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 Abstract: Magnetite/hydroxyapatite (Fe3O4/HA) nanocomposites are promising 
materials for biomedical applications, particularly in targeted drug delivery. This study 
investigates the effects of hydrothermal reaction time and FeCl3 precursor concentration 
on the structural, morphological, and magnetic properties of Fe3O4/HA composite 
powders synthesized via a one-pot hydrothermal method. The resulting composites 
exhibit biphasic structures comprising magnetite (cubic phase) and hydroxyapatite 
(hexagonal phase) crystallites, with average sizes ranging from 22 to 30 nm. Both 
increased reaction time and FeCl3 concentration contributed to the growth of crystal size. 
A notable enhancement in specific surface area was observed, increasing from 48.21 to 
67.41 m2/g as FeCl3 concentration decreased from 0.15 to 0.05 M at a fixed reaction time 
of 15 h. Magnetic characterization revealed that the composites exhibited 
superparamagnetic behavior, with the highest saturation magnetization (Ms) reaching 
17.27 emu/g. These results demonstrate that tuning synthesis parameters can optimize 
the structural and magnetic properties of Fe3O4/HA nanocomposites, making them strong 
candidates for use in controlled drug delivery systems. 
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■ INTRODUCTION 

Magnetic nanoparticles, particularly magnetite 
(Fe3O4), have garnered significant attention in recent years 
due to their distinctive superparamagnetic properties, 
nanoscale size, and inherent biocompatibility. These 
features make them highly attractive for various biomedical 
applications, including magnetic resonance imaging (MRI) 
as contrast agents, magnetic hyperthermia for localized 
cancer therapy, and targeted drug delivery systems [1-2]. 
Among these, drug delivery is one of the most promising 
applications, where Fe3O4 nanoparticles can be guided to 
specific sites in the body using an external magnetic field, 
enabling localized drug release. This targeted approach 
helps to minimize systemic side effects, reduce required 
dosages, and enhance overall therapeutic efficacy [3-5]. 

Despite these advantages, the clinical and practical 
use of bare Fe3O4 nanoparticles is hindered by several 
critical limitations. These include a tendency to 
aggregate due to high surface energy, susceptibility to 
rapid clearance by the reticuloendothelial system (RES), 
and instability under physiological conditions. 
Moreover, they often exhibit burst release behaviors, 
which can lead to uncontrolled drug distribution and 
reduced therapeutic efficiency [6-8]. These issues 
necessitate the development of surface modification 
strategies to improve the colloidal stability, 
biocompatibility, and functionality of Fe3O4 
nanoparticles in biological environments. To address 
these challenges, a wide range of surface coatings has 
been explored. Polymeric coatings, such as polyethylene 
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glycol (PEG), dextran, and polyvinyl alcohol, are among 
the most used due to their hydrophilic nature, which helps 
prevent aggregation and reduces protein adsorption 
(biofouling) [9-11]. However, many of these organic 
polymers are prone to degradation under physiological 
conditions, limiting their long-term effectiveness and 
structural integrity [12-14]. 

In contrast, inorganic coatings, particularly 
hydroxyapatite (HA, Ca10(PO4)6(OH)2), offer a more 
stable and bioactive alternative. HA is the primary 
inorganic component of natural bone and teeth, and it is 
well known for its outstanding biocompatibility, 
osteoconductivity, and bioactivity. These properties make 
it especially suitable for bone-related drug delivery and 
regenerative medicine applications [15-17]. Moreover, 
when Fe3O4 nanoparticles are incorporated into an HA 
matrix, the resulting composites retain the magnetic 
functionality of Fe3O4 while leveraging the biological 
advantages of HA. This composite approach has been 
shown to improve nanoparticle dispersion, control 
particle morphology, and reduce toxicity, while 
maintaining the chemical stability of HA [18-19]. 

