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ABSTRACT

Agave salmiana ash and poultry eggshell powder as CaO sources were used for obtaining nanostructured hydro-
xyapatite (HAP). The synthesis was carried out by the Green Chemistry Hydrothermal Biosynthesis at 180°C with
a pH of 5, by reacting CaO from Agave Salmiana ash and Eggshell powder, with dibasic calcium phosphate (CaH-
PO4•2H2O) in an aqueous solution, with Aloe barbadensis extract. The product was characterized by X-ray dif-
fraction, Fourier-transform infrared spectroscopy (FT-IR), Scanning Electron Microscopy (SEM), and
Transmission Electron Microscopy (TEM). The size and shape of the hydroxyapatite particles changed dramati-
cally in the presence of Aloe barbadensis. Large crystals of Hydroxyapatite were observed when Eggshell powder
and Agave salmiana ash were used as raw materials in the presence of the Aloe barbadensis surfactant. Crystals
with shapes of ribbons and plates from 1 micrometers to 8 micrometers were observed when using the eggshell
powder in the presence of Aloe barbadensis and, in the case of Agave salmiana ash in the presence of Aloe bar-
badensis, crystals with shapes of quadrangular prisms and hexagonal (polyhedra) with sizes from 2 micrometers
to 20 micrometers were observed. Hydroxyapatite was therefore successfully biosynthesized by a green and sus-
tainable method that reduces the environmental impact.
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Nomenclature
HAP Hydroxyapatite
Ca10(PO4)6(OH)2 Hydroxyapatite nanoparticles
Ca Calcium
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P Phosphorus
Å Angstrom
Ca2+ Ion calcium
PO4

3+ Ion phosphate
Cl- Ion chloride
CO3

2- Ion carbonates
F- Ion fluorides
OH- Ion hydroxyl
MgCO3 Magnesium carbonate
CaCO3 Calcium carbonate
CaPO4 Calcium phosphate
CaO Calcium oxide
Kg Kilogram
SDS Sodium dodecyl sulfate
CTAB Hexadecyltrimethylammonium bromide
NaOH Sodium hydroxide
M Molar
°C Celsius degrees
CaHPO4 Dibasic calcium phosphate
pH Hydrogen potential
h Hour
rt Room temperature
XRD X-ray diffraction
SEM Scanning electron microscopy
FT-IR Fourier-transform infrared spectroscopy
Cu Copper
λ Lambda
° Degrees
% Percent
XRF X-ray fluorescence
cm Centimeter
μm Micrometer
< Less than

1 Introduction

Hydroxyapatite (HAP) is the main inorganic component of vertebrate bone, representing between
60 and 70% of the calcified human skeleton and 90% of the inorganic bone matrix. The hydroxyapatite
nanoparticles (Ca10(PO4)6(OH)2 are of great interest for they have a very wide range of applications,
from drug delivery and chromatography to gene therapy, and also as a retardant of cancer cells
reproduction [1–4]. Hydroxyapatite is an ideal material for artificial bones, as well as a replacement of
small parts of bones, dental applications, and bone cement [5–7]. HAP has been found to have an
inhibitory function on the growth of many kinds of tumor cells and its nanoparticles have shown stronger
anti-cancerous effect than macromolecule microparticles [7,8], and they can improve the adsorption and
photocatalytic decomposition of toxic metals, bacteria, viruses and other substances that represent a
biological risk [9].
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HAP has 39.68% Ca and 18.45% P by theoretical weight, resulting in a molar ratio of Ca/P = 1.67. HAP
crystallizes in a hexagonal system with cell values of a = b = 9.432 Å, and c = 6.88 Å. The ionic character of
hydroxyapatite allows to partially or completely replace ions from the Ca2+, PO4

3+, OH– network by others
of similar size such as chloride (Cl–), carbonates (CO3

2–), and fluorides (F-) resulting in changes in their
properties, morphology, solubility, etc. without significant changes in their hexagonal structure [10].

