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Hydroxyapatite/urea hybrid materials: what is the
basis for the enhanced nutrient efficiency?

Mohamed Ammar,? Sherif Ashraf® and Jonas Baltrusaitis (2 *@

The growing demand for food production worldwide has led to the increased use of fertilizers contributing
to a range of environmental problems. To reduce these problems, the development of urea—hydroxyapatite
(HAP) materials as nutrient-efficient fertilizer carriers has gained considerable attention as a more nutrient-
efficient alternative to conventional nitrogen (N) and phosphorus (P) fertilizers. Conventional N fertilizers,
such as urea, possess high solubility and rapidly release nitrogen leading to significant nutrient losses
through leaching and volatilization. Conventional P fertilizers suffer from quite the opposite problem:
they are quickly immobilized in soil and P release becomes very slow. HAP is a naturally occurring
mineral and has been postulated, at the nanoscale, to release P at a controlled rate although risks
associated with HAP nanoparticle occupational and environmental toxicity remain. HAP/urea hybrid
materials present a unique opportunity for N-P—(Ca) fertilizer material design where innate properties of
the parent materials, urea and HAP, are altered due to the purported chemical interactions, thus resulting
in a novel and improved nutrient management paradigm. This review summarizes the developments in
their synthesis, nutrient release and plant uptake while scrutinizing the reported underlying chemical
interactions between both parent compounds, critical to the enhanced efficiency in soil.

Phosphorus (P) and nitrogen (N) are essential nutrients for all life forms but have turned into major contaminants. For instance, excessive application of P as an
agricultural fertilizer has resulted in the leaching of P out of soil and caused eutrophication of water bodies and compromised the quality of drinking water.

Similarly, excessive use of urea as a N fertilizer resulted in reactive nitrogen mobilization into the environment. Nevertheless, these major nutrients are critical
for the growth of crops, as well as the functioning of aquatic/terrestrial organisms. The balanced release of nutrients into soil is hence of major importance. This
review describes the development and open question in structure-property relationships of urea-hydroxyapatite materials recently proposed as nutrient-

efficient fertilizers.

1. Introduction

By the year 2050, the world's population is projected to reach
ten billion"* posing a significant challenge in providing
adequate food supply to meet the growing demand.® To address
this challenge, synthetic nitrogen (N) fertilizers play a crucial
role, as they account for half of the global food production.*
Nitrogen is a vital nutrient essential for life and food produc-
tion.> Only about half of the applied nitrogen is taken up and
the excess is either temporarily stored in soil or lost to the
environment.* Nitrogen losses can lead to nitrogen pollution,
which is a significant concern with far-reaching environmental
impacts.>® These impacts include eutrophication, air pollution,
biodiversity loss, climate change, and stratospheric ozone
depletion.”® These detrimental effects of excessive nitrogen
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inputs are already evident causing a decline in herbaceous plant
species richness in terrestrial and wetland ecosystems world-
wide. Additionally, nitrogen pollution can have adverse effects
on human health, contributing to respiratory ailments, cardiac
diseases, and various cancers.”**® To reduce the environmental
problems associated with nitrogen pollution, global efforts are
essential'* and developing methods and formulations of more
sustainable N fertilizer materials can be the key to the solution.

In addition to the concerns related to nitrogen pollution,
there are also issues with phosphorus (P) fertilizers from envi-
ronmental and economic aspects.”” The global demand for P
fertilizers has been on the rise leading to intensified mining and
production activities. However, this surge in P utilization has
come at a steep environmental cost.’> One of the key environ-
mental concerns associated with phosphorus fertilizers is the
resulting eutrophication.”* P runoff from agricultural fields
often finds its way into water bodies promoting excessive algal
growth. As a result, water bodies become overloaded with
nutrients, leading to harmful algal blooms and the formation of
“dead zones” where oxygen levels become dangerously low and
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threaten aquatic life.*** In addition to eutrophication, P
mining and fertilizer production generate substantial process-
ing waste, such as phosphogypsum, which contains toxic
elements, such as cadmium and radioactive substances.'®'’
Altogether, there is a pressing need to improve P and N
management practices and adopt novel more efficient fertilizers
to minimize nutrient losses and their adverse environmental
impacts.

The compound of urea and hydroxyapatite (HAP) in an inte-
gral hybrid material can potentially offer significant advantages
over the conventional mixture of these fertilizers.'® The tunable
nutrient release properties of HAP nanoparticles can ensure
a controlled and sustained release of phosphorus, reducing the
risk of nutrient leaching and runoff into water bodies. Addi-
tionally, the controlled release of urea can potentially take place
if it undergoes specific binding interaction with HAP which can
enhance nitrogen efficiency, ensuring that nitrogen is readily
available to plants during critical growth stages while mini-
mizing nitrogen losses as greenhouse gas emissions.'®* Conse-
quently, the use of HAP/urea hybrid materials can significantly
reduce the environmental footprint of agricultural practices
contributing to the overall reduction of greenhouse gas emis-
sions and improved air quality. This work reviews the body of
reported literature data where a hybrid HAP/urea material was
synthesized and used in agricultural experiments as a compound
N-P—(Ca) fertilizer. The measured and observed improvements
in nutrient release are first described while scrutinizing the
potential underlying molecular interaction phenomena respon-
sible for the improvement of nutrient release.

