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al synthesis of zinc-doped
hydroxyapatite for tunable micronutrient release†

Mohamed Ammar,a Ricardo Bortoletto-Santos,b Caue Ribeiro, c Lihua Zhangd

and Jonas Baltrusaitis *a

Mechanochemical synthesis of Zn-laden calcium hydroxyapatite (HAP) nanocrystals was performed from

a chemically precipitated monetite/brushite precursor. ZnCO3 served as the Zn2+ source. Powder XRD

results showed that up to 15% ZnCO3 can be incorporated into the HAP lattice during the

mechanochemical transformation of the precursors. The resulting spectral properties, as investigated

using Raman and infrared spectroscopy, showed stark differences between the mechanochemically

prepared sample and the control HAP and ZnCO3 mixed sample. In particular, a peak at 874 cm−1 was

observed in infrared and assigned to the HAP-incorporated carbonate ion C–O (n2) vibration as opposed

to ZnCO3 at 834 cm−1 indicating that not only Zn2+ but also CO3
2− is incorporated into the HAP lattice.

Distinct thermal properties were also observed in the thermal analysis of mechanochemically reacted

Zn-HAP with the endothermic peak at 235 °C completely absent as opposed to the mixed control of

HAP and ZnCO3. Electron microscopy analysis showed ∼10 × 40 nm HAP nanocrystals formed with

a uniform Zn2+ ion distribution within them, especially at low 5% ZnCO3 loading. Zn2+ dissolution

experiments in soil-relevant 2% citric acid solution showed a distinct delayed dissolution pattern of

mechanochemically obtained Zn-HAP with six-fold slower dissolution than that of mixed HAP and

ZnCO3, a commonly used zinc supplement. This study presents room-temperature synthesis methods of

plant nutrient-laden HAP with tunable dissolution kinetics needed for efficient nutrient uptake.
1 Introduction

Mineral fertilizers contain major and minor nutrients necessary
for plant development.1 Therefore, tuning fertilizer formula-
tions to achieve specic nutrient release patterns is critical for
agricultural productivity.2 Developing new fertilizer formula-
tions to facilitate agricultural sustainability on a large scale, via
engineered nanomaterials, is essential to achieve global food
security.3 Phosphorus (P) is a critical but limiting nutrient that
plays a major role in DNA formation, cellular energy, and cell
membranes.4,5 Low phosphate ion solubility in soil increases P
retention and saturation. In recent years, hydroxyapatite (HAP)
emerged as a tunable P-release fertilizer material.6–10 The use of
HAP as a tunable P-fertilizer, particularly in nanoparticulate
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form, offers advantages such as environmental stability and
reduced soil acidication risk.11,12 Importantly, P release from
HAP particles can be tuned by altering their particle size and
surface charge properties, thus providing opportunities for
designing multifunctional fertilizers, not only for major (N, P,
and K) but also for minor (Cu, Zn, Mo, and others) nutrient
delivery, according to the needs of specic soil and crop types.
Such controlled release of nutrients is crucial to reducing
chemical pollution and maximizing fertilizer use.13,14 In addi-
tion, using HAP nano-fertilizers can enhance nutrient use effi-
ciency as the small particle size increases the surface area
available for nutrient interactions and uptake by plant roots or
leaves.15 Finally, HAP nano-fertilizers have the advantage of
being versatile in their application. They can be applied through
various methods such as soil incorporation, foliar spraying, or
seed coating, allowing for targeted and efficient nutrient
delivery based on the specic requirements of different crops
and growth stages.8 Excellent synthetic HAP procedures have
been developed using conventional chemical processes and
emerging mechanochemical reactions.14,16

Chemically pure HAP crystallizes in the hexagonal form with
a space group P63/mwith a(b)= 0.942 nm, c= 0.688 nm, a= b=

90, and g = 120.17–20 The hydroxide ions in hexagonal HAP
appear more disordered inside each row than in monoclinic
form moving either downward or upward in the structure.18
RSC Mechanochem., 2024, 1, 263–278 | 263
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This behavior creates strains in the hexagonal lattice that might
be compensated for by ionic substitutions or vacancies. Struc-
tural substitutions in HAP can drastically alter its physico-
chemical and nutrient release properties. For example, doping
HAP with divalent metal ions, such as zinc (Zn2+), previously
afforded antibacterial properties that reduced inammation
and promoted new bone development.21 Zn-substituted HAP
materials as multi-nutrient carriers are far less explored, yet very
valuable. Zn is classied as a micronutrient and is pivotal in
diverse plant processes encompassing reproduction, water
absorption, and functioning as a catalyst for various enzymatic
activities.22 The deciency of this essential micronutrient leads
to the disruption of enzyme functionality, posing a direct
impediment to various physiological processes fundamental to
plant development.23,24 This fundamental status underscores its
indispensable contribution to plant development and growth,
ultimately shaping vital aspects like photosynthesis and overall
plant maturation. However, a simple Zn supplement of P-
fertilizers is not straightforward. Zn and P undergo antago-
nistic interactions where high P application rates without
adequate Zn can reduce Zn uptake by the roots and induce Zn
deciency, thus decreasing plant growth and yields.25 In this
regard, composite HAP materials that can act as a carrier for Zn
facilitating their controlled release and gradual availability to
plants become critical and can serve as a model system for other
micronutrient delivery. HAP nanoparticles can function as
a carrying matrix for Zn and a P supply, which is required for
root formation during the early phases of plant growth.23