HAP can be synthesized by various methods, such as mechanochemical synthesis, combustion
preparation, direct precipitation of aqueous solutions, sol-gel processes, hydrothermal method, emulsion
synthesis routes, electrochemical processes, and biomimetics [11–19]. It is known that the
mechanochemical and the hydrothermal process allow to produce HAP at nanometric sizes [20,21].

Around 12% of the chicken egg weight is provided by the shell and it is composed of 94% of calcium
carbonate (CaCO3), small amounts of magnesium carbonate (MgCO3), calcium phosphate (CaPO4), and
organic matter, including mucopolysaccharide-type proteins [22]. Calcium oxide (CaO) is usually
produced via the thermal decomposition of limestones obtained through mining and quarrying [23].

Agave belongs to the family of the Agavaceae and includes many native species found in the deserts of
the American continent. Its leaves are rich in long fibers used to obtain hemp, ropes, and nets, among others
products. Agave produces many drinks, among which the most popular are tequila and mezcal, which have
been a tradition in Mexico since the seventeenth century. The production of these alcoholic beverages
generates an agricultural byproduct in the form of bagasse. For each liter of the mixture, 15 kg of bagasse
is produced. Therefore, extensive research has been carried out to use this bagasse produced in arid lands
as a renewable energy alternative [24].

In contrast, the Aloe barbadensis belongs to a family of more than 200 species called Aloeneae of the
Liliaceae family, originally from Africa, known in the Americas since the 16th century. Around 320 species
have been described from the Aloe gender. In Mexico, the most frequently cultivated species are Aloe
barbadensis and Aloe ferox, these can be found throughout the country. Currently, there is much interest
in the use of Aloe barbadensis as a natural surfactant for the synthesis of metal nanoparticles [25].

Accordingly, the aim of this work is the synthesis of hydroxyapatite based on the green chemistry
principles, so residues such as eggshells [26] and bagasse from Agave salmiana were used as CaO
source, as well as Aloe barbadensis as a natural surfactant. Their effects on the structure and morphology
of HAP were examined.

Some works have demonstrated that a proper selection of biological precursors from sustainable natural
resources can effectively replace the commercial surfactant for the fabrication of nanomaterials. The green
biotemplate Aloe barbadensis plant extract has emerged as a better substitute for industrial surfactant poly
(ethylene)glycol for the synthesis of nanomaterials.

The Aloe barbadensis-surfactant could provide steric hindrance effects, confining the particle growth to
a certain direction. Then, Aloe barbadensis a biotemplating/capping agent for the green synthesis of particles.
The quantity of surface functional groups from Aloe barbadensis allows to control the dynamic
characteristics of nucleation and particle growth [27,28].

There are some works were surfactants such as sodium dodecyl sulfate (SDS) and
hexadecyltrimethylammonium bromide (CTAB) were used for synthesizing hydroxyapatite, as a regulator
of the nucleation and crystal growth, followed by a hydrothermal treatment.

Surfactants are extensively applied to assist and accelerate the hydrothermal reaction process. The
surfactants have an effect on the nucleation and growth during the process of aqueous reaction, due to
their great solubility in water, low residues, and easy cleaning [29,30].
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Our present work represents an innovative and original approach, because we use agro-industrial waste,
such as eggshells and Agave salmiana, as a source of raw materials, as well as Aloe barbadensis as a natural
surfactant for the synthesis of hydroxyapatite.

2 Materials and Methods

The green synthesis of Hydroxyapatite (HAP) was carried out by a hydrothermal method in the presence
of Aloe barbadensis leaf extract. Prior to the synthesis of HAP, the CaO precursor materials were prepared.

2.1 Preparation of Eggshell
The eggshell was washed using distilled water and placed into a 1M NaOH solution for a week, to

remove any organic residues. Then, the eggshell was washed again and filtered with distilled water. At
90°C for 12 h, the eggshell was dried before it was milled in a ball mill for 40 min. Then, the CaCO3

powder was obtained from the eggshell by milling and heated at 800°C for 5 h to allow the
decomposition of CaCO3 into CaO.

