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Abstract: Hydroxyapatite could be utilized as a bioceramic due to its osteoconductivity and bioactivity. 

The shape of HAp nanoparticles influences their properties, such as bioactivity and surface area. Nano-

sized HAp particles with different morphologies were synthesized using a variety of preparation 

processes such as solvothermal, microwave-solvothermal, precipitation, and hydrothermal-

precipitation process. The effect of preparation methods on particle morphology was studied. The X-

ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), and Zeta potential (ZP), were used to 

validate the composition and structure of the as-formulated HAp nanostructures. A single phase of HAp 

was obtained using various methods of preparation. According to the TEM analysis of the powders, 

both the solvothermal and the hydrothermal treatment samples were very diffuse and consisted of fairly 

homogeneous HAp nanorods. 
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1. Introduction 

Calcium phosphate has been extensively studied for potential biomedical uses because 

of its exceptional biocompatibility [1-3]. Among other calcium phosphates, hydroxyapatite 

Ca10(PO4)6(OH)2 (HAp) has sparked a lot of interest in biomedical fields owing to its 

outstanding features such as nontoxicity, bioactivity, outstanding biocompatibility, 

noninflammatory and nonimmunogenicity inorganic material, biodegradability, 

osteoconductivity and under physiological conditions, hydroxyapatite is the most stable 

calcium phosphate crystalline form. These characteristics are due to HAp's chemical 

composition, which mimics the inorganic components of human teeth and bone [1]. Synthetic 

HAp can be dissolved at a low pH value to form non-toxic Ca2+ ions and PO4
3- ions in an 

aqueous solution. As a result, because inflammatory tissues and tumors have lower pH values 

than normal tissues and blood, HAp nanostructured materials can be developed and utilized as 

a pH-triggered medication delivery system to regulate medication liberate [4,5]. 
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Furthermore, HAp has two distinct binding sites on its surface (negatively charged P 

sites and positively charged C sites) [6]. Because of their great affinity, HAp nanoparticles have 

been investigated as one of the most auspicious delivery vehicles for diverse biomolecules such 

as proteins, hormones, and gene transfection [7-10]. Numerous HAp nanostructured materials 

with various shapes have been created using various procedures to satisfy the requirements of 

biomedical purposes. The preparation procedures significantly impact the physicochemical 

properties, chemical composition, structure, morphology, size, and crystallinity of synthetic 

HAp materials [11]. As a result, applications of the HAp nanoscale could be improved by 

controlling the morphology of HAp nanostructure, such as a rod-like, plate-like, needle-like, 

or spherical shape. Therefore, in recent years, great research attempts have been dedicated to 

improving HAp powders' morphology [12]. Recent interest has peaked in producing surface-

functionalized nanoscale materials with relevant characteristics for medication delivery 

applications. It is commonly acknowledged that the surface modification of nanomaterials can 

provide a variety of important benefits as a result of the nanoparticles' combined capabilities 

and the substance in which they are coated [13-16]. Surface functionalization of HAp could 

modify their behavior in physiological solutions by regulating their contact with tissue in vivo. 

Moreover, surface functionalization can be used to create stimulus-responsive nanocarriers that 

can regulate medication diffusion in response to external and internal triggers such as 

temperature and pH [17-20]. Various chemical modifiers have been used to modify the 

morphology, including cetyltrimethylammonium bromide (CTAB), ethylene glycol, polyvinyl 

alcohol, and ethylene diamine tetra-acetic acid (EDTA), hydroxyl, amine, carboxyl, thiol, and 

phosphate [12]. Citric acid has been frequently employed for surface functionalization of 

nanomaterials among several functionalities. HAp nanorods (HAp NRs) have been widely 

studied for medication delivery and bio-imaging applications, among other morphologies [21-

23], because of their small dimensions, high affinity for various substances, and good 

crystallinity. This study aimed to create various grain size morphologies of HAp nanostructures 

using different preparation methods such as solvothermal, microwave-solvothermal, 

precipitation, and hydrothermal-precipitation. 

