycle through the incorporation of ammonium
produced from urea breakdown and inhibiting the activity of
urease, which is the responsible enzyme for converting urea to
NH;.2>*® In their study, they used salicylic acid (a model humic
material) to form a cocrystal with urea via mechanical milling.
The resulting urea-salicylic acid cocrystal exhibited stability
and had several noteworthy effects, such as antibacterial prop-
erties for plants and a secondary urea stabilization pathway.*®
The antibacterial properties are extremely important for pro-
tecting plants against harmful microorganisms, and the
secondary urea stabilization pathway, which reduces NH;
emissions, can contribute to more efficient nitrogen utilization
in soil-plant systems. Moreover, Rajbongshi et al. tested the
nitrogen release behavior of urea-hydroxybenzoic acid.”* The
fast N release of pure urea, which reached around 65% in its
first two days, decreased to around 15% in the same period for
urea-24DHBA. This cocrystal achieved 65% N release after two
weeks, which indicates the slow-release behavior of the urea
cocrystals.

Among the tested fertilizers, CaSO,-4urea boosted both NUE
and total nitrogen uptake in plants. This success is likely due to
the reduction of nitrogen loss via volatilization, which is evi-
denced by significantly lower N,O emissions compared to urea
alone. The CaSO,-4urea cocrystal revealed multiple peaks in
daily nitrous oxide measurements, which means slowing down
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Table 2 A summary of carbon-containing urea cocrystals including preparation methods

Coformers Cocrystal Properties Preparation method Ref.
4HBA Urea-4HBA Sustainable N release LAG mechanochemistry 21
24DHBA Urea-24DHBA

25DHBA Urea-25DHBA

Glutaric acid UGA More thermally stable than pure urea Coprecipitation 64
Adipic acid UAA Reduced solubility and efficient N releaser Coprecipitation 67
Gallic acid GAU Higher thermal stability and antimicrobial Mechanochemical grinding 70
pL-Malic acid ULMA Chemically stable Coprecipitation 76
Succinic acid U-SA Higher thermal stability Gas-phase approach and spray drying 81 and 83
Citric acid Citric acid-urea  Antimicrobial activity LAG mechanochemistry 84
Fluconazole FLZU Antifungal behavior Coprecipitation 87
Trospium chloride ~ TCLU The increasing dissolution rate of TCL Coprecipitation 88
Catechin ucC Higher thermal stability and moisture resistance  Dry grinding 93
Nitrofurantoin NFU Antimicrobial activity Coprecipitation 97

urea dissolution and nitrogen release. This prevents the rapid
loss of N and optimizes plant uptake. This translates to higher
NUE and minimal post-harvest soil nitrogen, indicating an
efficient utilization and minimal environmental impact.*®
Another study by Swify et al. showed that a CaSO,-4urea coc-
rystal at a high rate of 200 kg N per ha significantly boosted the
corn crop nitrogen uptake in both grains and stems, compared
to regular urea or no fertilizer. It exhibited around 250 kg kg™
compared to 125 and 190 kg kg™ for no fertilizer and pure urea.
This led to the enhancement of the NUE reaching a value of
around 30% for the cocrystal, compared to around 5% for pure
urea.”® Furthermore, Barcauskaité et al showed that the
behavior of pure urea involves a high rate of N dissolution on
the first day, where the dissolved N value reaches 4.2% and the
resulting N loss reaches 8.7% after 7 days. On the other hand,
the CaSO,-4urea cocrystal has a dissolved N value of around 3.7
after the first day, leading to 0.6% N loss after 7 days.** Honer
et al. investigated the reduction of nitrogen loss from soil. They
found that the CaSO,-4urea cocrystal significantly decreased
ammonia emissions (4 times less after 30 hours) compared to
urea. This effect is hypothesized to be due to various factors,

| Insecticides

including differences in particle size and solubility, potential
enzyme inhibition, and formation of secondary salts.*®

4.2. Cocrystallization of pesticides and their application

Pesticides encompass a range of substances that contribute to
augmenting food production by safeguarding crops against
pests, diseases, and weeds, consequently boosting productivity
per unit of land.*® Nevertheless, pesticides with a high solubility
can leach, decreasing their effectiveness.'® Consequently,
significant quantities of pesticides are often required to manage
hazardous organisms, leading to economic and environmental
penalties.’* Hence, the development of environmentally
friendly strategies is imperative to formulate new pesticides
with minimal environmental and economic impacts and recent
developments have been summarized in Fig. 10.