2.2 Preparation of Bagasse Agave salmiana
The bagasse Agave salmiana was sun-dried until all the liquid water and alcohols structure were

eliminated. Then, the bagasse was burned on direct fire to obtain ashes from the bagasse fibers. These
fibers contained a high concentration of CaCO3. The bagasse ash from Agave salmiana was mechanical
milled in a ball mill for 40 min. Finally, ashes of bagasse were heated at 900°C for 3 h to allow the
decomposition of CaCO3 into CaO.

2.2.1 Hydroxyapatite Synthesis: Hydrothermal Route
Hydroxyapatite was synthesized by the hydrothermal route with eggshell as CaO source, as described in

reference [26].

2.2.2 Hydroxyapatite Synthesis: Hydrothermal Route Using Aloe barbadensis as a Natural Surfactant
Hydroxyapatite was synthesized by the hydrothermal method from commercial dibasic calcium

phosphate (CaHPO4) and lime (CaO) obtained from agro-industrial residues (eggshell powder and Agave
salmiana ash). In a teflon glass, CaHPO4 and CaO were mixed in a 3:1 ratio, then 30% of the mass of
the Aloe barbadensis extract was added to the mix. The mixture was then acidified with vinegar to a pH
of 5 and the teflon glass was sealed. Finally, the vessel is transferred to the reactor and allowed to react at
180°C for 13 h. The obtained powder was filtered and washed with distilled water and dried at 150°C for 2 h.

3 Results and Discussion

The CaO precursors were characterized to determine their composition, size, and morphology, by using
XRF and SEM. The products of the green synthesis were characterized by X-ray diffraction, Fourier
transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). The crystalline phases
analysis was performed by powder X-ray diffraction in a Riaku Miniflex II diffractometer with a Cu Kα
radiation (λ = 1.5418). The data were collected in an interval of 5°–90° with a scanning speed of 2°/s.
For FTIR analysis, an infrared spectrophotometer with an attenuated total reflectance device, Perkin
Elmer Spectrum was used. Between 0.1–0.3 g of powder was used for the analysis. The range of
wavenumbers to obtain the spectra was 4000–550 cm–1, corresponding to the middle region of the
infrared spectrum. The microstructural analysis was carried out using a scanning electron microscope,
JEOL JSM-6510LV with EDS detector Oxford Instruments X-Max.

The chemical analysis of the eggshell was performed by the volumetric method (atomic absorption) and
the technique of X-ray fluorescence (XRF). By atomic absorption a content of Ca = 37.5%, CaCO3 = 93.8%,
and Mg = 0.37% was obtained. Table 1 shows the chemical analysis of the eggshell evaluated by X-ray

3562 JRM, 2022, vol.10, no.12



fluorescence. Fig. 1 shows the microstructure by SEM of the eggshell a) before being processed and b) after
the mechanical milling process. From Fig. 1a it can be seen that the eggshell was composed of 12 µm cavities
and some areas with organic residues from the eggshell inner shell.

Table 1 shows the chemical analysis of bagasse ash by XRF. Fig. 2 shows the microstructure of the
calcined fibers, where irregular particles (CaCO3) are shown with sizes below 2 μm.

Table 1: Chemical analysis of eggshell and bagasse ash by XRF

Agro-industrial waste Weight (%)

Chemical composition MgO Al2O SiO2 P2O5 SO3 K2O CaO Fe2O3 SrO Cl

Eggshell 0.088 0.045 0.087 0 0.145 0.058 97.421 0.04 0.089 0.027

Agave baggase ash 16.133 0 1.452 3.674 0.762 12.664 64.639 0.239 0.111 0

Figure 1: (a) Eggshell surface before the milling process (b) eggshell powder after the mechanical milling
process for 40 min
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The average particle size (d50) of the eggshell powder was evaluated by a MICROTRAC 3500 size
analyzer. An average particle size of d50 < 7 µm was obtained (Fig. 3a).