2. HAP as an emerging P fertilizer
material

HAP holds promise as a highly efficient P fertilizer in modern
agriculture. One of its remarkable characteristics is the naturally
rich composition of essential macronutrients, including calcium
(Ca) and P, which are crucial for plant growth and development.
These nutrients are readily available within apatite ensuring
a readily accessible and valuable nutrient source for plants thus
promoting healthy growth and higher yields.**** Furthermore,
HAP's biocompatible nature, in general, makes it an environ-
mentally friendly option for agricultural use.?** This biocom-
patibility enhances its potential for sustainable and eco-friendly
farming practices. The particle size of HAP plays a significant role
in enhancing its performance as a fertilizer if it obtains a large
surface-to-volume ratio.>** While outside the scope of this
review, the particle size of HAP has also been shown to be
important due to the potential toxicity and needs to be accurately
addressed® before a wide-ranging application is permitted.
Furthermore, the pH-responsive solubility of HAP is
a standout feature that sets it apart from conventional P fertil-
izers.””*® This property allows HAP to respond dynamically to
changes in soil pH levels, releasing calcium and phosphate ions
only when needed by the plants. This targeted and gradual
nutrient release aligns with crop growth stages, avoiding
nutrient wastage and leaching. As a result, the enhanced
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Fig. 1 HAP/urea hybrid materials are proposed to achieve equivalent
NUE compared to conventional fertilizers but at a lower application
rate. Therefore, the recommended doses in the conventional N-
fertilizers can be scaled to reach the same NUE.

nutrient uptake efficiency promotes crop health and resilience,
contributing to improved agricultural sustainability. Sajadinia
et al. investigated the effects of four different types of fertilizers
on the growth properties of Zea mays L. Among them, HAP
fertilizers demonstrated the most significant impact on maize
growth. In comparison to conventional commercial fertilizers,
such as simple and triple superphosphate (SSP and TSP), HAP-
based fertilizers exhibited higher effectiveness in improving
maize traits. HAP increased the height of maize by 50% more
than SSP and control, in addition to 36% compared to TSP.*®

Finally, HAP offers an expansive surface area for interactions
with other nutrient-containing compounds.** This property
enables efficient adsorption of essential elements onto its
surface, promoting controlled nutrient release and uptake by
plants over time.”® Another advantage of HAP lies in its adapt-
ability to cation or anion doping, providing a versatile platform
for tailoring its properties to specific agricultural needs.**>*
This flexibility enables researchers to design the characteristics
of fertilizer based on HAP, including nutrient release rates and
compatibility with different soil types and crops, for optimized
agronomic outcomes. One such quickly developing area is the
design of N-P—(Ca) fertilizer materials where HAP is used to
stabilize urea and decrease nitrogen release rates. As shown in
Fig. 1, the goal of such a design must include significantly
improved nitrogen management that decreases the need for
high-applied nutrient loading to achieve the same nitrogen
utilization efficiencies (NUEs).

3. Preparation of HAP and HAP/urea

HAP used in HAP/urea hybrid materials can be synthesized using
several methods but mainly there are six methods for the prep-
aration. These methods are summarized in Fig. 2 and the most
used method in preparing composites of HAP/urea is the wet
method. Tarafder et al. used the wet method by reacting solutions
of calcium hydroxide and orthophosphoric acid to obtain
precipitated HAP.** They also modified urea by adding trisodium
citrate to work as a nitrification inhibitor and heated the mixture
to 90 °C for 1 h. The preparation of HAP/urea involved mixing
100 mL of HAP suspension with 0.05 g of synthesized urea. The
dispersion was sonicated at 30 kHz for 1 hour, followed by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The common methods of HAP preparation with their related
techniques. HAP/urea is typically synthesized by the wet method
which is highlighted with a green color and the effect of other
synthesis methods on the resulting structure-nutrient release prop-
erties is largely unknown.

settling and removal of excess liquid. The resulting mixture was
then centrifuged and washed. The resulting composite was dried
at 100 °C for 2 hours and powdered using a hand mortar.** The
same method was used by Kottegoda et al. by dissolving 75 kg of
solid urea in a 75 L suspension of Ca(OH), (9.65 kg). The mixture
was stirred for 45 minutes before adding 5.05 L of 0.6 M H;PO,
dropwise. The resulting composite had a urea: HAP ratio of 6: 1
and was mechanically agitated for an additional 2 h. Finally, the
mixture dispersion was flash-dried at 60 °C to obtain the HAP/
urea material.** Another study by Fernando et al. reported fabri-
cation of HAP on quartz crystal microbalances (QCMs) by
depositing HAP particles with rod-like and bead-like morphol-
ogies onto 10 MHz QCM crystals with 100 nm-thick gold elec-
trodes. The HAP particles were synthesized via two routes (R1 and
R2) and deposited using spin coating and electrophoretic depo-
sition (EPD) techniques to achieve (100) and (002) preferential
crystal orientations. 1-hour ultrasonic dispersion of HA-Np
powder in absolute ethanol was used to prepare the HAP
suspension. Spin coating was performed at 3500 rpm for 5
minutes using HAP synthesized via R1, while EPD was carried out
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at 10 V for 6 seconds using HAP prepared via R2. The coatings
were then treated with ultrasonic waves (28 kHz, 100 W) for 5
seconds to remove loosely bound particles and heat-treated for
3 h using a tungsten lamp.* The reported methods by Ullah et al.,
Maghsoodi et al. and Madusanka et al. were the same methods
and steps as those by Kottegoda et al. with a ratio of 1 : 1 for urea :
HAP in Madusanka's and 7: 1 in Maghsoodi's work.***