2. Materials and Methods 

2.1. Materials. 

Dipotassium hydrogen phosphate anhydrous (K2HPO4, 99% AppliChem Panreac, ITW 

Companies), calcium chloride anhydrous (CaCl2, 99% AppliChem Panreac, ITW Companies), 

ethylene diamine (EDA C2H8N2; 99%, Merck), ethylene glycol (EG 99%, Merck, Germany), 

sodium hydroxide pellets (NaOH, 99% Merck, Germany), and ethanol (C2H5OH, 95%, Pio 

chem, Egypt) were used as received.  

 2.2 Methods. 

2.2.1. Solvothermal and microwave-solvothermal approaches. 

For the preparation of HAp nanorods,  0.00294 moles of CaCl2 was dissolved in 25 mL 

binary solvent of ethylene glycol (EG), and double-distilled H2O with volume ratios of 1:1 and 

0.00175 mole of K2H PO4  was dissolved in another 25 mL binary solvent of EG and double-

distilled H2O (1:1 v/v). Then, drop by drop, the CaCl2 solution was poured into the K2HPO4 

solution. Subsequently, 50 mL ethylene diamine was added to the above-mixed suspension at 
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1.0 mL/ min. The pH of the suspension was attuned to 11 using NaOH solution (1M); then, 70 

mL of the obtained suspension was transferred into a stainless-steel autoclave with a 100 mL 

Teflon vessel and subsequently transferred into an oven heated to 200 ºC and preserved at 200 

°C for 12 h and 24 h to produce HAp NRssol12 and HAp NRssol24 respectively. In addition, 25 

ml was transferred to a 50 mL quartz vessel, hosted in a safety shield, and put inside the cavity 

of a microwave reactor (Milestone Microwave Synthesis Labstation Model Start Synth) heated 

to 200 °C and preserved at this temperature for 10 min and 30 min to afford HAp NRsMW10 and 

HAp NRsMW30 respectively. Following cooling to ambient temperature, the obtained precipitate 

was centrifuged, rinsed several times with double-distilled H2O and ethanol, and then dried for 

24 hours at 70 °C for further structure determination. 

2.2.2 Precipitation approach. 

A modified co-precipitation method [17] was used to produce citrate-functionalized 

hydroxyapatite nanorods. Concisely, solution a was obtained by dissolving 1.5 g citric acid and 

14.765 mmoles of anhydrous calcium chloride in 50 mL double-distilled H2O and adjusting the 

pH with NaOH solution (1M) to 11.0, and solution b was made by dissolving 8.84 mmoles of 

K2HPO4 in 30 ml of double-distilled H2O and keeping the pH at 11.0 using 1 M sodium 

hydroxide solution. Then, with vigorous stirring, solution b was added drop by drop to solution 

a, at a rate of one ml per min. The stirring was prolonged for another two hours after the 

precipitation was completed. Throughout the experiment, the pH of the suspension was kept at 

11. The final suspension was stirred for 24 hours. The precipitate (CF-HAp NRsppt) was 

centrifuged at 6000 rpm for 5 minutes, then rinsed multiple times with double-distilled H2O 

and ethanol before being dried in an oven at 70 ºC for twenty four hours. In the lack of citric 

acid,  the same technique was used to create hydroxyapatite nanorods (HAp NRsppt). 

2.2.3 Hydrothermal - precipitation approach. 

A hydrothermal precipitation approach was used to produce uniform Citrate-

functionalized HAp nanorods. In brief, two solutions were ready: Solution a was set by 

dissolving 1.2 g citric acid and 0.01181 moles of anhydrous calcium chloride in 40 ml double-

distilled H2O, and the pH of the solution was preserved at 11.0 by adding 1 M sodium hydroxide 

solution, and solution b were ready by dissolving 0.007 moles of K2HPO4 in 24 ml double-

distilled H2O, with keeping the pH of the solution at 11.0 by adding 1 M sodium hydroxide 

solution. Then one ml per min of solution b was put in solution a drop by drop with stirring. 

The stirring was prolonged for another two hours after the precipitation was completed. 

Throughout the experiment, the pH of the suspension was preserved at 11.0. The final 

suspension was placed into a stainless-steel autoclave with a 100 mL Teflon vessel and 

subsequently transferred into an oven heated to 200 ºC and preserved at 200 ºC for twelve 

hours. The product (CF-HAp NRshyd) was separated after cooling to room temperature by 

centrifugation at 6000 rpm for ten minutes, washing three times with double-distilled H2O and 

ethanol. Finally, the precipitate (CF-HAp NRshyd) was maintained for drying in an oven at 70 

ºC for twenty-four hours.  