The method of synthesis also plays a critical role in 
determining the structural and functional characteristics 
of these nanocomposites. Among the available 
techniques, hydrothermal synthesis has emerged as a 
particularly effective route due to its ability to produce 
highly crystalline, phase-pure materials with tunable 
morphology and particle size [20]. For example, 
Puthumana and Rahul [21] successfully synthesized 
Fe3O4/HA nanocomposites using a hydrothermal 
approach, achieving uniform particle dispersion and 
demonstrating favorable drug adsorption and sustained 
release profiles for model therapeutic agents. Building on 
these findings, the present study aims to synthesize 
Fe3O4/HA nanocomposites via a one-pot hydrothermal 
process while systematically varying the hydrothermal 
reaction time and FeCl3 precursor concentration. Unlike 
previous studies that primarily demonstrated the 
feasibility of Fe3O4/HA composites for drug delivery, this 
work provides a comprehensive investigation of how 
these synthesis parameters influence the structural, 
morphological, surface, and magnetic properties of the 

composites. By explicitly linking synthesis conditions 
with functional characteristics relevant to drug delivery, 
this study offers new insights into tailoring Fe3O4/HA 
nanocomposites for enhanced biomedical performance. 

■ EXPERIMENTAL SECTION 

Materials 

In this study, the chemicals used included 
FeCl3·6H2O (Merck), distilled water, urea (Merck), 
sodium citrate dihydrate (C6H5O7Na3·2H2O, Merck), 
polyethylene glycol (PEG 1000, 99%, Merck), ethanol 
(98%, Merck), and HA (Merck). 

Instrumentation 

The structure and crystal phase of the Fe3O4/HA 
composites were characterized by X-ray diffraction 
(XRD) using a PANalytical X'Pert Powder 
diffractometer with a copper (Cu) anode operated at 
30 mA and 40 kV. XRD data were collected at 300 K over 
a range of Bragg angles (2θ). The specific surface area of 
the composites was measured using a Brunauer–
Emmett–Teller (BET) analyzer (Nova 3200e). Magnetic 
properties were evaluated using a vibrating sample 
magnetometer (VSM-250 electromagnet) at 300 K, 
under an applied magnetic field ranging from −20 to 
+20 kOe. The morphology of the Fe3O4/HA composites 
was examined using transmission electron microscopy 
(TEM, JEM-1400). 

Procedure 

Fe3O4/HA composites were synthesized using a 
hydrothermal method. A solution containing 2 mmol of 
FeCl3·6H2O, 4 mmol of Ca(NO3)2·4H2O, and 6 mmol of 
urea was prepared by dissolving the reagents in 40 mL of 
distilled water. The Ca(NO3)2·4H2O was used as the 
calcium source, which, under hydrothermal conditions, 
reacts with phosphate groups to facilitate the formation 
of HA crystals. Subsequently, 0.3 g of PEG (7.5 g/L) was 
added under continuous stirring until fully dissolved. 
HA was then added at 30 wt.% relative to the total solid 
content. 

The resulting solution was transferred into a 
100 mL Teflon-lined stainless-steel autoclave, which was 
then placed in an oven and heated at 210 °C for various 
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durations (5, 7, 9, 12, and 15 h) with FeCl3 concentrations 
of 0.05, 0.10, and 0.15 M. After the reaction, the autoclave 
was allowed to cool naturally to room temperature. The 
dark brown precipitate was collected by centrifugation, 
washed several times with distilled water and absolute 
ethanol, and dried in an oven at 110 °C for 12 h. All 
syntheses were conducted at a constant temperature of 
210 °C. 

■ RESULTS AND DISCUSSION 

XRD 

The effect of hydrothermal reaction time on the 
crystallinity of Fe3O4/HA composites is clearly 
demonstrated in the XRD patterns shown in Fig. 1. A 
progressive enhancement in crystallinity is observed as 
the reaction time increases from 5 to 15 h. Among all 
samples, the one synthesized at 15 h exhibited the most 
intense and well-defined diffraction peaks, indicative of 
high crystallinity and improved phase purity. Conversely, 
the sample synthesized for only 5 h displayed significantly 
broader and less intense peaks, suggesting the presence of 
poorly crystalline or partially developed phases. The 
intermediate samples (7, 9, and 12 h) showed a gradual 
transition in peak sharpness and intensity, highlighting 
the importance of thermal treatment duration in 
promoting complete crystallite formation. 