4. HAP/urea hybrid materials for
enhanced plant nutrient uptake —
equilibrium considerations

As further scrutinized in Section 5, urea molecules can bind to
the HAP particle surface potentially leading to a lower N solu-
bility although the exact binding or slower N release mechanism
for this is unclear. Kottegoda et al. synthesized HAP/urea with
a weight ratio of 6:1. They showed that equivalent N amount
release took 12 times longer for HAP/urea than for pure urea in
column dissolution experiments. Moreover, HAP/urea was asso-
ciated with improved rice crop yields at a 50% lower applied
nitrogen content. It was proposed due to the interaction of urea
and HAP via amine and carbonyl groups.** Similarly, Pohshna
et al. synthesized HAP/urea materials with a 5:1 weight ratio
deemed as urea-doped HAP nanomaterials although experi-
mental procedures were sol-gel at low temperatures, unlikely to
result in doping. Application of these materials in rice fertiliza-
tion with Ngg : P175 : K50, @ half-recommended dose of Ny, : Pgg :
Kso, resulted in comparable biomass yields and plant height, as
compiled in Table 1.>* The results also depicted a high efficacy
of N use (76%) and P (14%), which revealed a significant
reduction in nutrient leaching.®® While non-comprehensive,
their results provide the potential of hybrid HAP/urea materials
to yield biomass growth performance indicators while using half
of the nitrogen in standalone urea.

Carmona et al. reported that the cost per gram for amor-
phous calcium phosphate/urea (ACP) is relatively higher than
that of the known market fertilizers such as diammonium and
monoammonium phosphates. The reported prices were 0.08€
per g for ACP/urea, while 0.038 and 0.032€ per g for dia-
mmonium and monoammonium phosphates respectively.*

Table 1 Comparison of the growth efficiency of HAP/urea hybrids with conventional fertilizers. The plant growth in control samples was

normalized to 100%

Treatment Plant Biomass weight (%) Plant height (%) Yield (%) Ref.
HAP/urea N1 g of nitrogen per ha * P350 : Kso Rice 129 115 — 39
(recommended dose)

HAP/urea N : P75 : K50 (half of the 124 113 —

recommended dose)

Nizo: Peo: Kso 125 108 —

No : Py : K, (control) 100 100 —

Ureayoo kg ha* Rice — — 131 34
HAP/ureas g ha* — — 142

Ny : Py : Ko (control) — — 100

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, 2.5 and 3.7€ are needed to obtain 1 mol of N in
diammonium and monoammonium phosphates, respectively,
while 17.3€ per mol per N for ACP/urea. Therefore, it can be
seen that HAP/urea can potentially provide higher efficiency
and sustainability but at a higher price.

5. Release rates of nitrogen from
HAP/urea hybrids — kinetic
considerations

The use of HAP as a stabilizing agent to mitigate nitrogen
release presents an intriguing concept. Recent studies have
demonstrated the remarkable ability of HAP nanorods to reduce
the release rate of complexed urea by up to 11.5 times when
compared to pure urea.*® They reported that pure urea
completely dissolved in deionized water after 40 seconds while
HAP/urea reached around 90% of urea release after 480
seconds.”® Kottegoda et al. also found that HAP/urea had
a slower rate of N release than pure urea more than 12 times,
which is similar to the work reported by Maghsoodi et al.>*** In
particular, in these experiments, around 99% of N in urea was
released after 320 seconds while in HAP/urea (1 : 6) around 86%
was released in water after 3820 seconds and the rest 14% was
released after a week as shown in Table 2.** Tarafder et al
showed that HAP/urea exhibited a slow release rate of nutrients
in soil as well as water although the underlying reasons why the
nutrient release in water is much slower than in soil were not
obvious. After 14 days, around 0.1% and 1% of NO,  was
released in water and soil, respectively, from urea-modified HAP
particles. In addition, PO, released after 14 days was 1% and
6% in soil and water, respectively.*® Interestingly, the authors
observed ~320% NO;™ release in the soil after 14 days but did
not elaborate on this apparent nitrogen balance increase.
Finally, Madusanka et al showed that the HAP/urea/
montmorillonite composite exhibited N release patterns that
were much slower than those in pure urea. In particular, in the
soil column, urea released around 70% of N after 30 days while
HAP/urea/montmorillonite reached the same released amount
20 days later.*” Hence, kinetic release patterns of hybrid HAP/
urea materials are reported to be different from those of pure
urea and nutrient release patterns reported so far paint
a complex picture with implications of strongly inhibited urea
dissolution from HAP/urea materials.
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6. Interactions between HAP and
urea potentially responsible for the
improved N stability