In general, mechanochemical synthesis of pure HAP has
been widely used before. Gergely et al. successfully synthesized
HAP from eggshells through milling techniques. They obtained
multiphase powder containing CaCO3, CaO, H3PO3, CaHPO4,
and HAP.26 In addition, HAP has been obtained from seashells
via mechanochemical synthesis by Pal et al. The product also
was a multiphase compound with HAP, CaHPO4, and Ca2(P4-
O12)(H2O)4. Furthermore, HAP morphology was polygonal on
the nanoscale.27 Nutrient doped HAP synthesis has be reviewed
recently including their mechanochemical preparation routes.14

For example, Suchanek et al. obtained Mg-HAP with other
phases using the mechanochemical–hydrothermal method.28

Moreover, Bystrov et al. prepared Mg-HAP by a mechanochem-
ical route and they observed only the pure phase of HAP until
a concentration of 2.0 Mg-HAP.29 Several attempts have been
made to synthesize Zn-substituted HAP mechanochemically. In
particular, Chaikina et al. studied the structural changes of Zn
ion-doped HAP synthesized mechanochemically using mone-
tite, CaHPO4, and freshly calcined CaO as precursors and ZnO
or Zn(H2PO4)2$2H2O as the Zn source. The results showed that
the precursor of Zn ions has a crucial inuence on controlling
the incorporation of Zn into HAP crystals (Ca(10−x)Znx(PO4)6(-
OH)2; x = 0.1–2.0) without forming a secondary calcium phos-
phate phase. Zn-HAP remained in a single crystalline phase up
to x # 0.25 using ZnO, monetite and CaO as precursors in
a planetary mill.30 Furthermore, Bulina et al. mechanochemi-
cally synthesized HAP doped with Cu and Zn. A degree of
substitution of up to 2 moles of dopant per mol of HAP was
obtained using solid-state mechanochemical synthesis with no
264 | RSC Mechanochem., 2024, 1, 263–278
secondary phases formed.31 The authors proposed that Zn and
Cu cations might replace the Ca2+ ion sites. Y. Tang et al. re-
ported that the most suitable site for Zn is Ca(2) more than
Ca(1).32 Further, K. Matsunaga et al. investigated the mecha-
nism of incorporating Zn in HAP. They reported that Ca(2) is the
most stable and favorable site to be replaced by Zn.33 Finally,
Makarova et al. reported Zn-HAP synthesis within a silicate
matrix using mechanochemical techniques34 in the form of
Ca10−xZnx(PO4)6−x(SiO4)x(OH)2−x, where x = 0.2, 0.6, 1.0, 1.5,
and 2.0 with the single crystalline phase achieved up to x = 1.0.
Under high dopant concentrations, the low crystallinity of HAP
signicantly increased. No Zn dissolution properties were
determined in the resulting materials.

Since only a few studies exist on the mechanochemical
synthesis approach to single crystalline phase transition metal
doped materials, such as Zn-HAP, intriguing questions on
synthesis pathways and the nutrient release properties of such
materials remain. In this work, we attempted to mecha-
nochemically synthesize Zn-HAP via solid-state transformation
of a monetite/brushite precursor formed at a pH of 5 while co-
milling with ZnCO3. A range of ZnCO3 concentrations was
explored from 5 to 25 weight percent and the resulting materials
were characterized using physicochemical methods. Impor-
tantly, Zn release patterns under soil-relevant conditions were
investigated and showed signicantly different dissolution
kinetics when compared to ZnCO3 mixed with HAP, suggesting
mechanochemical co-processing of solid P and Zn precursors
can be used to obtain tunable nutrient release patterns.

2 Materials and methods
2.1 Zn-HAP synthesis

Mechanochemical synthesis was performed in 15 mL stainless
steel jars containing 2 zirconia balls while the total powder
content was restricted to 200 mg. The ball mass is around
1.15 g, with a diameter of 8 mm. A Retsch MM300 shaker mill
operating at 25 Hz was used for 30 min. The extent of the
reaction completion was determined using X-ray diffraction
(XRD) measurements by systematically increasing the milling
time.

The chemical precipitation was used to synthesize the
monetite/brushite precursor to be mechanochemically con-
verted to HAP. First, 0.6 M ammonium phosphate was dissolved
in deionized water and added dropwise into another beaker
containing 0.3 M calcium nitrate while the pH was maintained
at 5. The stirring process continued for 2 h. Then the precipi-
tated gel was washed and dried. The obtained powder was
analyzed using XRD and divided into two parts. One was
mechanochemically reacted with varying concentrations of
ZnCO3 starting from 5, 10, 15, 20, to 25 w/w, which further in the
text are referred to as 5–25 Zn-HAP mill. The other part was
milled without ZnCO3 to transform it into crystalline HAP.
Finally, HAP was mixed with ZnCO3 starting from 5, 10, 15, 20,
to 25 w/w without milling, which further in the text are referred
to as 5–25 Zn-HAP mix to serve as a benchmark. The underlying
reason for this comparison was that conventionally the Zn
supplement in mineral fertilizers is supplied as a standalone
© 2024 The Author(s). Published by the Royal Society of Chemistry
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salt or mineral, analogous to the mix scenario investigated here.
A schematic diagram showing the synthesis steps is illustrated
in Fig. 1.

2.2 Zn-HAP physicochemical characterization

2.2.1 Powder X-ray diffraction. Cu Ka radiation (l = 1.5418
Å) was used to investigate the powder's containing phases using
a PANalytical Empyrean X-ray diffractometer, while PANalytical
soware was utilized to collect the data. The scan was per-
formed in the range of 5.0° to 80.0°, with a step size of 0.0131°,
while the time per step is 15.3 s, and the scan speed is 0.218 838
s−1. The applied voltage of the apparatus was 45 kV, while the
current was 40 mA. The analysis with done with a mask of 4
mm, 1/800 incident beam divergence slit, and 1/200 incident beam
anti-scatter slit.