The average particle size (d50) of the bagasse ash was in the range d50 < 37 µm, as evaluated by a
MICROTRAC 3500 size analyzer (Fig. 3b).

After calcination, eggshell, and bagasse ash were characterized by the XRD technique. According to the
diffractograms shown in Fig. 4, it can be observed CaO with a cubic structure and spatial group Fm3m,
according to Physics and Chemistry of Minerals 27 (1999) 103–111 is the only crystalline phase present
after the calcination.

Figure 2: Irregular morphology of the bagasse ash of Agave salmiana. The particle size is in the range of
1 to 5 µm

Figure 3: Particle size analyzer MICROTRACT. (a) CaCO3–Eggshell after the milled. (b) CaCO3–Agave
salmiana bagasse ash after the milled
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The resulting powders were synthesized using a) HAP without aloe extract, b) HAP– eggsheell with
Aloe barbadensis extract, c) HAP–bagasse ash of agave with Aloe barbadensis extract, and d) Reference
Diffraction pattern. All samples are mainly composed of Hydroxyapatite with a hexagonal structure and
spatial group P6_3/m according to American Mineralogist 74 (1989) 870–876. The presence of calcium
phosphate acid (CaHPO4) in the synthesized powders was also observed (Fig. 5).

Figure 4: Diffractograms were obtained from calcined (a) eggshell and (b) Agave salmiana bagasse ash, and
in red color diffraction base pattern of CaO

Figure 5: Diffractograms of the Hydroxyapatite synthesis: (a) HAP without aloe extract, (b) HAP–eggshell
with Aloe barbadensis extract, (c) HAP–Agave salmiana bagasse ash with Aloe barbadensis extract, and (d)
Diffraction base pattern of HAP
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The FTIR spectra, Fig. 6, show the characteristic bands for PO3�
4 which are observed in 561, 601, 962,

1090 cm–1. The vibration of the OH� ion is also observed in 631 cm–1. The peak that appears in 875 cm–1

corresponds to CO2�
3 , 1025 cm–1 corresponds to Ca3(PO4)2.

Fig. 7 shows SEM images where it can be seen the morphology of the powder resulting from the
hydrothermal synthesis by using CaO obtained from eggshells. Irregular particles of micrometric size are
observed but also we can appreciate small needles of nanometric size. Fig. 8 shows SEM images of the
HAP morphology by using CaO of eggshell and Aloe barbadensis. Rods and some platelets of
micrometric size particles are observed. Fig. 9 corresponds to the SEM images of HAP morphology using
CaO from Agave salmiana and Aloe barbadensis. Rectangular and hexagonal rods and some shapeless
micrometric size particles are observed. It should be noted that, for each experiment performed, similar
particles were obtained with rod and needle morphologies of different dimensions, depending on the

Figure 6: (a) FTIR spectrums of HAP without Aloe barbadensis extract. (b) FTIR spectrums of
HAP–eggshell using Aloe barbadensis extract. (c) FTIR spectrums of HAP–Agave salmiana bagasse ash
using Aloe barbadensis extract
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initial conditions used during the synthesis. It is also observed that for the HAP where CaO of eggshell is
used, nano-sized particles are generated.

Figs. 10a and 10b are TEM images of different zones of the sample of Hydroxyapatite powder
resulting from the hydrothermal synthesis with CaO obtained from Agave salmiana. As it can be
observed, there are several nanograins oriented in different directions. Fig. 11a corresponds to the zoom
of Figs. 10a and 11b is the zoom from Fig. 10b, respectively. Interplane distances are indicated in
Table 2. Moreover, the expected value of the planes of the Hydroxyapatite and angles between them can
be appreciated also in Table 2. As it can be observed, the measured distances are very close to those
distances indexed from the expected crystal structure of the Hydroxyapatite. The expected distances were
calculated in the CaRIne. Crystallography 3.1 program, introducing the structure of the Hydroxyapatite
reported by Ortega et al. [31] and Cao et al. [32].