6.1. Structural interactions between HAP and urea

The crystal structure investigation has a pivotal role in its
capacity to improve the understanding of the interactions
between urea and HAP. Interactions between different materials
hold the potential to induce vacancies, structural imperfec-
tions, and even distortion. Hence, through the identification of
plane shifts or alterations in intensity, the governing interac-
tions that drive these changes can be indicated. Pure urea
exhibits distinct peaks at 22.25°, 29.32°, 24.62°, 35.53°, and
37.12°, corresponding to Miller indices of (110), (111), (101),
(210), and (201), respectively.** Notably, the most pronounced
peak corresponds to the (110) plane. On the other hand, HAP
shows two main types of crystal structures which are hexagonal
and monoclinic. The most used one in agricultural applications
is the hexagonal crystal symmetry. The hexagonal symmetry
belongs to the P6;/m space group and a hexagonal unit cell. The
crystallographic parameters of a and c¢ are 9.418 and 6.881 A,
respectively.*

HAP within the compound material with urea can be ob-
tained with various crystallinities from amorphous to the highly
crystalline bulk. This depends primarily on the synthesis
method conditions. Elhassani et al. prepared HAP by a chemical
approach and then a well-dispersed solution was obtained for
both urea and HAP. The XRD analysis showed the hexagonal
symmetry of HAP. The existence of urea was detected using its
tetragonal symmetry and, after washing, the urea was still
detected by XRD. This indicated the strong bonding between
urea and HAP within the hybrid material. This impregnation
technique of urea addition led to no change or modification in
the HAP structure.*® In a study by Sharma et al., urea exhibited
prominent peaks for (hkl) planes of (210), (111), and (110).
These planes showed shifts due to the structural modifications
and rearrangements.*® Some peaks disappeared such as the
peak belonging to the (110) plane. Therefore, the incorporation
of urea on the HAP surface can lead to a change in the urea
structure. The difference between the preparation in Elhassa-
ni's and Sharma's work was the temperature of the preparation.
Sharma et al. used 50 °C during HAP preparation and mixing
with urea. However, Abeywardana et al. synthesized HAP/urea

Table 2 Release behavior of traditional and slow-release compounds of HAP/urea

Fertilizer type Release pattern Conditions Authors Ref.

Traditional urea 100% release in 40 seconds In water Maghsoodi et al. 38
99% release in 320 seconds In water Kottegoda et al. 34
70% release in 30 days In soil Madusanka et al. 37

HAP/urea hybrids 90% release in 480 seconds In water Maghsoodi et al. 38
86% release in 3820 seconds In water Kottegoda et al. 34
The remaining 14% were released over 7 days In water Kottegoda et al. 34
70% release in 50 days In soil Madusanka et al. 37
0.1% NO,~ and 1% PO,*>” release in 14 days In soil Tarafder et al. 33
1% NO,  and 6% PO,*>" release in 14 days In water Tarafder et al. 33
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Table 3 The various compositions and their detection using XRD
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Composition Crystal size (nm)  Crystalline information Results Ref.
HAP (control) 27 — 100% (plant height) 44
Zn-HAP/urea — Peaks of HAP have no shifts 133% (increased plant height)
Cu-Fe-Zn-HAP/urea — Significant breakdown in the peak Statistically significant nutrient uptake 33

at 22.1° of the urea crystal structure efficiency

of A. esculentus at 50 mg per week

Urea-coated HAP 18 There was no shift in HAP or the urea 50% urea reached the same results as 34
nanorods structure. But the plane of (210) of urea those of 50% urea in HAP/urea

has decreased in intensity after coating
HAP 38.7 — — 31
HAP/urea — There was a shift in urea peaks in 50% and even 25% of N doses in the
Zn-HAP/urea 28.3 planes (210) and (111) compared to pure  doped-HAP/urea hybrid can obtain

Mg-HAP/urea 20.8 urea

composites and observed no peak shifts in HAP (hexagonal
structure) upon the incorporation of urea.** There was no
elevation in temperature during the preparation. Hence, this
might indicate that higher temperatures during the mixing step
of urea and HAP can lead to structural modifications in urea.

Other nutrients were also incorporated into HAP/urea hybrid
materials. Zn-HAP/urea composites resulted in higher plant
height and dry weight, as shown in Table 3. Tarafder et al
demonstrated that urea exhibited lower intensity peaks, indi-
cating possible disruption of the crystal structure due to inter-
action with HAP.*® They attributed this effect to a metal-ligand
interaction between N and Ca atoms in newly formed HAP/urea
composites. They also showed that when A. esculentus plants
were treated with a low weekly dose (50 mg) of Cu-Fe-Zn-HAP/
urea fertilizer they exhibited a statistically significant increase
in nitrogen utilization efficiency. Interestingly, G. Ramirez-
Rodriguez et al. observed that the intense peak of urea at 22°
upon its incorporation into amorphous calcium phosphate -
but only at the amounts below those leading to phase segrega-
tion - transformed completely into an amorphous pattern with
a broad amorphous peak at 32.5°.** This means that the
incorporation of urea into the hybrid HAP/urea material can
indeed be a single phase, as long as the concentrations allow
excess urea leading to phase segregation. For this reason, some
high urea content HAP/urea composites exhibited crystalline
patterns of the segregated parent compounds.** Sharma et al.
studied the effect of Zn/Mg doped HAP/urea on wheat growth
usage.** The results showed that elemental dopants can be used
to manipulate the crystallinity of HAP and thus the nitrogen
loading capacity.’* In addition, using 50% and 25% of Zn/Mg-
HAP/urea promoted wheat growth similar to the 100% doses of
urea.** Noteworthily, HAP or HAP/urea hybrids did not exhibit
a typical crystalline pattern of HAP observed making peak shifts
of urea in the HAP structure upon doping Mg and Zn difficult to
be assigned.