Of particular importance are the distinct peaks at 2θ 
≈ 31.7° and 35.5°, which correspond to the (211) plane of 
HA and the (311) plane of Fe3O4, respectively. These 
peaks became increasingly sharper and more intense with 
extended reaction time, indicating that both HA and 
Fe3O4 phases benefited from prolonged thermal energy 
input during the hydrothermal synthesis process. This 
trend is consistent with classical crystal growth theories, 
which suggest that longer reaction durations enable 
greater atomic mobility and improved crystallite 
ordering, resulting in more defined lattice structures. The 
findings agree with recent studies showing that longer 
hydrothermal times significantly improve the phase 
purity and crystallinity of iron oxide-ceramic 
nanocomposites. 

The influence of FeCl3 concentration on phase 
formation is presented in Fig. 2. As the concentration of 

the Fe3+ precursor increased from 0.05 to 0.15 M, a 
noticeable intensification and sharpening of XRD peaks 
was observed. The sample synthesized with 0.15 M FeCl3 
displayed the most prominent reflections, indicating the 
formation of well-ordered Fe3O4 and HA phases. In 
contrast, the lower concentration samples (0.05 and 
0.10 M)  showed   less  intense   peaks,  suggesting   either  
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Fig 1. XRD patterns of Fe3O4/HA nanocomposites 
prepared via hydrothermal synthesis at different 
reaction times: (a) 15 h, (b) 9 h, and (c) 5 h. The patterns 
indicate the phase evolution and crystallinity changes 
with increasing synthesis duration 
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Fig 2. XRD patterns of Fe3O4/HA nanocomposites 
synthesized via hydrothermal method using different 
concentrations of FeCl3 precursor: (a) 0.15 M, (b) 0.10 
M, and (c) 0.05 M. The patterns reflect changes in phase 
composition and crystallinity as a function of iron 
precursor concentration 
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incomplete nucleation or the presence of amorphous 
intermediates. Higher Fe3+ concentrations likely promote 
a greater number of nucleation sites during hydrothermal 
processing, enhancing the growth kinetics and leading to 
more uniform and crystalline product phases. 

The synergy between reaction time and FeCl3 
concentration is therefore critical in governing the final 
crystalline quality of Fe3O4/HA nanocomposites. 
Enhanced crystallinity is highly beneficial for biomedical 
applications, particularly in drug delivery and bone 
regeneration, as it influences mechanical integrity, phase 
stability, and the interaction of the material with 
biological fluids. Well-crystallized HA ensures better 
bioactivity and osteoconductivity, while crystalline Fe3O4 
improves magnetic responsiveness and structural 
uniformity, both of which are essential for consistent 
performance in magnetically guided drug delivery 
systems. In conclusion, both extended hydrothermal 
reaction time and elevated FeCl3 concentration 
significantly enhance the crystalline structure and phase 
development of Fe3O4/HA nanocomposites. These 
findings underscore the importance of optimizing 
synthesis parameters to achieve materials with desirable 
physicochemical properties for biomedical deployment. 

The XRD patterns of the Fe3O4/HA nanocomposites 
synthesized under varying hydrothermal reaction times 
are presented in Fig. 1. Distinct diffraction peaks at 2θ ≈ 
31.7° (HA, (211) plane) and 35.5° (Fe3O4, (311) plane) 
became sharper and more intense with increasing 
reaction time. The sample synthesized at 15 h exhibited 
the highest peak intensities, while the lowest were 
observed for the 5 h sample. These results indicate that 
extended hydrothermal treatment enhances crystallinity 
by facilitating more complete nucleation and crystal 
growth. Fig. 2 displays the XRD patterns of samples 
synthesized with varying FeCl3 concentrations. Similar to 
the time-dependent behavior, the peak intensities 
increased with higher precursor concentrations. The most 
intense diffraction peaks were observed for the composite 
prepared at 0.15 M FeCl3, followed by 0.10 and 0.05 M. 
These results suggest that higher Fe3+ ion availability 
promotes more efficient nucleation and crystallite 
formation,  thereby  enhancing  the overall  crystallinity of  

the Fe3O4/HA composite. 
The average crystallite size of the Fe3O4 and HA 

phases was estimated from the X-ray diffraction data 
using the Scherrer equation (Eq. (1)): 