Over the past few decades, cocrystals have emerged as
a highly successful avenue in pesticide applications due to their
simple process, low cost, and eco-friendliness, developed using
incorporation of a conformer into the crystal lattice, resulting in
non-covalent molecular self-assembly.'*>'* As a result, the
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Fig. 10 A summary of enhanced properties of the agricultural cocrystals for agricultural management (herbicides, insecticides, fungicides, and

urease inhibition).
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physicochemical properties of pesticides, such as melting
point, solubility, chemical stability, physical stability, and
dissolution rate, can be significantly enhanced.***

4.2.1. MET. For instance, Xiao et al. found that the coc-
rystallization of metamitron (MET), a herbicide that is used for
controlling grass and broadleaf weeds in sugar beet fields, and
using naringenin (NA) dramatically decreased the dissolution
rate by 98.30% compared to pure MET at 45 °C.'* Additionally,
thermal gravimetric analysis (TGA) results revealed that the
inclusion of NA enhances the thermal stability of MET by up to
30%.

4.2.2. CYC-SM and CYC-TS. Likewise, Li et al. employed
a cocrystallization strategy utilizing succinimide (SM) and tri-
fluoromethanesulfonamide (TS) to enhance the physical and
chemical properties of the cycloxaprid (CYC) pesticide. Their
work showed a significant 4.7-fold increase in the solubility of
the cycloxaprid-succinimide cocrystal compared to CYC in ethyl
acetate, clearly. Additionally, CYC-SM exhibited better physical
stability in comparison to both CYC and CYC-TS.**®

4.2.3. PYR-TM®@TA-Cu. Qu et al. developed a novel coc-
rystal abbreviated as PYR-TM@TA-Cu (pyraclostrobin-thio-
phanate-methyl@tannic  acid-copper), in which the
pyraclostrobin-thiophanate-methyl (PYR-TM) was prepared by
a sustainable mechanochemical method and incorporated into
metal-phenolic networks in water. Their objective was to
enhance the physicochemical properties of PYR, a broad-spec-
trum fungicide, particularly its photo sensitivity and control
efficacy. The results indicate a significant enhancement in the
photostability of PYR, with thiophanate-methyl (TM) boosting it
by 75.7-fold through competitive energy absorption of photons
and modulation of molecular conformation.'”” Additionally, the
metal-phenolic network coating reduces both the washing
persistence and leaching potential of pesticides.

Qu et al. have recently expanded the application of pyr-
imethanil (PYR), a widely used fungicide, to combat B. cinerea
infestations by utilizing nano-crystallization in water using
indole-3-acetic acid (3IA), fumaric acid (FMA), 2,6-dimethox-
ybenzoic acid (26DBA), chrysanthemum acid (CHA), and 4-
biphenylcarboxylic acid (4BIP) as co-formers for a total of five
cocrystals. This method aims to enhance several properties of
PYR, including photostability, volatilization rate, antimicrobial
activity, and wettability.'”® These improvements not only
enhance the efficacy of PYR but also contribute to reducing its
environmental impact. The results obtained show that the
cocrystals PYR-3IA and PYR-FMA have the highest stability. The
melting point of PYR was increased from 96.19 °C to 206 °C.
Besides, the photostability and volatility were improved by 3.85-
fold and 297-fold, respectively.