2.2.2 Raman spectroscopy. Raman spectra were acquired
using a WITec alpha300R confocal Raman microscope using
a 532 nm laser, Zeiss ×10/0.25 objective, and G2:600 g mm−1

grating. The spectral range was 200–4000 cm−1 with the center
at 2000 cm−1 and the spectral resolution was ∼2 cm−1. Before
each experiment, the instrument was calibrated using a Si
wafer. The laser intensity at the sample was ∼54 mW.

2.2.3 ATR-FTIR spectroscopy. Attenuated total reectance
(ATR) spectra were collected using a PIKE GladiATR setup
equipped with a Nicolet iS50 FTIR spectrometer ranging from
4000 to 400 cm−1. A DTGS KBr detector was used and 16 scans
were acquired and averaged at a resolution of 4 cm−1.

2.2.4 Scanning transmission electron microscopy (STEM),
energy-dispersive X-ray spectroscopy (EDS) and transmission
electron microscopy (TEM). The powder sample was sonicated
in acetone and drop cast on a Cu lacey carbon lm for Scanning
Transmission Electron Microscopy (STEM) and energy-
dispersive X-ray spectroscopy (EDS) observation. STEM-EDS
elemental maps were obtained on a Thermo Fisher Talos
200X, a 200 keV high-resolution analytical scanning/
transmission electron microscope equipped with a four-
Fig. 1 Schematic diagram of the overall synthesis approach used in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
quadrant energy dispersive X-ray spectrometer for elemental
and compositional mapping. High-resolution transmission
electron microscopy (HRTEM) and selected area electron
diffraction (SAED) were carried out using a JEOL 2100F, a high-
resolution analytical Transmission Electron Microscope (TEM)
with an accelerating voltage of 200 keV.

2.2.5 Thermal analysis. Simultaneous thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were
performed starting from room temperature up to 1000 °C using
an SDT 650, TA Instruments, USA. The TGA derivative (DTA) was
calculated using the equipment's soware. It was carried out in
50 mL min−1 air ux with a heating rate of 10 °C min−1.

Thermodynamic parameters have been computed using the
model of Coats–Redfern, which is represented as (1):35

Ln

��Lnð1� aÞ
T2

�
¼ Ln

�
AR

bE*

�
� E*

RT
; (1)

where a – decomposed fraction, E* – activation energy, and A –

pre-exponential factor, while b is the furnace heating rate.

Therefore, by plotting Ln
��Lnð1� aÞ

T2

�
versus 1000/T, the slope

and the intercept can be used to calculate A and E*. Then, using
the fundamental equations of thermodynamics, enthalpy (DH),
entropy (DS) and Gibbs free energy (DG) can be calculated as

DH* = E* − RT, (2)

DS* ¼ R Ln

�
hA

KT

�
; (3)

DG* = DH* − TDS*. (4)

2.2.6 X-ray photoelectron spectroscopy (XPS) analysis. XPS
analysis was performed using a SPECS instrument equipped
with a m-FOCUS 600 X-ray monochromator using a UHV oper-
ating system. Al Ka radiation was used with an X-ray beam
se experiments.

RSC Mechanochem., 2024, 1, 263–278 | 265
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energy of 1486.7 eV and a power of 100 W. A PHOIBOS 1D-DLD
hemispherical analyzer (0.85 eV energy resolution) was used to
acquire the spectra. Survey spectra were acquired using a pass
energy of 100 eV, a step size of 1 eV, and a dwell time of 100 ms.
High-resolution scans were acquired using a pass energy of
20 eV, a step size of 0.1 eV, and a dwell time of 1 s. CasaXPS
2.3.23PR1.0 was used for data processing.36 All spectra were
calibrated to the C1s peak at 285.0 eV.
2.3 Zn2+ ion release kinetic measurements

Either 1 g of Zn-HAP obtained aer HAP milling with ZnCO3 or
equivalent amounts of HAP and ZnCO3 mixture were dissolved
in 1000 mL of deionized water containing 2 wt% citric acid.
5 mL of the solution was sampled periodically and Zn content
was analyzed using atomic absorption spectroscopy (AAS, Per-
kinElmer). AAS was calibrated in the 0.2, 0.6, and 1.0 ppm range
for a Zn lamp (l = 213.9 nm). Each one of the samples was
diluted 5 times to meet the requirements of the calibration
range.
3 Results and discussion
3.1 XRD analysis of the HAP precursor as well as the milled/
mixed Zn-HAP

The crystal structures of the chemical precipitation synthesized
precursor and the mechanochemically synthesized Zn-HAP were
examined using XRD and compared to that of themixture of HAP
and ZnCO3. All XRD peaks were relatively wide, which indicated
the irregularity of plane order and therefore nanoscale behavior.
It can be seen in Fig. 2a that the characteristic peaks of the
hydrothermally synthesized precursor at pH = 5 were due to
monetite, CaHPO4 (ICDD # 01-070-0359) and brushite, CaHPO4-
$2H2O (ICDD # 00-009-0077). When mechanochemically reacted
with 5 to 15% w/w ZnCO3, it transformed into single-phase HAP
(ICDD card # 01-073-0293) with no visible precursor peaks.
Notably, Fig. 2a suggests some residual carbonate that did not
react by ZnCO3 identication at the peak 13° for 20 and 25% w/w
ZnCO3. The same peak was also apparent in Fig. 2b, where
Fig. 2 Powder XRD plot for various Zn contents in the HAP structure fo

266 | RSC Mechanochem., 2024, 1, 263–278
mixtures of ZnCO3/HAP precursors were analyzed; however, it
was already apparent even at a low 5% w/w loading. This indi-
cates the ability of amechanochemical reaction to incorporate Zn
in HAP without residual (unreacted) ZnCO3 up until 15 Zn-HAP.
Therefore, these results show the ability of the mechanochemical
approach to form Zn-doped HAP from the monetite/brushite
precursor up to 20% ZnCO3 w/w.