KD
cos

λ=
β θ

 (1) 

where D is the crystallite size (nm), K is the shape factor 
(commonly taken as 0.9), λ is the X-ray wavelength 
(0.1541 nm for Cu Kα radiation), β is the full width at 
half maximum (FWHM) of the selected diffraction peak 
(in radians), and θ is the Bragg diffraction angle (in 
degrees). The estimated crystallite sizes of both Fe3O4 
and HA phases at various hydrothermal reaction times 
are summarized in Table 1. 

The data presented in Table 1 indicate that both 
reaction time and FeCl3 concentration significantly 
influence the crystallite size of the Fe3O4/HA composites. 
Prolonging the hydrothermal reaction time resulted in 
an increase in crystallite size from 12.94 nm at 5 h to 
22.77 nm at 15 h. This trend suggests that longer reaction 
durations promote crystal growth and grain coarsening. 
Additionally, increasing the FeCl3 concentration was 
found to affect crystal morphology; higher reactant 
concentrations led to more distorted particle shapes and 

Table 1. Crystallite size of Fe3O4/HA composites under 
different synthesis conditions 
Concentration 
of FeCl3 (M) 

Reaction time 
(h) 

Crystal size (nm) 
Magnetite Hydroxyapatite 

0.05 5 12.94 16.71 
7 14.75 18.89 
9 14.90 20.64 

12 15.31 22.24 
15 18.41 22.61 

0.10 5 14.40 18.39 
7 15.67 20.12 
9 16.12 21.40 

12 18.21 22.68 
15 19.71 24.05 

0.15 5 16.61 20.61 
7 17.49 21.28 
9 18.70 23.59 

12 20.78 24.21 
15 22.77 30.31 
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coarser grain sizes [22-24]. The crystal growth behavior of 
Fe3O4 particles synthesized via hydrothermal methods is 
strongly influenced by reaction time and precursor 
concentration. In this study, the increasing reaction time 
promoted larger crystal diameters, which is consistent 
with the oriented attachment mechanism previously 
described by Fadli et al. [25], where small primary Fe3O4 
nanocrystals align and fuse along specific crystallographic 
orientations to form larger, single-domain crystals. 
Overall, the composite crystallite sizes obtained in this 
study remain within the nanometer range, confirming the 
successful synthesis of nanoscale Fe3O4/HA composites 
with controlled crystal growth. 

The synthesis was conducted at a constant 
temperature of 210 °C, with variations in reaction time 
and FeCl3 concentration. Crystallite sizes of both Fe3O4 
and HA were calculated from XRD data using the 
Scherrer equation. At a FeCl3 concentration of 0.05 M and 
a reaction time of 5 h, the crystallite sizes of Fe3O4 and HA 
were 12.94 and 16.71 nm, respectively. As the reaction 
time increased, a progressive growth in crystallite size was 
observed: 14.75 and 18.89 nm at 7 h, 14.90 and 20.64 nm 
at 9 h, 15.31 and 22.24 nm at 12 h, and finally 18.41 and 
22.61 nm at 15 h for Fe3O4 and HA, respectively. The 
enlargement of HA crystallite size with increasing reaction 
time can be explained by the progressive crystal growth 
and Ostwald ripening phenomena under prolonged 
hydrothermal conditions, allowing smaller crystallites to 
dissolve and redeposit onto larger ones. In addition, the 
presence of higher Fe ion concentrations enhances 
supersaturation, providing additional driving force for 
crystal growth. Fe ions may also interact with the HA 
lattice, either through partial substitution or surface 
adsorption, thereby stabilizing larger crystallites. Together, 
these effects explain the increase in crystallite size observed 
at extended reaction times and elevated Fe concentrations. 