4.2.4. EUG-CAR-THY-PHE-HMT. Mazzeo et al. proposed
the cocrystallization of natural oils with antibacterial, anti-
fungal, and insecticidal properties, such as eugenol (EUG),
carvacrol (CAR), and thymol (THY), using phenazine (PHE)
and hexamethylenetetramine (HMT) as co-formers. These
materials were prepared using a solvent-free mechanochemical
protocol to reduce costs and avoid contamination from
disposed solvents. The results indicate that crystallization
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enhances the release profile of natural oils, both in terms of
acute and prolonged release over 14 days compared to pure
oils.**

4.2.5. URCAT. Casali et al. conducted a synthesis of a novel
compound termed urea-catechol (URCAT) through a mechano-
chemical reaction involving urea and catechol, aimed at miti-
gating nitrogen losses from soils. Their findings showed that
the URCAT cocrystal exhibits dual functionality, where it can act
both as a urease inhibitor and a soil fertilizer.>* Furthermore,
a significant discrepancy in water vapor absorption was
observed between urea and URCAT, with the latter adsorbing
3.5 times less water than urea, thus demonstrating enhanced
stability compared to urea.

4.2.6. Based on PMZ-HBA. Wu et al. developed novel
multicomponent cocrystals aimed at bolstering the solubility
and humidity resistance of pymetrozine (PMZ). They employed
different coformers including p-hydroxybenzoic acid (pHBA),
2,3-dihydroxybenzoic acid (2,3HBA), 2,4-dihydroxybenzoic acid
(2,4HBA), 2,5-dihydroxybenzoic acid (2,5HBA), 2,6-dihydrox-
ybenzoic acid (2,6HBA), and 3,5-dihydroxybenzoic acid
(3,5HBA). Their results indicated that PMZ-OXA, PMZ-pHBA,
PMZ-2,3HBA, PMZ-2,4HBA, and PMZ-2,5HBA experienced
negligible mass changes, remaining under 1.5%, across a rela-
tive humidity range of 0% to 95%.""° Conversely, the mass of
PMZ significantly increased to 17.7% between 70% and 95%
relative humidity, stabilizing thereafter during the desorption
phase. These results underscored the stability of all newly
formed multicomponent cocrystals against humidity.

4.2.7. Based on 2,4-D. Li et al. successfully synthesized six
new multicomponent crystals using 2,4-dichlorophenoxyacetic
acid (2,4-D), a widely used herbicide and plant growth regulator
in crop production. By combining virtual and experimental co-
former screening, they aimed to enhance the aqueous stability
and solubility of 2,4-D. The co-formers employed to obtain the
crystals included piperazine (PZ), 2-benzimidazole (BZ), 3-ami-
nobenzoic acid (ABA), p-phenylenediamine (PPD), and o-phe-
nylenediamine (OPD), while 2-ethoxybenzamide (EB) was used
to create a cocrystal. All salts were obtained through solvent
evaporation and slurry suspension, where proton transfer
occurred from the carboxyl group of 2,4-D to the nitrogen atom
of the co-formers. The results indicate that 2,4-D-EB has the
lowest solubility compared to all other salts, showing a 44.9%
reduction in solubility compared to 2,4-D alone. This reduction
is attributed to the ionization during salt formation. Generally,
compounds with higher melting points are more stable and,
consequently, have lower solubility.*®

Likewise, Fang et al. investigated the factors that affect the
formation of multicomponent crystals using a 2,4-dichlor-
ophenoxyacetic acid (2,4-D) molecule and 10 N-heterocyclic
compounds including pyrazine (PYE), 4-iodopyridine (IP), tri-
ethylene diamine (DABCO), 2,2'-bipyridine (TBP), 1,2-bis(4-
pyridyl)ethane (BPA), trans-1,2-bis(4-pyridyl)ethylene (BPE), 1,2-
bis(4-pyridyl)ethyne (BPAC), 1,3-bis(4-pyridyl)-propane (BPP),
(E)-4,4'-azobispyridine (AP), and 4-(4-pyridinyldisulfanyl)pyri-
dine (DPDS) as co-formers. Their findings revealed that BPP was
unable to form multicomponent crystals with 2,4-D. BPAC
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Table 3 A summary of cocrystals that might be used as pesticides with their properties after cocrystallization