The ionic radius of Zn(II) is around 0.74 and 0.9 Å for 6 and 8-
fold coordination, while Ca(II) in HAP can have ionic radii 1.06
and 1.18 Å for 7 and 9-fold coordination, respectively.37 The
relatively small difference between Zn(II) and Ca(II) ionic radii
may facilitate ionic replacement. However, it is difficult to
notice the XRD shis reported in the literature as well as in the
present work in Fig. 2 due to the low crystallinity that results
from the milling method used and the small difference in ionic
radii. In previous studies, Makarova et al. synthesized and
studied the structure of HAP doped with Zn and silicate using
a mechanochemical approach. The results showed that no
signicant shi can be detected in XRD patterns.34 Further-
more, Maleki-Ghaleh et al. synthesized Zn-doped HAP using
a mechanochemical technique. The XRD patterns did not show
a peak shi between the pure HAP and the doped one. However,
using the XPS technique, a small shi to lower binding energy
of both Ca 2p and P 2p was detected.38 In the current study,
a shi was observed using XPS scanning. Pure ZnCO3 was
milled under the same conditions without HAP present as seen
in Fig. 1S.† It could be noticed that the crystallinity decreased;
however, it is still high enough to be identied using XRD,
suggesting that unreacted ZnCO3 remains crystalline and
should be observed in Fig. 2a.
3.2 Raman spectroscopy of milled/mixed Zn-HAP

Raman spectra are shown in Fig. 3 for various contents of
ZnCO3 in milled and mixed Zn-HAP. Fig. 3a shows that all
milled Zn-HAP samples exhibit the main peak at 960 cm−1 due
to the symmetric stretching mode of PO4

3− (v1).39 The
symmetric bending modes of PO4

3− (v2) are located at
430 cm−1.39 Furthermore, low intensity antisymmetric
r (a) milled and (b) mixture procedures (A: ZnCO3).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Raman spectra of (a) Zn-HAP mill and (b) Zn-HAP mix, (c) Zn-HAP mill in the range 900–1300 cm−1, and (d) Zn-HAP mix in the range
900–1300 cm−1.
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stretching mode for PO4
3− (v3) is observed at around

1047 cm−1.40 The asymmetric bending mode (v4) of PO4
3− can

be observed at 580 cm−1.39 Also, a weak peak can be observed at
3573 cm−1, indicating the presence of the O–H group. 20- and
25 Zn-HAP mill exhibited a small shoulder at 1057–1060 cm−1

due to the C–O (v1) in ZnCO3. On the other hand, as shown in
Fig. 3b, the precursor ZnCO3 can be readily distinguished. The
peak at 738 cm−1 belongs to C–O (v4), while the peak of
1060 cm−1 due to C–O (v1) is already apparent in the 5 Zn-HAP
mix. The latter peak of the carbonate group might overlap with
the antisymmetric stretching of P–O (v3) from HAP. Adding Zn
ions into HAP structures did not lead to a signicant Raman
shi. As in Fig. 3c, the (v1) peak belonging to the phosphate
group changes with increasing the concentration of Zn ions for
the milled group. When S. Gomes et al. studied the structural
changes of Zn-doped HAP, they concluded that the incorpora-
tion of Zn ions might lead to a deformation of the (v1) signal.41

On the other hand, the peak of 1047 cm−1 does not vary with the
additional Zn ions for the milled compounds. The detected
peaks at 388, 738, and 1060 cm−1 can also be assigned to the
presence of hydrozincite (zinc carbonate basic) (Zn5(OH)6(-
CO)2), besides the zinc carbonate (ZnCO3).42

In the case of the Zn-HAP mix compositions, the stretching
mode of Ca–OH (v3) is detected at 331 cm−1, and the peak of
© 2024 The Author(s). Published by the Royal Society of Chemistry
288 cm−1 is assigned to Ca-PO4.43 Moreover, the intensity of the
main peak of the phosphate group at 961 cm−1 decreases with
the increase of zinc carbonate concentrations, while the peak at
1060 cm−1 gradually increases. It reects the augmentation of
the carbonate amount in the composition with the additional
zinc carbonate, which seems to be signicant with the mixture
obtained samples compared to the milled ones. This matches
the assumption that the internal bonds of ZnCO3 have been
broken in the mechanochemical process. At the same time, the
HAP crystals could absorb a limited number of carbonate ions
to replace the phosphate or hydroxyl sites. The increase of
1060 cm−1 peak intensity for the 25 Zn-HAP mix might denote
a high ratio of carbonate coming from carbonated HAP and
ZnCO3. On the other hand, the mixture maintains the crystal
structure of zinc carbonate reected in the signicant growth in
the carbonate peak at 1060 cm−1. Consequently, the milling
techniquemight be able to insert and incorporate Zn2+ ions into
the HAP crystal structure.
3.3 ATR-FTIR spectral analysis of milled/mixed Zn-HAP

The spectral analysis using ATR of both the milled and mixed
samples of ZnCO3 and HAP is shown in Fig. 4. Both exhibit O–H
low variations around 3500 cm−1 attributed to the presence of
hydroxyl groups in HAP. The most distinctive feature lies at
RSC Mechanochem., 2024, 1, 263–278 | 267
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Fig. 4 ATR-FTIR spectra for all prepared concentrations of (a) Zn-HAP mill and (b) Zn-HAP mix.
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1500 cm−1 due to the carbonate bonds, in conjunction with
another noticeable band spanning from 750 to 1000 cm−1

including PO4
3− functional groups at 1032 cm−1. These char-

acteristic bands are associated with carbonate groups and are
particularly prominent in the mixed samples, in contrast to the
milled ones. This domination of CO3