It can be seen in Table 3 that the incorporation of urea did
not significantly affect the crystallite size of prepared HAP, as
determined from XRD analysis. Crystallite size can be used as
an important indicator if the crystallinity of the material is

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

results similar to those of 100% N doses
of conventional urea

changing due to the urea incorporation into the HAP structure
(or vice versa) but the concentrations of the parent materials,
and likely synthesis methods, need to be adjusted to achieve it.

6.2. Chemical interactions between HAP and urea

The impact of the interaction between HAP and urea can
crucially affect the urea reactivity and N release properties. The
reported molecular binding mechanisms are described in this
section.

Ullah et al. prepared HAP/urea hybrid materials and detected
C-N, C=O0, and N-H vibrations and the presence of the PO,>~
functional groups in the final composite material.*® The peak at
1643 cm ' was assigned to the C=O functional group.
However, »(CO) in urea is typically found at 1601 cm ™" and the
combination of peaks in the 1700-1400 cm ™" spectral region is
due to the combination of bending and stretching modes of -
NH, and -CN functional groups with some combinations of
»(CO).* The peak at 1640 cm ™' can often be due to the presence
of adsorbed water vibrations.”” In this situation, a series of
samples synthesized with increasing urea content would allow
for unambiguous infrared peak assignments.

Kottegoda et al. presented X-ray photoelectron spectroscopy
(XPS) spectra where the N 1s peak of HAP nanoparticles
exhibited a peak at 399.2 eV while the HAP/urea hybrid material
exhibited a peak shifted to 400.7 eV. Therefore, new bonds were
proposed to have formed between HAP and N of urea.
Furthermore, Ca 2p, and P 2p of HAP/urea showed higher
binding energy than pure HAP by 0.3 eV. The author attributed
the shift in peak binding energy to changes in the chemical
environment around Ca®" ions and H-bonding formation
between PO,*” groups and urea.* They correlated these
observations with the FTIR results where a shift in C=0 and
N-C-N towards lower wavenumbers was observed, as shown in
Fig. 3. In addition, the intensity of NH, decreased when urea
and HAP were in one composite which indicates that fewer
molecules are vibrating at certain frequencies. Therefore, fewer
bonds are formed at these specific frequencies. This might
indicate destruction in the urea structure. However, chemically
pure HAP alone should not contain any nitrogen atoms. XPS

Environ. Sci.; Adv., 2025, 4, 77-89 | 81
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analysis presented by Kottegoda et al.** is somewhat misleading
since Fig. 3 in that reference refers to N 2s but the region pre-
sented is N 1s. It can only be surmised that HAP nanoparticles
were contaminated or made using a different method that
included an external nitrogen source, for example, NH,OH for
pH adjustment. Additionally, samples might have been mis-
labeled. Recently, XPS spectra of HAP/urea compounds were
revisited but the peak shifts provided were very small.>* No
information on charge calibration was provided; however, if C
1s were used, these peak shifts fall within the error (+0.2 eV) of
the calibration method.*® Finally, a large excess of urea, used to
synthesize HAP/urea hybrids, suggests that XPS spectra should
contain contributions from both bulk and HAP-bound urea
molecules within the vicinity of ~3 nm XPS probing layer but no
such differences in chemical environments were reported.

In a well-designed experiment, Carmona et al. performed the
infrared analysis of urea/amorphous calcium phosphate mate-
rials and proposed that urea molecules were adsorbed on the
surface via the interaction of NH, groups, presumably with
surface Ca atoms.”® However, HAP was shown as not necessary
to induce a beneficial nitrogen release effect via chemical
bonding. This effect can be through hydrogen bonds and elec-
trostatic interactions. Silva et al. synthesized urea/silica hybrids
and examined their chemical binding through FTIR measure-
ments. The experiment showed shifts of vibrational frequencies
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attributed to the formation of new hydrogen bonds and other
new non-electrostatic forces (physical bonds) through urea
amine and carbonyl groups® with relatively inert silica. These
formed bonds led to sustained-release behavior for more than
ten days in water. Silva et al. measured and reported by FTIR
spectra of HAP/urea where there were ~19 and 14 cm ™" peaks
towards higher wavenumbers for carbonyl stretching (C=0)
and amine bending (NH,) vibrations, respectively. While
agreeing with recent data,® this seemingly contradicted
previous work where HAP/urea hybrid formation resulted in
a peak shift towards lower wavenumbers from pure urea.’*
Similarly, Madusanka et al. reported that urea and HAP showed
strong interaction which was detected by FTIR. They found that
there was an overlap between O-H and N-H vibrations which
led to a peak broadening and shifting towards lower wave-
lengths.*” This discrepancy is shown in Fig. 3 and suggests
different binding modes based on the synthesis methods.