Cocrystals Coformers Properties Ref.
MET-NA NA Dissolution rate decreased by 105
98.30% at 45 °C; enhanced thermal
stability by 30%
CYC-SM and CYC-TS SM and TS Solubility increased 4.7-fold (CYC- 106
SM); improved physical stability
compared to CYC and CYC-TS
PYR-TM@TA-Cu TM, TA, and Cu Enhanced photostability (75.7-fold); 108
reduced washing persistence and
leaching potential
PYR-3IA, PYR-FMA, PYR-26DBA, 3IA, FMA, 26DBA, CHA, and 4BIP Melting point increased from 96.19 107
PYR-CHA, PYR-4BIP °C to 206 °C; photostability and
volatility improved by 3.85-fold and
297-fold, respectively
EUG-PHE, CAR-PHE, THY-PHE, EUG, CAR, THY, PHE, and HMT Enhanced release profile of natural 109

EUG-HMT, CAR-HMT, THY-HMT

URCAT Urea and catechol

PMZ-pHBA, PMZ-2,3HBA, PMZ-
2,4HBA, PMZ-2,5HBA

2,4-D-PZ, 2,4-D-BZ, 2,4-D-ABA, 2,4-
D-PPD, 2,4-D-OPD, 2,4-D-EB, 2,4-D-
PYE-Water

and water

AMT-FUM and AMT-MAL FUM and MAL

combined with 2,4-D to create a channel cocrystal solvate, while
PYE and 2,4-D formed a cocrystal hydrate. DABCO and BPE each
formed salts with 2,4-D. The remaining multicomponent solids
of 2,4-D were cocrystals. Among the cocrystals obtained, the 2,4-
D-PYE-water cocrystal requires the bridging effect of water
molecules. Its crystal structure crystallizes in the triclinic space
group P1, with Z = 4, where the water molecules connect 2,4-D
molecules through strong O-H---O hydrogen-bonding interac-
tions, significantly contributing to the stability of the structure.
According to the results, the molecular electrostatic potential
(MEP) surface and interaction site-pairing energy differences
(AEsicepair) are the main factors for the formation of multi-
component crystals of 2,4-D.*"*

4.2.8. AMT-FUM. Carvalho et al. studied a crystal engi-
neering approach for enhancing the solubility of the herbicide
ametryn (AMT) using fumaric acid (FUM) and maleic acid (MAL)
as co-formers, as shown in Table 3. The results obtained
revealed that the solubility of cocrystals AMT-FUM (1.89 + 0.05
mg mL™') and AMT-MAL (4.67 + 0.06 mg mL ') was about 9
and 20 times higher compared to that of neutral AMT (0.209 +
0.02 mg mL™"). Moreover, higher decomposition temperatures
and thermal stability were achieved for AMT-FUM and AMT-
MAL cocrystals suggesting a potential reduction of the overall
impact of AMT.**?

© 2025 The Author(s). Published by the Royal Society of Chemistry

PHBA, 2,3HBA, 2,4HBA, 2,5HBA

PZ, BZ, ABA, PPD, OPD, EB, PYE,

oils for both acute and prolonged

release over 14 days

Dual function as a urease inhibitor 54
and soil fertilizer; absorbed 3.5
times less water compared to urea
Negligible mass changes (<1.5%)
under 0-95% relative humidity;
significantly improved humidity
resistance compared to pure PMZ
Enhanced aqueous stability; 13
reduced solubility for 2,4-D-EB by
44.9%; improved structural stability
through strong hydrogen-bonding
interactions

Solubility increased by 9 times
(AMT-FUM) and 20 times (AMT-
MAL) compared to pure AMT;
improved decomposition
temperature and thermal stability

110

112

5. Opportunities in sustainable
agricultural cocrystal synthesis and
measurement techniques

5.1. Synthesis

Cocrystals of urea can be synthesized through both solution-
phase and mechanochemical methods, each with distinct
characteristics and environmental implications. Solution-phase
synthesis involves dissolving reactants in a solvent and then
evaporating the solvent, slowly cooling the reaction mixture, or
reducing solubility through antisolvent to reach supersatura-
tion and then cocrystallization.™ This means that choosing the
solvent is a critical stage in addition to carefully controlling
temperature and solubility. Furthermore, multiple additional
steps can be added such as washing, drying and filtration and
all of these stages contribute to chemical waste and energy
consumption. The complexity of solution-phase methods is
further heightened by the need for precise control over reaction
conditions and the potential for solvent-related safety and
environmental hazards.