2− groups in the mixed
samples implies a higher concentration and a clearer presence
than the milled samples due to the existence of ZnCO3 as
a secondary phase. The appearance of the predominant
carbonate peak at 834 cm−1 in mixed samples compared with
874 cm−1 in milled refers to the C–O (n2) vibration bonding.44

However, the former originates from the carbonate group which
belongs to ZnCO3, while the latter refers to the carbonate group
doped HAP.45 Therefore, despite ZnCO3 being present in the
samples at low levels, the carbonate groups are still an essential
part of the overall chemical composition due to their substitu-
tion in the HAP structure.
3.4 Thermal properties of milled/mixed Zn-HAP

The HAP crystals have a high affinity to absorb carbon dioxide
within the chemical synthesis, which may replace the phos-
phate sites (B), hydroxyl sites (A), or both positions, which is
called AB (type). This spontaneous ionic replacement has
a signicant effect on the chemical and thermal stability of
HAP. Thermogravimetric analysis was performed to investigate
the thermal behavior and the phase transformations of Zn-HAP
obtainedmechanochemically compared to themixtures of HAP/
ZnCO3. It can be seen in Fig. 5 that the precursor comprising
monetite/brushite exhibited 5% weight loss until around 200 °
C, which might be due to moisture release. Furthermore, the
brushite phase usually transforms to monetite at this stage.46

Aer a loss of 5%, it remains stable up to 1000 °C. On the other
hand, pure ZnCO3 loses around 25% of its weight from 200 to
260 °C to transform into ZnO.47 Importantly, the DSC of pure
ZnCO3 in Fig. 5a shows a high-intensity negative peak of about
260 °C indicating a ZnCO3 phase transformation. In contrast,
neither pure HAP nor the monetite/brushite precursor displays
any phase transformation in the same stage.
268 | RSC Mechanochem., 2024, 1, 263–278
As illustrated in Fig. 5b, the TGA behavior of the 5 Zn-HAP
mill and mix exhibits three consecutive stages. Namely, from
room temperature to around 230 °C, the second from 230 °C to
about 600 °C, and the last from 600 °C to 1000 °C. Due to
surface water evaporation, the 1st stage contains a weight loss
lower than 4.2–5.0% for all compositions. Both 5 Zn-HAP mill
and 5 Zn-HAPmix behave similarly in the 1st stage, which could
conrm that the weight loss here is assigned to the loss of
absorbed moisture. In the second temperature stage of 230 °C–
600 °C, the 5 Zn-HAP mix loses more weight than the 5 Zn-HAP
mill. The DTA pattern shows more than one peak in the 230 to
600 °C range. The main endothermic peak is around 245 °C for
the mixed Zn-HAP, while the milled ones do not exhibit it. This
is persistent up to 20 Zn-HAP mill where unreacted ZnCO3 is
present. This implies that a phase transformation occurs for the
mixture but not for the milled Zn-HAP. The Zn substitutes Ca in
the HAP structure as a result of milling and therefore, less
ZnCO3 structural phase could be available for milled composi-
tions. TGA further shows a thermal stability/plateau starting
from 420 °C in virtually all the samples. Around 470 °C, for 5–15
Zn-HAP mill and mix, a high-intensity endothermic peak is
accompanied by mass change. It can be related to the release of
CO2 gas from their surfaces.

The thermodynamic parameters (enthalpy, entropy and
Gibbs free energy) were estimated to study these phase trans-
formations. The Coats–Redfern (CR) model35,48 was used, which
is based on a relationship between Ln(−Ln(1 − x)/T2) and 1000/
T from TGA analysis and the estimated parameters are listed in
Fig. 6a and b for (a) 30–350 °C and (b) 350–500 °C temperature
ranges, respectively, with the CR model curves shown in Fig.
2S.† The calculations reveal that the milled samples have higher
negative entropy than the mixed ones. The higher negative
entropy indicates a more ordered structure and consequently,
higher stability. In addition, the higher negative entropy values
represent less energy spread due to the presence of a single
phase (Zn-HAP) rather than the dual phases as in mixture
samples (ZnCO3 and HAP). In the temperature region of 350–
500 °C, entropy calculations reveal the opposite trend compared
with phase one behavior. Here, the entropy values are more
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TGA (left), DTA (middle), and DSC (right) for (a) ZnCO3 andmonetite/brushite, (b) 5 Zn-HAPmill and 5 Zn-HAPmix, (c) 10 Zn-HAPmill and
10 Zn-HAP mix, (d) 15 Zn-HAP mill and 15 Zn-HAP mix, (e) 20 Zn-HAP mill and 20 Zn-HAP mix, and (f) 25 Zn-HAP mill and 25 Zn-HAP mix.
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negative for the mixed samples than the milled ones. This
suggests that the phase transformation of ZnCO3 proceeds
entirely to ZnO, which seems to be more stable than the other
© 2024 The Author(s). Published by the Royal Society of Chemistry
compounds including HAP. The unique phase transformation
of pure ZnCO3 occurred at 260 °C. The signicant changes in
thermal stability upon the variation of compositions show the
RSC Mechanochem., 2024, 1, 263–278 | 269
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Fig. 6 Calculated entropy (DS), enthalpy (DH) and Gibbs free energy changes from Zn-HAP mill to Zn-HAP mix in (a) 30–350 °C and (b) 350–
500 °C temperature ranges, (c) Gibbs free energy in the range of 30–350 °C, and (d) Gibbs free energy in the range of 350–500 °C.