Figure 7: SEM micrographs of hydroxyapatite powder resulting from the hydrothermal synthesis of
commercial phosphate and CaO obtained from eggshells with a magnification of (a) 10 µm, (b) 2 µm and
(c) 1 µm
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Figure 8: Hydroxyapatite powder micrographs resulting from the hydrothermal synthesis of commercial
dibasic phosphate, (a) CaO obtained from eggshells and (b) CaO obtained from eggshells in solution with
extract of Aloe barbadensis

Figure 9: Hydroxyapatite powder micrographs resulting from the hydrothermal synthesis of commercial
phosphate, CaO obtained from Agave salmiana with a magnification of (a) 10 µm and (b) 2 µm

Figure 10: Images in TEM mode in high resolution of the sample of Hydroxyapatite powder resulting from
the hydrothermal synthesis of commercial phosphate, CaO obtained from Agave salmiana in different zones
(a) and (b)
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The size and shape of the hydroxyapatite changed dramatically in the presence of Aloe barbadensis.
Large crystals of Hydroxyapatite were observed when Eggshell powder and Agave salmiana ash were
used as raw materials in the presence of the Aloe barbadensis surfactant. Crystals with shapes of ribbons
and plates from 1 micrometer to 8 micrometers were observed when using the eggshell powder in the
presence of Aloe barbadensis and, in the case of Agave salmiana ash in the presence of Aloe
barbadensis, crystals with shapes of quadrangular prisms and hexagonal (polyhedra) with sizes from
2 micrometers to 20 micrometers were observed.

The Aloe barbadesis contain polyphenols, several polysaccharides, and other functional groups. The
phenols are highly reactive compounds due to their polydentate ligands with a multiplicity of potential
binding sites, i.e., phenolic groups. They may be the active agents in the extracts, responsible for the
enhanced stability of micelles and the content of polysaccharides is responsible for the micellization
behavior [33,34].

The formation of HAP in the presence of surfactant was accelerated, obtaining large crystals of several
micrometers in comparison with HAP synthesized without surfactant at the same reaction time. The added
surfactant is then supposed to bind to certain faces of the crystals and bind to certain ions as well so that ions
could be incorporated into the existing nuclei at a steady rate and the final shape and size can be well
obtained.

The HAP crystals synthesized in the presence of Aloe barbadesis exhibited a controlled irregular
hexagonal and square prism-like shape and subsequently grew up by the thermal treatment to be larger-
sized crystals at a well-dispersed state.

It was also found that the Aloe barbadesis surfactant induced heterogeneous nucleation to initiate the
nucleation/growth processes.

In contrast, HAP crystals synthesized without surfactant exhibited irregular and nails shaped and
aggregated crystals, which are due to dominantly occurring homogeneous nucleation as schematically
depicted in Scheme 1 [29–32,34].

Figure 11: (a) Enlargement of Fig. 10a, to show further microstructure details; (b) Enlargement of Fig. 10b,
to show further microstructure details

Table 2: Measured and expected planar distances, indexed planes, and angles between planes of the hydroxyapatite

d (measured) d (expected) Plane Angle with Angle with

Fig. 11a 2.75 2.702 (300) (030) 60° (110) 30°

Fig. 11a 2.75 2.702 (030) (300) 60° (110) 30°

Fig. 11a 4.65 4.68 (110) (300) 30° (030) 30°

Fig. 11b 3.4 3.43 (002) (110) 90°

Fig. 11b 4.64 4.68 (110) (002) 90°
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4 Conclusions

Hydroxyapatite successfully obtained by a simple hydrothermal method, with Eggshell and Agave
salmiana as raw materials. The product was a mixture of CaHPO4 and CaO in a ratio of 3:1 with HAP
morphology in the form of hexagonal and rectangle prisms, rods, needles, and some platelets. In addition,
the use of green chemistry during HAP synthesis with eggshell and Agave salmiana using a solution of
Aloe barbadensis as a surfactant agent, acts as a crystalline growth agent for the particles of HAP.
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