2.3. Characterization. 

On an FTIR -4100 spectrometer JASCO, FTIR spectra were assessed using KBr disks 

at a frequency scale from 4000 to 400 cm-1. An X-ray diffractometer, XRD-6000, Shimadzu, 
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Japan with Cu-kα radiation (λ =1.5412 Å), 40 Kv, 30 mA) in the 2θ range of 10-80° with 2°/min 

scanning rate was used to determine the crystallinity and phases of the HAP nanostructures. 

The morphological features of a high-resolution transmission electron microscope (SEM-EDS, 

JSM-6360 LA, JEOL, Japan) and a high-resolution transmission electron microscope 

(HRTEM, JEM-2100, JEOL) are the morphological features of the nanostructures, and the Ca/P 

ratio of samples were determined. At 30 °C, the samples' Zeta potential was evaluated using 

Zetasizer (ZetaPALS zeta potential analyzer, Brookhaven Instruments Co., USA); the samples 

were diluted with deionized water.  

3. Results and Discussion 

3.1. Powder X-ray diffraction analysis. 

Figure 1 reveals the XRD patterns of the HAp nanostructures. It is obvious that the 

distinctive peaks detected for HAp nanostructures are understood to be in good agreement with 

those of the Joint Committee for Powder Diffraction Standards (JCPDS) data (04-008-4761) 

for HAp. The XRD patterns show that all samples synthesized by various procedures have 

similar XRD patterns, which can be indexed to a single phase of hydroxyapatite (HAp). The 

crystalline phase of the samples is evidenced by the significant peaks at 25.9° (002), 28.1° 

(102), 29° (210), 31.8° (211), 32.2° (112), 32.9° (300), 34° (202), 39.8° (310), 41.8° (302), 

43.5° (123), 44.9° (400), 46.7° (222), 48.1° (312), 49.3° (213) and 53° (004). The absence of 

diffraction peaks related to contaminants in the XRD patterns indicates that the products 

generated are of high purity [24]. 

 
Figure 1. XRD patterns of HAp nanorods prepared via different methods. 

3.2. Fourier- transform infrared  spectroscopy analysis 

The compositions of the samples prepared by different methods were further 

investigated by FTIR, and the spectra are shown in Figure 2. It can be observed that the apatite 

hydroxyl bond and phosphate radicals are responsible for the majority of the typical adsorption 

peaks in the spectrum, indicating that HAp was successfully synthesized. The absorption band 

at 3000-3550 cm-1 could be attributed to OH stretching [24,25]. The vibration mode of 

carbonate ions could be accountable for the peaks at 1417 and 874 cm-1, which were probably 
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wrapped up from the atmosphere through the sample formulation under alkaline circumstances 

[24,25]. The bands at 1039 and 1097 cm-1 are caused by the triply degenerate ν3 asymmetric P-

O stretching mode. The non-degenerate P-O symmetric stretching ν1 mode was responsible for 

the peak detected at 963 cm-1. The band at 474 cm-1 could be dispensed to the doubly degenerate 

ν2 bending of O-P-O mode. The peak at 568 and 603 cm-1 were attributed to the triply 

degenerate ν4 bending of O-P-O mode. The – CH2, – CH3, and C=O stretching vibrations are 

ascribed to the absorption peaks at 2926, 2857, and 1639 cm-1, respectively [26]. Moreover, 

the C=O asymmetric and symmetric stretching of the carboxyl group (COO-) were detected at 

1560 and 1420 cm-1, respectively, demonstrating that the citric acid in CF-HAp NRsppt and CF-

HAp NRshyd has been well modified [21], while these peaks were not present in 

unfunctionalized HAp. 

 
Figure 2. FTIR spectra of HAp nanorods prepared via different methods. 