RSC Mechanochemistry Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 9
:3

0:
54

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
importance of phase structures for the thermal properties.
Although the same weight components were introduced for
both mill and mix samples, the highly consistent difference
between their behaviors shows that the preparation conditions
are crucial in controlling the nal physicochemical properties.

For example, the DSC curves exhibit signicant changes
between themilled and themixed ones, despite their having the
same concentrations of ZnCO3. In other words, pure ZnCO3

shows a single-phase transformation to ZnO at 257 °C. This
structural change is assigned to the transformation from ZnCO3

to ZnO. The mill group including brushite/monetite, 5 Zn-HAP,
10 Zn-HAP, and 15 Zn-HAP does not show any phase trans-
formation around this region. This means that all the samples
that lack ZnCO3 as a secondary phase do not show a phase
transformation around the region of 220–270 °C.

However, the 20 Zn-HAP mill and 25 Zn-HAP mill and all mix
sample groups starting from 5 Zn up to 25 Zn show a signicant
phase transformation in the region of 220–270 °C, which can be
only assigned to the existence of a secondary phase (ZnCO3) as
a complete crystal. The slight change among these samples in
the phase transformation temperature from ZnCO3 to ZnO may
be because HAP crystals might affect the energy absorbance and
distribution in the composite. In the case of the milled
compounds (5 Zn, 10 Zn, and 15 Zn), Zn(II) has been incorpo-
rated into the HAP lattice, and there is no longer a secondary
270 | RSC Mechanochem., 2024, 1, 263–278
phase that can show its unique properties such as phase
transformation to a more stable phase like ZnO.

Combining this phenomenon which matches with the
results from XRD might provide support for the hypothesis that
Zn(II) ions have been incorporated successfully into HAP crys-
tals. Thus, thermal degradation study is a powerful tool not only
to investigate phase transformation but also to deeply under-
stand the structural changes accompanying ionic doping.

Enthalpy calculations exhibit higher values for the mixed
samples than the milled ones. This could be attributed to the
higher energy required for the mix samples to complete their
structural rearrangement. This behavior of less energy for the
milled ones shows lower thermal reactivity and higher thermal
stability for the HAP doped with Zn than the HAP/ZnCO3

companions. Finally, the positive values of Gibbs free energy (as
shown in Fig. 6c and d) imply that the phase transformation
cannot occur spontaneously, rather it requires high energy. The
relatively high Gibbs free energy values of the milled samples
conrm the higher thermal stability of the Zn-HAPmill than the
mix ones, indicating that HAP and ZnCO3 in dual phase
composition decreases the thermal stability of the whole
composite.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.5 XPS analysis

XPS of the 0.0 Zn-HAP mill, 5 Zn-HAP mill and 5 Zn-HAP mix
has been performed as shown in Fig. 7. A small shi in the Ca
2p3/2 peaks can be observed from 347.2 eV to 347.4 eV for 0.0 Zn-
HAP mill and 5 Zn-HAP mill, respectively. The Zn ions have
been detected at 1022 eV for Zn 2p3/2 and 1045 eV for Zn 2p1/2. In
addition, the P 2p at 133.3 eV for 0.0 Zn-HAP mill and 133.5 eV
for 5 Zn-HAP mill has been detected, but spin–orbit coupling is
only about 0.8 eV and can't be discerned. The peak identied at
531.3 eV is associated with oxygen ions.23 C1s at 285.0 eV is due
to adventitious carbon, while that at 288.6 eV is due to residual
carbonates.38,49,50

The detected peak shis of the peak positions are associated
with the dopant of Zn into HAP crystals. There is no observed
peak shi for the 0.0 Zn-HAP and 5 Zn-HAP mix because the
only difference between them is the additional ZnCO3 in the
mixed one. However, some peaks belonging to the 5 Zn-HAP
mill are shied compared with the 0.0 Zn-HAP mill, which
might support that Zn2+ ions occupy the Ca2+ sites successfully.
Fig. 7 XPS spectra of 0.0 Zn-HAP mill, 5 Zn-HAP mill and 5 Zn-HAP mi

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.6 STEM and EDS analysis of milled/mixed Zn-HAP

Electron microscopy analysis is important in elucidating the
size/shape and distribution of particles, which can provide
valuable insight into the impact of different preparation
methods on the microstructure of materials. Fig. 8a1 and a2
show the monetite/brushite composition, which is formed with
a semi-spherical shape with dimensions less than 200 nm. Pure-
milled HAP (0.0 Zn-HAP mill) is shown in Fig. 8b1 and b2. It
seems to be composed of non-unform particles. Fig. 8c1 and c2
display the 5 Zn-HAP mill microstructure predominantly
composed of nanorods. These nanorods have an average
diameter of approximately 12 nm and a length of about 40 nm.
This STEM image demonstrates a non-uniform distribution of
sizes, suggesting that the milling process has inuenced the
particle size distribution. However, it is essential to note that
some degree of size heterogeneity is not uncommon in HAP and
various factors might inuence it in the synthesis process.
Moreover, incorporating ZnCO3 at a 25 wt% concentration
results in a distinct change in morphology. The clear nanorods
x: (a) survey, (b) Ca 2p, (c) P 2p, (d) O 1s, (e) C 1s and (f) Zn 2p.