6.3. Theoretical insights via density functional theory (DFT)

Fuad et al. theoretically investigated the interaction between
HAP and urea and reported that urea can be adsorbed and
coordinated on the surface of HAP. Using cluster surface
approximation and a Gaussian basis set, they showed that the
adsorption can take place via hydrogen of urea with the oxygen
of HAP and carbonyl oxygen of urea with Ca surface atoms of
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Fig. 3 Reported FTIR peak shifts of HAP/urea hybrid materials with respect to urea. The results are consistent among 3 researchers, while in
contrast with those by Fernando and in most functional groups in Channab's work 3435373849
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HAP.” Single (gas) molecule adsorption was used to model the
interactions which lack any packing effects since very high
loadings of urea are routinely utilized in HAP/urea hybrids.
Additionally, HAP is known to possess several very distinct
surface terminations (Ca or P rich); hydration and extended
solid-state surface simulations are needed to account for
those.** Recently, Fernando et al. studied interactions between
urea and HAP and showed that HAP and urea can bind together
through several modes but the binding interactions were
proposed based on the previous studies of urea-metal complex
assignments. They can interact through C=0 moieties of urea
and Ca®" cations, N-H and Ca*", N-H and OH, or N-H and O of
PO, which are illustrated in Fig. 4.%

Fuad et al. calculated the electrostatic potential (ESP) of
hydroxyapatite (HAP) and showed that certain regions can be
described as electron-rich (negatively charged), while others are
electron-deficient (positively charged). The minima points on
the potential surface, which are electron-rich, were found near
the hydrogen atoms in the OH groups. As a result, these regions
are susceptible to electrophilic attack from electron-deficient
species (electrophiles). On the other hand, the maxima points
were located near the oxygen and calcium atoms, which are
relatively electron-deficient. This makes them vulnerable to
nucleophilic attack, where electron-rich species (nucleophiles)
are attracted to these positively charged areas. The results
showed that urea molecules prefer regions on the HAP surface
where the charges complement their chemical properties. The
nucleophilic atoms in urea (oxygen and nitrogen) moved toward
the electrophilic sites (electron-deficient regions), while the
electrophilic atoms in urea (hydrogen) were attracted to nucle-
ophilic sites (electron-rich regions) as shown in Fig. 5.*°
Furthermore, the results showed that there is a strong interac-
tion (non-covalent) between oxygen-calcium and hydrogen-
oxygen. Another study by Fuad et al. showed a new strong bond
formed between nitrogen and the nearest calcium atom.>* These
computational studies explain the experiments that noticed the
hybrid formation of HAP/urea.
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Fig.5 The non-covalent bonding between HAP and urea through the
nucleophile and electrophile sites. Electrophilic sites in urea can be —H
and —Ca- in HAP while nucleophilic sites can be —-O-H or —N= in
urea and the hydroxyl group in HAP.

6.4. Nutrient release mechanisms

The bonding between HAP and urea is moderate in strength
which consequently reduces the release rate of N and P.**
Moreover, most of the previous studies showed that the kinetics
of HAP/urea hybrid nutrient release follow Higuchi and Kors-
meyer-Peppas models that depend on Fickian diffusion, but
there also are studies that reported that the diffusion mecha-
nism is non-Fickian.***”*® Indeed, Fickian diffusion behavior
provides a rationale for the controlled release of N and P from
HAP/urea fertilizers. The elevated concentration of nutrients
within the prepared fertilizer instigates a release process
directed towards the soil with lower nutrient concentrations
(specifically, lower levels of P and N). As the nutrients diffuse
into the soil, their concentration increases, leading to a reduc-
tion in the release rate until the plants effectively utilize the
nutrient elements. Consequently, the soil experiences a decline
in the nutrient concentration, allowing the fertilizer to release

~|
~

Fig. 4 Proposed bonding modes between Ca®*, Os—PO>~, and OH™ in HAP with —~CO, and NH- functional groups of urea.® Assignments were

made based on previous literature reports using metal—urea complexes.
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more nutrients gradually. However, Kottegoda et al. suggested
that urea and HAP/urea had the same mechanism according to
the Higuchi model.>* On the other hand, Maghsoodi et al. and
Madusankaa et al. indicated differences, where urea followed
the Higuchi model while incorporating urea in the HAP struc-
ture led to following the Korsmeyer-Peppas model.?”**