In contrast, mechanochemical synthesis offers a more
straightforward and environmentally friendly approach, as
illustrated in Fig. 11. In mechanochemistry, reactants can

RSC Sustainability, 2025, 3, 781-803 | 795


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00635f

Open Access Article. Published on 19 December 2024. Downloaded on 3/14/2026 2:55:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

Solution-based methods

Dissolution

OR
Evaporation,

b

OR

Cocrystallization

Filtration and drying

View Article Online

Perspective

Mechanochemical methods
S ~_

Direct cocrystallization
through milling

Fig. 11 The typical route for both solution and mechanochemical-based methods. It can be seen that solution-based reactions involve
a dissolution step, which typically needs a magnetic stirrer. Then, the evaporation stage can occur on a heat plate to provide sufficient thermal
energy. In addition, drying needs a drying furnace and all of these devices have high energy consumption when compared to the milling device.
In mechanochemistry, all electricity consumption-related steps are bypassed, and the electricity depends only on the power of the milling

instrument and the milling time of the reaction.

cocrystallize directly due to the mechanical forces without
intermediate stages. Cocrystals which are synthesized through
mechanochemical methods have more advantages in green
engineering technology for environmentally friendly fertilizers.
Its solvent-free nature and scalability make it an attractive
approach. By eliminating the need for solution handling and
evaporation, solvent-free mechanochemical synthesis enhances
process sustainability.>® This leads to a decrease in chemical
waste and energy consumption in addition to being indepen-
dent of the relative solubilities of reactants, thereby enabling
reactions between poorly soluble materials, which is not avail-
able with solution-based methods. Moreover, the mechano-
chemical procedure has been used for many years in large-scale
industrial production due to its relative simplicity and cost-
effectiveness. For instance, recent work by Brekalo et al. showed
that the energy consumption of synthesizing CaSO,-4urea
cocrystals during the milling reactions varied depending on the
synthesis method and scale. For a mixer mill operating at 70 °C,
the energy requirement was 7.6 W h g, while larger-scale
production using a planetary mill required 3.0 Whg 'ata50g
scale and 4.0 W h g~ at a 100 g scale. Additionally, twin-screw
extrusion at both room temperature and 70 °C exhibited an
energy consumption of 4.0 W h g~ ".*' In the mineral industry,
the typical reported energy for producing urea is around 0.92 W
h g~ for using 0.46 g nutrient per g product (the report was in
tonnes but converted to grams for a better comparison).
Furthermore, both monoammonium phosphate and dia-
mmonium phosphate exhibited an energy requirement of
approximately 0.1 W h g, but diammonium phosphate
showed higher efficiency with 0.18 g nutrient per g product,
compared to 0.11 g g~ * for the monoammonium phosphate
compound. Moreover, the triple super-phosphate showed 0.55
W h g~ " with 0.46 g g, while the single super-phosphate was
0.39 and 0.2 g g~ . It must be mentioned that these numbers are
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obtained from the tonnes scale, which reaches 65 tonnes for
urea production.'*

An important example of mechanochemical synthesis in this
field is the recent developments using low-solubility minerals as
reactants. Mechanochemistry provides a good route to obtain
fertilizers with unique properties using low soluble metal
oxides, carbonates, and hydroxides. It was found that
combining urea with low-solubility compounds, such as metal
carbonates or sulfates, could produce highly stable urea coc-
rystals. These cocrystals inherit stability properties from the
inorganic parent molecules. As a result, the obtained ionic urea
cocrystals possess a lower deliquescence tendency compared to
pure urea, which can be highly beneficial for nitrogen
management by decreasing its hydrolysis rate. Additionally,
crystallizing urea with minerals such as zinc, magnesium,
phosphorus, and calcium can provide additional nutrients
alongside nitrogen. Calcium carbonate was combined with urea
phosphate to produce Ca(H,PO,),-4CO(NH,), using a single-
step technique, yielding ionic urea cocrystals from low-solu-
bility minerals. Urea phosphate is produced commercially as
a (N:P) nutrient source in the liquid phase. However, via
a mechanochemistry approach, it could be an excellent
precursor for creating more stable urea phosphate-based coc-
rystals for improved nitrogen management, as shown in Fig. 12.
The very recent approach of utilizing Cu- and Zn-containing
minerals was reported by Eisa et al.,'* whereby basic Zn and Cu
carbonates were reacted with solid commercially available urea-
sulfuric acid cocrystals to form CuSO,-3CO(NH,),-H,O and
ZnSO,-CO(NH,),-2H,0 cocrystals. These constituted novel
multi-nutrient fertilizer materials with enhanced nitrogen
efficiency.