RSC Mechanochem., 2024, 1, 263–278 | 271
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Fig. 8 STEM micrographs (a1 and a2) monetite/brushite, (b1 and b2) 0.0 Zn-HAP mill, (c1 and c2) 5 Zn-HAP mill, (d1 and d2) 25 Zn-HAP mill, (e1
and e2) 5 Zn-HAP mix, and (f1 and f2) 25 Zn-HAP mix.
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now transform into larger aggregations exhibiting a non-
uniform distribution in size and shape. The diameter of the
nanoparticles can be measured to be around 8 nm, while the
aggregations reach an average size of approximately 170 nm.
This transformation in morphology signies a substantial effect
of the increased Zn content, leading to a more clustered and
varied microstructure. Furthermore, the STEM analysis of the 5-
and 25 Zn-HAP mix also reveals the presence of nanorods. The
average diameter of these nanorods is around 18 nm with
a length of approximately 50 nm. Like 25 Zn-HAP mill, these
mixed samples exhibit a non-uniform distribution in size and
shape, but the primary morphology remains that of nanorods.

Fig. 9 shows the TEM images for the 5 Zn, 25 Zn mill, and
mixed samples. It is shown that 5 Zn-HAP was formed in rod
shapes as in Fig. 9a3. Selected area electron diffraction (SAED)
shows a relatively low crystallinity for a compound. Fig. 9b1–b4
shows that the 25 Zn-HAP mill contains non-uniform size
particles. Fig. 9b3 exhibits the d-spacing for different
surrounding crystals indicating the polycrystalline nature of the
compound. These crystals seem to be non-alignment crystals. In
addition, the crystallinity that appears in the SAED for the 25
Zn-HAP mill seems to be relatively lower than that of 5 Zn-HAP
mill, indicating the deterioration of crystallinity by the ionic
dopants. Fig. 9c1–c4 shows 5 Zn-HAP mix, which was formed as
rod shapes with lengths in a range of 50–200 nm. Fig. 9c3
displays the d-spacing of the stacked layers due to the
272 | RSC Mechanochem., 2024, 1, 263–278
polycrystalline formation of the compound. The misalignment
angles between the surrounding grains seem to be relatively
high. The atomic layers between the crystals, which are grain
boundaries, tend to be less ordered than the crystals them-
selves. This implies that the grain boundaries have higher
energy, indicating that the chemical reactivity of the crystals
with the ambient environment differs from the reactivity of the
grain boundaries. Consequently, the atomic stacking of the
compound might play an important role in determining the
properties of the material.

Fig. 9d1–d4 shows that 25 Zn-HAP mix has rod shapes with
lengths around 100–300 nm. The polycrystalline nature looks
clearer than the former compound, while the misalignment
angles seem to be lower, which is reected in the SAED as high
crystallinity. The relatively high crystallinity of themix (5 Zn and
25 Zn) compared with the milled ones is analogous to the ionic
dopants in the milled group.

On the other hand, EDS is a valuable analytical technique
that provides crucial information about the elemental distri-
bution within different samples as depicted in Fig. 10a–d. The
results of the EDS analysis offer information about the spatial
arrangement of various elements and the uniformity of distri-
bution and potential differences arising from the incorporation
of ZnCO3 in the samples. The uniform Ca distribution
throughout the particles can be seen across all samples. Simi-
larly, the distribution of O and P elements shows uniformity
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 TEM and SAED micrographs at different magnifications: (a1–a4) 5 Zn-HAP mill, (b1–b4) 25 Zn-HAP mill, (c1–c4) 5 Zn-HAP mix, and (d1–
d4) 25 Zn-HAP mix.
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across the samples. This result is ascribed to the fact that these
elements are essential components of HAP, constituting its
primary structure and remaining consistent under various
experimental conditions. The uniform distribution of these
elements implies that the essential chemical composition of the
material is preserved, regardless of the preparation methods or
the presence of ZnCO3. The low concentrations of Zn ions
appear in good distribution. However, it can be noticed that
there is a slight deviation in the distribution of the Zn element
in Fig. 10d and f, due to the high concentration of Zn elements
indicating that ZnCO3 can aggregate. This is signicant and can
be ascribed to the clustering or the phase existence of ZnCO3

particularly at this higher concentration of both 25 Zn-HAP mill
© 2024 The Author(s). Published by the Royal Society of Chemistry
and 25 Zn-HAP mix, which is also conrmed in different spots
as shown in Fig. 3S.†
3.7 Zn2+ ion release in soil-relevant aqueous solutions

The ratio of Cmix/Cmill indicating the ratio between the Zn2+

release patterns for 5, 10, 20, and 25 Zn-HAP mix divided by the
released content from 5, 10, 20, and 25 Zn-HAP mill was
measured in a 2% citric acid solution and the results are shown
in Fig. 11. The absolute values for the Zn2+ release from the
samples are shown in Fig. 4S.† To illustrate the difference
between the mixed and milled sample Zn2+ release behaviors,
each milled sample could be compared with its analog mixture.
It can be seen that the Zn2+ ionic release decreases slightly with
the time reaching the plateau aer 10 h of dissolution reaction.
RSC Mechanochem., 2024, 1, 263–278 | 273
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Fig. 10 EDS elemental mapping of (a) Brushite/monetite, (b) 0.0 Zn-HAP mill, (c) 5 Zn-HAP mill, (d) 25 Zn-HAP mill, (e) 5 Zn-HAP mix, and (f) 25
Zn-HAP mix.

RSC Mechanochemistry Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 9
:3

0:
54

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
In addition, the mix samples seem to release Zn2+ ions more
than their conjugated milled ones. This indicates that the mil-
led samples are characterized by lower Zn2+ release.