6.5. Thermal stability

Thermal stability is a critical factor in understanding the
behavior of materials and determining if the material can be
suitable for a specific application. Reddi et al. performed the
characterization of pure urea through differential scanning
calorimetry (DSC). They showed a pronounced endothermic
peak manifesting around 135 °C.*®* Coordination of urea in
hybrid compounds, however, leads to a shift of the peak to
higher temperatures. For example, Jeeva et al. in their study on
urea-hexanedioic acid co-crystals observed that the DSC peak
shifted to approximately 150 °C.** Exploring polyurethane-urea,
Chashmejahanbin et al. revealed that DTA registered a peak at
around 250 °C for polyurethane-urea, while no corresponding
peak was evident in DSC for the melting point of urea until
approximately 200 °C.** More relevant are recent data from urea
inorganic compound cocrystals. In particular, Honer et al
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prepared calcium and magnesium salt-urea as cocrystals. They
demonstrated that Ca(NO3),-4CO(NH,), showed an increase in
the melting point to 155.5 °C. In addition, CaSO,-4CO(NH,),
increased the melting point to 210 °C.*® Since co-crystallization
affords new bond formation, it changes the fundamental
thermal stability of urea and provides a basis for the underlying
HAP/urea hybrid thermal stability data analysis.

Sharma et al. investigated the impressive thermal stability of
HAP which exhibited no degradation even at temperatures as
high as 1200 °C. Conversely, urea, a component within the HAP/
urea composite, showed significant thermal vulnerability,
undergoing complete degradation at a comparatively low
temperature of around 350 °C which is much greater than that
for pure urea and comparable to that of urea inorganic cocrys-
tals. Notably, the HAP/urea composite exhibited enhanced
retention of urea even in a water environment, with 15% of the
initial urea content remaining, unreleased within the HAP
structure after 100 minutes with a temperature value of around
600 °C.** This retention can be attributed to the protective role
of HAP, preventing urea's rapid release. Pradhan et al. also
demonstrated the thermal stability of the HAP/urea composite.
Their thermo-gravimetric analysis (TGA) revealed that even after
being subjected to temperatures as high as 800 °C, a remarkable
85% of the total mass was preserved.”” They studied the

Table 4 The detected temperatures by DSC, TGA, and DTA for various urea compounds compared to HAP/urea

Composition T (°C) Mass loss or phase change Technique Ref.
Pure urea 134 Melting DSC 58
Pure urea 130-250 Around 70% mass loss TGA 59
250-300 Completely decomposed 59
Erythritol 125 Melting DSC 60
7Erythritol/3urea 120
Poly(propylene succinate) (PPS) 55 Melting DSC 58
Poly(butylene succinate) (PBS) 114
Poly(ethylene succinate) (PES) 103
Kaolinite 450-525 Approximately 80% mass loss TGA 59
PPS/urea 137 Melting DSC 58
PES/urea 140
PBS/urea 145
Urea/hexanedioic 150 Melting DSC 54
300 Decomposition
200-300 All the material has decomposed at 300 °C TGA
Carbonaceous 90 — DSC 61
material-urea-formaldehyde resin
Carbonaceous 150 —
material-urea-formaldehyde resin
Polyurethane-urea 200-250 Urea melting DTA 55
300-350 —
350-450
Urea-formaldehyde 133 Mass from 100% to 80% DTA 62
253 Mass from 80% to 25%
310 Mass from 25% to 23%
Kaolinite-urea by milling 150-250 40% loss TGA 59
250-400 Reached 70% loss
400-500 90% loss
Kaolinite-urea by mixing 150-350 60% loss
350-500 90% loss
HAP/urea 25-100 °C From 100% to around 95 wt% TGA 43 and 57
150-200 °C From 100% to around 75 wt%
230-400 °C From 75% to around 67.5 wt%
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Fig. 6 A graphic representation of the thermal analysis results of
parent compounds, reference hybrid materials and co-crystals and
HAP/urea. The blue circles indicate urea and HAP/urea, while the red
circle indicates the other urea materials including urea cocrystals and
urea polymers.

crystallization of HAP crystals with urea addition at different pH
values and different aging times. The TGA and DTA results
indicated that for HAP crystallization at pH 8, and with no aging
time, an endothermic peak occurred around 150-200 °C.
Elhassani et al. showed TGA of pure urea and the starting point
for the first weight loss phase was around 180 °C with a loss of
around 60% of its initial weight. On the other hand, HAP/urea
maintained 67.5 wt% at around 500 °C which indicated that
about 32.5% of urea was left immobilized and bonded with the
HAP structure.®® These results indicate the higher thermal
stability of the newly formed structure of HAP/urea compared to
the other structures as shown in Table 4.

Hence literature analysis suggests that HAP/urea hybrid
materials possess more robust thermal properties than parent
urea due to the interactions of the parent compounds. This can
be seen in the visual representation based on the onset melting
point of the various compounds in Fig. 6.