Similar trends were observed for FeCl3 
concentrations of 0.10 and 0.15 M, where crystallite sizes 
also increased with extended reaction time, albeit with 
slight fluctuations. These minor deviations may be 
attributed to the dynamic chemical environment during 
the hydrothermal process [26]. In particular, the presence 
of citrate ions may have contributed to partial reduction 

or complexation effects, potentially affecting particle 
stability and resulting in temporary decreases in crystal 
size. Nonetheless, the formation of Fe3O4/HA 
nanocomposites with crystallite sizes in the nanometer 
range was successfully achieved under all synthesis 
conditions. 

TEM Analysis 

The morphology of the synthesized Fe3O4/HA 
composites was examined using TEM, as shown in Fig. 3. 
The sample synthesized with a reaction time of 15 h and 
an FeCl3 concentration of 0.15 M exhibited a granular 
morphology composed of uniformly dispersed nanoscale 
particles. The particle size distribution ranged from 10 
to 30 nm, with an average diameter of approximately 
15 nm. Such morphology reflects the influence of 
synthesis parameters on nucleation and growth kinetics. 
A longer hydrothermal treatment promotes sustained 
crystal growth and allows nanoparticles to reach 
thermodynamically stable morphologies [27-28]. 
Meanwhile, higher FeCl3 concentrations provide more 
Fe3+ ions, facilitating uniform nucleation and preventing 
excessive agglomeration. The absence of large aggregates 
and the homogeneous particle distribution suggest that 
the reaction conditions were effective in producing 
nanocomposites with controlled grain size and 
dispersion, consistent with previous reports on Fe3O4-
ceramic  systems  [29-31].  For  biomedical  applications,  

 
Fig 3. TEM image of the sample synthesized at 210 °C 
for 12 h with a magnification of 150,000× 
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particularly drug delivery, particle uniformity in both 
shape and size is crucial. Uniform nanoscale morphology 
enhances the physicochemical stability and functionality 
of the composite. A well-defined and consistent particle 
size increases the specific surface area, thereby improving 
the composite's efficiency in drug adsorption and 
controlled release [32-34]. The observed morphology 
confirms the potential suitability of the synthesized 
Fe3O4/HA nanocomposites for drug delivery systems. 

According to Zheltova et al. [9], regions of darker 
contrast in TEM images are indicative of Fe3O4 cores, 
whereas lighter regions correspond to the HA 
component. The presence of a darker core encapsulated 
by a lighter outer shell suggests that Fe3O4 nanoparticles 
are uniformly coated by a HA layer. This core–shell 
configuration implies successful surface functionalization 
of Fe3O4 by HA during the hydrothermal synthesis process. 
As illustrated in Fig. 3, the composite particles exhibit a 
predominantly spherical morphology, with Fe3O4 cores 
visibly embedded within the surrounding HA matrix. 
This encapsulation is critical for biomedical applications, 
as it not only enhances biocompatibility but also helps to 
prevent agglomeration of the magnetic cores, thereby 
preserving their superparamagnetic properties for 
targeted drug delivery. 

BET Analysis 

The specific surface areas of the synthesized 
Fe3O4/HA nanocomposites, determined using nitrogen 
adsorption–desorption isotherms and calculated via the 
BET method, are summarized in Table 2. A clear and 
consistent trend was observed wherein increasing the 
concentration of FeCl3 precursor led to a significant 
increase in the surface area of the resulting composites, 
while the hydrothermal reaction conditions, specifically 
temperature and time (180 °C for 15 h), were kept 
constant. Notably, the composite synthesized with 0.05 M 

Table 2. Specific surface area of Fe3O4/HA 
Sample reaction 

time (h) 
Concentration 
of FeCl3 (M) 

Specific surface 
area (m2/g) 

5 0.05 48.21 
9 0.10 64.48 

15 0.15 67.41 

FeCl3 exhibited a surface area of 48.21 m2/g, whereas 
increasing the FeCl3 concentration to 0.15 M resulted in 
a surface area of 67.41 m2/g. This enhancement is 
primarily attributed to the formation of finer Fe3O4 
nanoparticles and a more porous microstructure within 
the HA matrix at higher Fe3+ concentrations. 