The development of cocrystals in agriculture is crucial for
decreasing nitrogen leaching and its dangerous consequences
on farming or the environment. Using cocrystals can affect

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Insoluble Soluble Improved nitrogen management
I . 11 . 11 1
MgCOs;; CaCO;4 4CO(NH,), - H,SO, CaSO0,-4CO(NH,),; MgSO,-6CO(NH,),-H,0
Mg(OH),; Ca(OH), 4CO(NH,), ‘H;PO, Ca(H,P0,),-4CO(NH,),; Mg(H,PO,), 4CO(NH,),
MgO; CaO + 4CO(NH,), ‘HNO; Ca(NO;),"4CO(NH,),; Mg(NO;), xCO(NH,), yH,0
ZnCO;; CuCO;y (NH,),CO; &NH,HCO;  (NH;)Zn(CO;); CuCO;-2NH;; (NH,), Mg (CO5),-4H,0

Mechanosynthesis

Fig. 12 The ability to produce improved nitrogen cocrystals based on urea with insoluble minerals.*®

farming practices, which is aligned with the agenda of the
United Nations for Sustainable Development Goals (SDGs). In
this regard, there are three main visions related to agriculture,
which are SDG 2 (Zero Hunger), SDG 12 (Responsible
Consumption and Production), and SDG 15 (Life on Land).
Cocrystallization with urea can be considered as an organo-
mineral fertilizer route. This can lead to higher productivity
with more nutrients and more controllable fertilizers, in addi-
tion to enhancing soil health with lower environmental
concerns. Cocrystals based on urea can significantly contribute
to climate action by enhancing the efficiency of nitrogen utili-
zation in agriculture, thereby reducing the emission of green-
house gases such as nitrous oxide. These cocrystals offer a more
controlled release of nitrogen, which means that crops receive
nutrients more effectively and reduce the need for excessive
fertilizer application. This optimized nutrient delivery mini-
mizes the environmental impact of traditional fertilizers.
Moreover, the solvent-free mechanochemical synthesis of urea
cocrystals reduces energy consumption and eliminates the need
for harmful solvents, aligning with sustainable production
practices.

5.2. Measurement techniques to assess nitrogen release

Evaluating the release rate and solubility behavior of nutrients
is an important aspect of understanding the performance of
agrochemical systems. Various methods have been employed in
the literature to obtain numerical values, each with its strengths
and limitations. Therefore, the most commonly used experi-
mental techniques to assess the cocrystallization ability of
fertilizers or their potential to improve NUE will be reviewed in
this section with emphasis on mobile nitrogen gases.

One of the most common experiments is the equilibrium
solubility study, which is based on determining the maximum
amount of a material that dissolves in a specific medium under
equilibrium conditions. This method is used to predict the
behavior of materials in different environments, such as soil
moisture or aquatic systems. The results depend on ionic
strength, temperature, and pH. For experimenting, there are
three major steps: saturated solution preparation, filtration and

© 2025 The Author(s). Published by the Royal Society of Chemistry

drying, and mass measurement. In this regard, Eisa et al. used
this method to study the solubility of urea and its cocrystals.
They weighed the samples with 4.5 g of the cocrystal and dis-
solved in a fixed volume of distilled water (5 mL) in a sealed 25
mL beaker. The solution was agitated in a water bath to main-
tain a consistent temperature for 24 hours. This ensured that
the system reached equilibrium, where the solution became
saturated, and no further dissolution occurred. After equili-
bration, undissolved solids were separated from the saturated
solution by filtration. Then residual solids were dried overnight
at 80 °C to remove water content. The difference between initial
mass and residual mass per 5 mL was calculated to obtain the
average solubility.™