When the reaction starts, the pH value of the solution tends
to be around 4.5 due to the dissolution of citric acid according
to (5)

C6H8O7 + 3H2O 5 C6H5O7
3− + 3H3O

+ (5)

However, the dissolution reaction of HAP produces hydroxyl
ions, which promote the alkalinity of the solution according
to (6)
274 | RSC Mechanochem., 2024, 1, 263–278
ZnxCa10−x(PO4)6(OH)2 / xZn2+ + (10 − x)Ca2+

+ 6PO4
3− + 2(OH)− (6)

The Zn2+ ions prefer to bind with organic species such as
citrate ions via (7) especially when the pH value exceeds 6.5,
which could be reached due to the dissolution of HAP

3Zn2+ + 2C6H5O7
3− / Zn3(C6H5O7)2 (7)

These ndings match well with the rising pH value of the
solution in the experiment time reaching pH 7 as a nal value.
The release of Zn2+ ions from HAP occurs simultaneously with
hydroxyl liberation to compensate for the charge, while the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Temporal pattern of Zn2+ ion release for Cmix/Cmill ratios for 5,
10, 20, and 25 Zn-HAP mill and for 5, 10, 20, and 25 Zn-HAP mix
samples. Error bars represent triplicate measurement.

Paper RSC Mechanochemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 9
:3

0:
54

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
restoration of Zn2+ ions liberates H+ into the solution.51

However, the Zn2+ ions are trapped in the Ca2+ sites, which seem
to be interior ions in the HAP crystal, while the hydroxyl groups
are surface ions. Consequently, both reactions do not have the
same occurrence probability. Thus, the rate of Zn2+ release
starts with high values and decreases gradually with the time
reaching the plateau aer 10 h in the presence of citric acid as
illustrated in Fig. 11. It is worth noting that the HAP seems to
show great buffering characteristics on its surface sites. This
behavior could be highly benecial for the surrounding envi-
ronment, especially in agricultural applications to avoid
aggressive changes in the pH value of the environment.

Several studies have previously investigated the dissolution
of HAP doped with nutrients in different media. Huang et al.
embarked on a study involving preparing HAP-Mg3(PO4)2–
Zn3(PO4)2 on an AZ31 alloy, followed by immersion in Hank's
solution, which contains different inorganic salts and is used
for cell culture applications. Their investigations for 15 days
revealed that Zn concentration increased steadily from the start
of the experiment up to the 6th day followed by a plateau. In
detail, the released quantity of Zn into the solution has been
doubled from the 3rd to the 6th day of immersion.52 Further-
more, Sergi et al. synthesized HAP doped with 5 and 10 mol%
Zn. They observed uctuating ion behavior within a 20 mL
simulated body uid (SBF) solution, which is used usually for
biological tests with a xed pH value of 7.2. Notably, aer 15
days of immersion, the ionic release from 5 Zn-HAP was higher
than that of 10 Zn-HAP.53 Ullah et al. prepared co-doped HAP
incorporating Zn and Sr using the hydrothermal method. The
release behavior of Zn changed with the co-dopant content. For
instance, for the composition of HAP containing 5 wt% for both
ions, the Zn released quantity decreased to 50% from the 1st to
the 7th day of immersion in phosphate buffer saline solution
(PBS).54 Sharma et al. investigated the effect of ionic dopants
including Zn in HAP that is modied with urea for agricultural
© 2024 The Author(s). Published by the Royal Society of Chemistry
applications.24 Zn-HAP/urea was synthesized using the co-
precipitation method and applied to wheat crops. The results
showed that zinc ions were released from HAP to the soil and
absorbed by the plants. The detected level of Zn was high in the
plant stem tissues.24Wojcik et al. investigated the release behavior
of Zn ions from a composition containing Zn-doped HAP/
gentamicin in PBS solution.55 The results showed that aer 24 h
of immersion, the released Zn quantity increased 1.5 times that of
1 h immersion.55 These data suggest that both the initial pH value
and the surroundingmolecular environment play important roles
in controlling the ionic release trend from the HAP compounds
typically synthesized using high-temperature calcination
methods. While the results here provided for a distinctly different
Zn2+ ion release patterns from Zn-HAP mill as opposed to mixed
materials, relating different properties of 5 Zn-HAP mill materials
using surface sensitive techniques, such as XPS, with dissolution
properties in various simulated soil pore liquid environments is
underway.
4 Conclusions

Two distinct preparation methods, milling and mixing, were
employed to investigate the effect of ZnCO3 on the HAP structure
and the resulting Zn2+ ion release patterns. A precursor contain-
ing brushite/monetite was used and mechanochemically reacted
with ZnCO3. The resulting materials were shown to be HAP from
powder XRD. STEM analysis of the 5Zn-HAP mill displayed
a nanorod-dominant microstructure with an average diameter of
12 nm and a length of 40 nm, while the introduction of 25% Zn
led to larger, non-uniform aggregates. The mixed samples
exhibited nanorod morphology, with average diameters and
lengths of 18 and 50 nm, respectively. EDS analysis demonstrated
a uniform distribution of Ca, O, and P elements, with slight
deviations attributed to ZnCO3 aggregation in mixed samples.
TGA analysis exhibited three consecutive stages: up to around
230 °C, from 230 °C to about 600 °C, and above 600 °C up to
1000 °C for both milled and mixed samples with higher weight
loss in mixed samples. It was shown that the mill samples tend to
have more negative entropy than the mixed ones, while enthalpy
calculations exhibit higher values for the mixed samples than the
milled ones. Finally, ionic release data revealed consistent
declines in concentration over time for all samples. Interaction
between citric acid and Zn, potentially forming zinc citrate, was
indicated by declining concentrations. The milled sample with
5% Zn content exhibited nearly stable release, while contrasting
behavior was observed in the mixed sample.

These results show that milling ZnCO3 results in Zn-HAP,
directly affecting the chemical, physical, structural and
thermal properties. This study represents a protocol for
numerous applications combining HAP with ZnCO3 including
medical and agricultural applications.
Data availability

The data will be available upon request.
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