The BET surface area data show a strong inverse 
relationship with crystallite size, as determined by XRD 
analysis using the Scherrer equation. Smaller crystallite 
sizes result in broader diffraction peaks, indicating a 
larger specific surface area due to the increased number 
of active sites per unit mass. With increasing FeCl3 
concentration, the higher nucleation rate of Fe3O4 
particles likely leads to a finer dispersion and a greater 
number of nucleation centers, which in turn limit crystal 
growth and reduce particle size. As demonstrated in 
similar studies, the formation of ultrasmall Fe3O4 
crystallites within or on HA frameworks results in 
increased porosity and a higher external surface area 
available for functional interactions [28]. 

This microstructural refinement, driven by 
precursor concentration, significantly affects the 
physicochemical properties of the composites. The 
increased surface area enhances the materials' potential 
in biomedical applications, particularly in the context of 
drug delivery systems [35-36]. High surface area 
materials are advantageous for drug adsorption because 
they provide more available surface functional groups—
such as hydroxyl, phosphate, and iron oxide sites—
which can interact with drug molecules through 
hydrogen bonding, van der Waals forces, or electrostatic 
interactions [37-38]. Moreover, the presence of Fe3O4 
imparts magnetic responsiveness to the composite, 
allowing for external magnetic guidance and site-
specific targeting, a key feature in modern targeted drug 
delivery strategies. Furthermore, HA serves not only as 
a biocompatible scaffold but also as a pH-sensitive 
matrix that can aid in the controlled release of drugs in 
targeted environments such as tumor tissues, which 
typically exhibit acidic microenvironments. When 
integrated with magnetically active Fe3O4, the composite 
can be fine-tuned to deliver dual functionality: magnetic 
targeting and pH-triggered release. These synergistic 



Indones. J. Chem., 2026, 26 (2), 368 - 378    

 

Ahmad Fadli et al. 
 

374 

effects make Fe3O4/HA nanocomposites an attractive 
platform for multifunctional therapeutic applications. 

In conclusion, the increase in BET surface area with 
FeCl3 concentration highlights the importance of 
synthesis conditions in tuning the structural properties of 
Fe3O4/HA composites. This structural modulation has 
direct implications for optimizing the drug loading and 
release efficiency of the material, underlining its potential 
utility in advanced drug delivery systems. The specific 
surface area of the Fe3O4/HA composites obtained in this 
study ranged from 48.21 to 67.41 m2/g. These values are 
notably higher than those reported by Nakahira and Sato 
[39], indicating improved surface characteristics of the 
synthesized materials. In the context of drug delivery 
applications, surface area plays a crucial role in 
determining the loading and release efficiency of 
therapeutic agents. A higher specific surface area provides 
more active sites for drug adsorption, thereby enhancing 
the composite’s drug-carrying capacity and improving the 
overall performance of the delivery system. 

Analysis of Vibrating Sample Magnetometer (VSM) 

The magnetic properties of the Fe3O4/HA composites 
were characterized using a vibrating sample magnetometer 
(VSM) at room temperature under an applied magnetic 
field ranging from –20 to +20 kOe. The resulting hysteresis 
loops for the samples are presented in Fig. 4. The saturation 
magnetization (Ms) values varied significantly as a function 
of FeCl3 precursor concentration, revealing a 
concentration-dependent magnetic response. Notably, the 
sample synthesized with 0.05 M FeCl3 displayed the highest 
Ms value of 17.27 emu/g, while the composite prepared 
using 0.15 M FeCl3 exhibited a lower Ms value of 
13.24 emu/g. These values reflect the magnetic contribution 
of Fe3O4 within the composite matrix, and the observed 
decrease in Ms with increasing FeCl3 concentration 
suggests a complex interplay between magnetic phase 
distribution, crystallinity, and interparticle interactions. 
The inverse trend between FeCl3 concentration and Ms is 
somewhat counterintuitive, as one might initially expect 
higher precursor concentrations to result in greater Fe3O4 
content and therefore increased magnetization. However, 
this reduction in Ms is consistent with XRD results, which 

indicate a decrease in crystallinity at higher FeCl3 
concentrations. The broadening and reduction of XRD 
peak intensities suggest that at elevated Fe3+ 
concentrations, Fe3O4 nanoparticles may form with 
poorer crystalline order or increased lattice defects, 
which disrupt the alignment of magnetic domains and 
reduce net magnetization [28]. 