The nitrogen-release soil experiment is one of the experi-
ments that is designed to study the release (or volatilization) of
ammonia from soil after applying nitrogen-containing
compounds. The major aim of this experiment is to investigate
the loss of nitrogen from the soil in the form of NH; during
a period of incubation. The amount of volatilized ammonia
indicates the efficiency of nitrogen use in soil and the impact of
different nitrogen sources on the environment. Govoni et al.
conducted this experiment by using Oxisol collected from the
surface layer (30-40 cm) of an agricultural area in Sdo Carlos,
Sao Paulo State, Brazil."*® The soil had the following character-
istics: 608 g per kg sand, 367 g per kg clay, and 25 g per kg silt,
based on textural analysis using the pipetting method. It had
a water holding capacity (WHC) of 200 g kg™', a pH of 5.2
(measured with a glass electrode), 8 g kg™' organic carbon
content (measured by the Walkley-Black method), a cation
exchange capacity (CEC) of 45 cmolc kg™, and 4 mg per kg
phosphorus content. The cocrystal powders were incubated
with 10 g of soil and by using nitrogen application rates between
0.9 and 1.1 g-N per kg of soil in 125 mL polyethylene bottles. The
powders were applied to the soil surface, and the soil moisture
content was adjusted to 80% of its water-holding capacity by
adding 1.6 mL of deionized water per 10 g of soil. A 5 mL acid
trap containing 4% boric acid was attached to each bottle to
capture volatilized ammonia during the incubation. The
samples were incubated for 3, 7, and 14 days in a temperature-
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controlled room set at 25 °C. The volatilized NH; was then
determined by titrating the boric acid with 0.01 mol L' HCL
For inorganic nitrogen extraction, the soil samples were shaken
for 1 hour with 100 mL of 1 mol per L KCI, containing 5 mg per L
phenylmercuric acetate as a urease inhibitor. The resulting
suspensions were filtered using a slow filter (diameter 12.5 cm),
and the filtrates were stored in 100 mL polyethylene bottles at 5
°C. Furthermore, the ammonium ion content in the extracts was
determined using a colorimetric method. Finally, the nitrogen
content of each fraction was expressed as a percentage of the
applied nitrogen."” Eisa et al. assessed volatilized nitrogen loss
from cocrystals under elevated relative humidity using a flow-
through column setup with four independent channels. An air
pump circulates approximately 1.5 L min~" of air, saturated to
~90% relative humidity, through each channel. The humidified
air was passed through a 250 mL soil chamber containing 130 g
of soil with 0.3 g of nitrogen from the cocrystals. The outlet air
stream was directed through a sulfuric acid scrubber (0.2 N) to
capture volatilized ammonia. Ammonium nitrogen content was
measured by periodic alkaline titration.'* A static chamber was
used by Honer et al. in batch mode. A total of 90 g of silt loam
soil was used, and nitrogen was applied in the form of urea or
the cocrystal with 0.09 g of nitrogen per 1 g of soil (equivalent to
1 mg of nitrogen per gram of soil). For the experiment, 0.1929 g
of urea and 0.3022 g of CaSO,-4CO(NH,), were spread on the
soil surface in separate trials. NH; emissions were measured
over 48 hours using an NH; single gas detector that was placed
inside the reaction chamber. This experiment was conducted
under static conditions within a sealed chamber at 23 °C and
50-60% relative humidity.*¢

While nitrogen gas release measurements are routine in the
laboratory, nitrogen balance measurements in the field present
certain challenges yet are necessary to assess the suitability of
cocrystals in affecting the overall nitrogen and fertilizer
production energy balance. Hence, opportunities lie in the
measurements that can provide the data for environmental
impact assessment using the life cycle approach. In particular,
while NH; is a common product of urea volatilization, nitrifi-
cation into NO;~ and its denitrification are responsible for N,
and N,O emissions as well as leaching of reactive nitrogen
species into solution. The development of measurement
systems that account for all the volatile and mobile nitrogen
species with high accuracy is necessary.