7. Toxicity concerns associated with
HAP/urea materials

Nanohydroxyapatite (nHAP) is used in several studies as the
basis of the HAP/urea hybrid. It showed significant potential in
enhancing plant growth, improving biomass production, and
increasing crop yields.®® This can be expected due to P and Ca
nutrients, but nHAP can also enhance the ability of plants to
tolerate environmental stress, particularly in soils contami-
nated with heavy metals.®** When plants are exposed to heavy
metal stress, nHAP has been shown to bolster antioxidant
enzyme activity which can help plants mitigate the harmful
effects of oxidative stress.” However, nHAP has toxicity
concerns and this is clear when nanoparticles are small enough
to penetrate plant cells.®® Once inside, these particles can
interfere with cellular functions, leading to cytotoxic effects that
include cell death, reduced plant growth, and lower biomass
production. In this regard, Jiang et al. found that this toxicity is
largely concentration-dependent, meaning that while lower
concentrations of nHAP may be beneficial, higher concentra-
tions can have the opposite effect, inhibiting growth and
causing harm to the plant. Their experimental results

© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrated that nHAP inhibited the growth of mung bean
sprouts which confirms their cytotoxicity. The smaller nHAP
could penetrate cell membranes and enter the cytoplasm,
blocking growth. The inhibitory effect depended on the size and
concentration of nHAP. At concentrations between 1 and 5 mg
mL ™", hypocotyl length (HL) decreased from 18 cm to 12 cm as
smaller nanoparticles entered the cells. However, at concen-
trations above 5 mg mL ™", the inhibitory effect weakened, with
HL increasing to 14 cm due to nanoparticle aggregation and the
larger size which prevented further cell penetration.®® In addi-
tion, the sensitivity of plants to nHAP varies among
species. Therefore, it is extremely important to study for each
species the maximum concentration of nHAP that can be
applied to the plant.

8. Summary and future perspectives

The utilization of hybrid N-P—(Ca) fertilizer materials composed
of HAP and urea has demonstrated significant potential in
revolutionizing agricultural practices by offering sustainable
and environmentally friendly fertilizers. The incorporation has
yielded remarkable outcomes, showing that HAP/urea hybrids
can achieve comparable results on plant growth even with
reduced nitrogen application rates. This finding is of utmost
importance in the context of addressing environmental
concerns associated with excessive nitrogen usage in conven-
tional fertilizers. By encapsulating or mixing with urea, the
release of nitrogen can be controlled and synchronized with the
crop nutrient demands. The studies showed that half or
a quarter amount of N is needed for the same results. This
controlled-release behavior ensures that plants receive a steady
supply of nitrogen over an extended period and reduces
nutrient losses through leaching and volatilization. Conse-
quently, the efficient use of nutrients not only improves plant
growth but also minimizes the environmental impact caused by
nutrient runoff, which contributes to eutrophication and water
pollution. The ability of HAP to provide other essential nutri-
ents, such as calcium and phosphorus, is significant besides the
nitrogen from urea. Another crucial advantage was the thermal
stability, where the HAP/urea melting point increased from that
of pure urea and the melting did not complete until approxi-
mately 400 °C which shows improvement in overall material
stability.

However, the limited number of studies that investigate
binding phenomena within the HAP/urea hybrid materials led
to a poor understanding of the binding and kinetic character-
istics as depicted in Fig. 7. Understanding these binding
processes is crucial for optimizing the formulation of HAP/urea
hybrids, ensuring their stability and controlled-release proper-
ties. These include the binding of carbonyl groups (C=0) in
urea with hydroxyl groups in HAP, as well as the interaction
between nitrogen-hydrogen (NH) groups in urea and hydroxyl
groups in HAP but the data remain incomplete or even
controversial. The observed differences appear to be related to
the thermal steps of preparation but the available data do not
provide conclusive evidence which would lead to the rational
design of these materials with tunable properties.
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Fig. 7 A summary of the highlighted limitations of HAP/urea hybrid
material data available in the literature.

More studies are also needed to establish guidelines and
standards for the safe and responsible use of hybrid fertilizers
based on HAP nanoparticles. Some studies have shown
evidence of toxicity associated with nanomaterials, including
HAP nanoparticles smaller than 30 nm.®® Future perspectives in
this field are promising and call for further investigations to
unlock the full potential of HAP/urea hybrids. Long-term field
trials are necessary to assess the performance of these hybrids
under diverse agroclimatic conditions, crop types, and farming
practices. Comparative studies between hybrid fertilizers and
conventional fertilizers shed light on their economic viability
and potential benefits in sustainable agriculture. Moreover,
exploring novel compositions based on HAP/urea may lead to
the development of even more effective and tailored hybrid
formulations. Commercially, the scalability and economic
feasibility of HAP/urea hybrids will be significant factors. To
facilitate widespread adoption, it is crucial to conduct more
research focused on detailed cost estimations and optimization
of production methods. For instance, more studies are needed
to explore cost-effective and environmentally friendly synthesis
techniques, such as ball milling (mechanochemistry) which
could help reduce the reliance on more expensive or less
sustainable manufacturing processes (cheaper and greener).
Investigating and optimizing the efficiency of these hybrids,
including nutrient release profiles and performance across
diverse soil and climatic conditions, is essential to ensure that
these hybrids can be used instead of conventional fertilizers.
After enough related research about cost, performance, and
toxicity under various conditions, developing a robust supply
chain will be a significant step. This stage will be important for
reducing production costs while maintaining product quality
which means it is cost-effective for farmers. This includes
identifying alternative raw materials, reducing energy
consumption during production, and streamlining logistics.
However, this is a late stage, and the most important stages to
focus on currently, are safety, different synthesis methods, and
experimenting on various species under several conditions.
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