3.3. Transmission Electron Microscopy analysis. 

Transmission electron microscopy (TEM) was used to assess the effect of different 

preparation procedures on the morphology of the HAp nanostructures. The TEM micrographs 

in Figure 3a, b, demonstrate that the sample prepared by the solvothermal approach at 200 °C 

for 12 h comprised well-defined, uniform HAp nanorods with diameters of about 16.5 nm and 

lengths of 58 nm (Figure S1a,b). When the reaction time increased to 24 h Figure 3c, d, the 

sample also comprised of homogenous HAp nanorods with  average diameter of 16.88 nm and  

average length of 55.7 nm (Figure S1c,d). Figure 3e, f, shows the TEM micrographs of the 

microwave-assisted solvothermal samples at different reaction times. The TEM micrographs 

show that the HAp nanostructures prepared at 200 °C for 10 min possess rod-like shapes with 

an average diameter of 8.9 nm and an average length of 42.4 nm (Figure S2a,b), while the 

sample prepared at 200 °C for 30 min comprised of HAp nanorods of the average diameter of 

7.6 nm and the average length of 55 nm  (Figure S2c,d). Figure 4, presents TEM micrograph 

of all the HAp nanostructures prepared by precipitation and hydrothermal-precipitation 

approaches. TEM micrographs show that all HAp nanostructures possess rod-like morphology. 

Comparing HAp prepared by precipitation method with and without citric acid with HAp 

prepared by the hydrothermal method in the presence of citric acid, it was found that the sample 

synthesized without the hydrothermal treatment comprises nanorods that were highly 

aggregated. 
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Figure 3. TEM micrographs at different magnification of (a,b) HAp NRssol12, (c,d) HAp NRssol24 , (e) HAp 

NRsMW10 and (f ) HAp NRsMW30. 

 
Figure 4. TEM micrographs at different magnification of (a,b) HAp NRsppt, (c,d) CF-HAp NRsppt and (e,f) CF-

HAp NRshyd. 
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On the other hand, the size and morphology of the sample synthesized by the 

hydrothermal treatment were well disseminated and constituted of reasonably homogenous 

HAp nanorods with an average length of 65.24 nm and average diameter of  15.75 nm  (Figure 

S3e,f) [10, 27]. In addition, the HAp nanostructure powders were subjected to compositional 

analysis to determine the Ca/P molar ratio (Figure 5). According to EDX analysis, the 

synthesized HAp nanostructures have a Ca/P ratio of 1.66, which is near to apatite's theoretical 

value (1.67) [28]. 

 

Figure 5. EDX spectrum of hydroxyapatite nanorods.  

3.4. Zeta-potential measurements. 

Figure 6 reveals the zeta potential of the samples. As revealed in Figure 6, the zeta 

potential of HAp NRs prepared by microwave-solvothermal and solvothermal approaches were 

more positive than HAp NRs prepared by precipitation and hydrothermal-precipitation method 

in the occurrence of citric acid. 

 
Figure 6. Zeta potential of (a) HAP NRssol24, (b) HAp NRsppt, (c) CF-HAp NRsppt, and (d) CF-HAp NRshyd.  

4. Conclusions 

This study studied the impact of various preparation methods on particle morphology 

using TEM. The sample formulated without the solvothermal, and the hydrothermal treatment 
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comprises highly aggregated nanorods. However, uniform, well-defined hydroxyapatite 

nanorods have been successfully synthesized using solvothermal and hydrothermal-

precipitation methods. The formation of hydroxyapatite nanostructures was established using 

X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy. According to 

EDX analysis, the synthesized HAp nanostructures have a Ca/P ratio of 1.66, which is near 

apatite's theoretical value (1.67). The zeta potential of nanorods ranged from 10 to -10 mV 

depending on the preparation method and functionalization of nanostructures. 
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Supplementary materials 

 
Figure S1. (a,b) histogram of diameter and length size distribution of HAp NRssol12, and (c,d) histogram of 

diameter and length size distribution of HAp NRssol24. 

 

 

Figure S2. (a,b) histogram of diameter and length size distribution of HAp NRsMW10, and (c,d) histogram of 

diameter and length size distribution of HAp NRsMW30. 
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Figure S3. (a,b) histogram of diameter and length size distribution of HAp NRsppt, (c,d) histogram of diameter 

and length size distribution of CF-HAp NRsppt, and (e,f)  histogram of diameter and length size distribution of 

CF-HAp NRshyd. 
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