6. Conclusions and future
perspectives

This review underscores the transformative potential of diverse
agrochemical purpose molecule cocrystallization in advancing
agricultural sustainability by addressing the inherent chal-
lenges of traditional fertilizers, such as moisture absorption,
thermal decomposition, and ammonia gas release. The signif-
icance of cocrystallization can be demonstrated, as it can
significantly enhance the stability, efficacy, and environmental
friendliness of urea. Cocrystallization can also be used to
incorporate essential macronutrients and micronutrients into
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urea cocrystals to provide nutrient-balanced materials with
multifunctional properties. This leads to providing a strong
nutrient delivery system that promotes balanced nitrogen
uptake and acts as a urease inhibitor, further mitigating envi-
ronmental impact. The need and the opportunity lie in nutrient
management technologies that can be afforded by the cocrys-
tallization of nutrient-containing molecules:

e Major nutrient-containing cocrystals are prone to nutrient
loss due to the propensity to react and undergo transformations
in moist soil. This category includes macronutrients that are
based on nitrogen, which has been the focus of most research to
date. Much less is known about potassium-containing cocrys-
tals since only a few examples of them exist in the modern
literature. This is related to the low polarizability of potassium
ions and novel formulations are needed that include secondary
salts to delocalize outer electrons;

e Nutrient-balanced fertilizer materials that incorporate
a few or many nutrients, such as N, P, K, Ca, S, and Mg, which
are required in large quantities, and micronutrients, such as Fe,
Mn, Cu, and Zn, which are required in smaller quantities. A
related challenge is ensuring that formulations adhere to the
fundamental nutrient ratios necessary for plants;

e Soil health is heavily dependent on the presence of an
organic carbon pool. For example, the co-localization of organic
carbon with nitrogen can facilitate microbial assimilation for
the production of large biomolecules with beneficial effects on
soil. The utility of cocrystallization here lies in combining
renewably sourced carbon molecules, such as carboxylic acids.
Carbon-urea cocrystals that are derived from natural organic
matter are a few examples where large-scale formulation can be
useful in fostering soil health.

e Finally, technological advancements are mainly based on
mechanochemical approaches. The methods based on mecha-
nochemical approaches are green engineering approaches that
facilitate the production of urea cocrystals in a sustainable and
scalable manner. This solvent-free technique aligns with envi-
ronmental sustainability principles, which makes it an attrac-
tive option for future fertilizer production. In a practical
context, for farmers and the agricultural industry, urea cocrys-
tals give practical benefits such as ease of storage, handling, and
application. These tailored fertilizers can lead to more efficient
nutrient use, reducing the need for frequent applications and
lowering operational costs.

The overuse of conventional pesticides and fungicides in
agriculture has led to widespread issues such as pest and fungal
resistance. Cocrystallization offers a solution by enabling slow-
release formulations that deliver only the right/sufficient
amount of protection while preventing excessive application. To
maximize effectiveness, these formulations must be carefully
studied and optimized to achieve the ideal release rate to ensure
efficient protection without overuse. In addition, cocrystallizing
urea with essential macronutrients and micronutrients can
balance and gradually control the nutrient delivery in soil. This
might aim to maintain soil fertility over time by reducing the
need for excessive chemicals. This can occur because the slow-
release cocrystals will provide nutrients over a longer period,
which might also help in salinization. Moreover, cocrystals can
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decrease the chances of nutrient run-off and pesticide leaching
due to their controlled-sustained release. Therefore, strategic
cocrystallization of urea with compatible molecules can repre-
sent a significant advancement in crystal engineering. Future
research can be directed into the path of experimenting with the
currently used materials in agriculture with urea at different
molar ratios to estimate the appropriate ratio for co-crystalli-
zation. In particular, expanding the available list of utility
chemical compounds that can be cocrystallized with urea would
enable the creation of targeted crystalline materials for preci-
sion delivery of specific functionality. Opportunities exist in the
data-driven discovery of such materials given the large array of
organic materials available for agricultural practices but their
utility is limited in their pure form.
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