Furthermore, high precursor concentrations may 
also promote agglomeration or non-uniform growth of 
Fe3O4 nanoparticles, which can lead to enhanced surface 
spin disorder and superparamagnetic behavior, both of 
which contribute to a decrease in saturation 
magnetization [40]. Surface spin canting, where surface 
atoms experience a disordered spin alignment due to 
unsaturated bonds or structural imperfections, is 
particularly significant in nanoparticles with high 
surface-to-volume ratios. These effects are exacerbated 
when Fe3O4 particles are embedded within an HA 
matrix, as the interface may further perturb the magnetic 
order, depending on the surface chemistry and synthesis 
conditions [41]. 

From a biomedical standpoint, particularly in 
targeted  drug  delivery and  magnetic  hyperthermia, the  

 
Fig 4. Hysteresis curve of Fe3O4/HA composite 
synthesized by comparison of Fe3O4/HA 15 h at 
concentration FeCl3 of 0.05 M 
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magnetic properties of nanocomposites play a central 
role. Materials with moderate saturation magnetization—
typically in the range of 10–30 emu/g—are ideal for 
external magnetic guidance without causing particle 
aggregation under physiological conditions [42]. In this 
context, the Ms values observed for all Fe3O4/HA samples 
in this study fall within the suitable range for magnetically 
responsive drug delivery, offering an effective balance 
between magnetic responsiveness and colloidal stability. 
Moreover, maintaining biocompatibility is essential, and 
HA provides an excellent platform for improving the 
osteoconductivity and cytocompatibility of the 
composite. The decline in magnetization at higher FeCl3 
concentrations may also be linked to an increased HA-to-
Fe3O4 ratio in the matrix, which dilutes the magnetic 
phase and further lowers the composite’s overall Ms. 

In summary, the magnetic characterization of 
Fe3O4/HA nanocomposites reveals a clear inverse 
relationship between FeCl3 precursor concentration and 
saturation magnetization. The optimal balance between 
crystallinity, particle uniformity, and magnetic response 
was achieved at a concentration of 0.05 M FeCl3, 
synthesized over 15 h, making it a promising candidate 
for magnetically guided biomedical applications. The 
coercivity (Hc) values also differed between samples, with 
the composite synthesized at 0.05 M FeCl3 exhibiting a 
coercivity of 84.43 Oe, and the one synthesized at 0.15 M 
FeCl3 showing a higher coercivity of 101.78 Oe. These 
values indicate that the composites retain 
superparamagnetic behavior at room temperature, which 
is typical for Fe3O4 particles with sizes below 30 nm [9]. 
The variation in coercivity is primarily attributed to 
particle size, as larger particles tend to exhibit higher 
coercivity due to the increased magnetic anisotropy 
energy required to realign their magnetic domains. 
Therefore, the lower coercivity observed at 0.05 M may be 
linked to finer particle sizes and higher crystallinity, as 
supported by the structural characterization results. 

■ CONCLUSION 

In this study, Fe3O4/HA nanocomposites were 
successfully synthesized via the hydrothermal method. 
The resulting composites exhibited superparamagnetic 
behavior and consisted of well-dispersed nanoparticles 

with average crystallite sizes of approximately 15 nm for 
Fe3O4 and 25 nm for HA, as confirmed by XRD and 
TEM analyses. The morphology analysis revealed a 
uniform size distribution with minimal agglomeration, 
and Fe3O4 nanoparticles were homogeneously distributed 
on the HA matrix. The combination of nanoscale 
particle size, high crystallinity, and superparamagnetic 
properties indicates that the synthesized Fe3O4/HA 
composites hold significant promise for biomedical 
applications. These include targeted drug delivery, 
magnetic hyperthermia for cancer therapy, and other 
magnetically assisted medical treatments. 
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