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Abstract: Hydroxyapatite (HA) is a bio ceramic commonly utilized in bone tissue engineering due to its bioactive and osteoconductive properties. Crab shells are usually disregarded as waste material despite their significant CaCO3 content, and have not been widely utilized in the synthesis of HA. This study aims to synthesize and analyze HA derived from crab shells using the hydrothermal method with different durations of holding time. This study utilized precipitated calcium carbonate (PCC) derived from crab shells. With a hydrothermal reactor set at 160°C and varying holding times of 14 (HA_14), 16 (HA_16), and 18 (HA_18) h, a PCC and (NH4)2HPO4 mixture was used to synthesize HA. The synthesis results were analyzed using scanning electron microscopy (SEM), fourier transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD) tests. This study has accomplished the synthesis of HA from crab shells. Nonetheless, the final product of synthesis still contained CaCO3 as an impurity. The prolonged hydrothermal holding time of 14 to 18 h resulted in a reduction of impurities while increasing the percentage of crystal weight and crystallite size of HA. Specimen CH_18 is the best-quality product generated in this study. This specimen produced HA with the highest percentage of crystal weight and crystallite size compared to the other specimens. Furthermore, specimen CH_18 exhibited the lowest concentration of impurities. The Ca/P ratio in this specimen was also the closest to 1.67. The Ca/P ratio, crystallite size, and crystal weight percentage of this specimen are 1.54, 19.06 nm, and 99.1%, respectively.
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1  Introduction

Hydroxyapatite (HA), a naturally occurring mineral composed of calcium apatite, has attracted considerable interest in multiple healthcare sectors due to its exceptional biocompatibility, absence of toxicity, and essential role in bone and dental structures. It has found extensive application in biomedical areas such as bone grafting, dental implants, and drug delivery systems [1–3]. Hydroxyapatite is a calcium phosphate that closely resembles the appearance and content of human hard tissues. Specifically, it has a hexagonal and a stoichiometric Ca/P ratio of 1.67, making it exactly the same as bone apatite [4].

Hydroxyapatite, which has the chemical formula Ca10(PO4)6(OH)2, is commonly used to produce biomaterials to repair and replace hard tissues. Hydroxyapatite is a naturally occurring inorganic component of bone and is extremely compatible with living organisms. Due to its osteoconductive properties, hydroxyapatite is the most often utilized calcium phosphate in orthopedics [5]. In general, hydroxyapatite can be synthesized in several forms, including bulk, microparticles, and nanoparticles. The selection of a form is dependent on the specific application and the desired properties [6]. The bulk hydroxyapatite has a dense three-dimensional arrangement of hydroxyapatite. The bulk hydroxyapatite is widely used in orthopaedic and dental applications such as bone filling, bone grafting, dental implantation, making dental cement, and medical devices coating [7–9]. Hydroxyapatite microparticles have extensive applications in drug delivery systems, biomaterials for bone regeneration, and dental implants [10–13]. Further, hydroxyapatite nanoparticles have been extensively researched for their potential applications in medical fields [14–16]. These include treating osteoporosis, addressing alveolar bone damage in oral surgery, preventing dental caries, repairing minor defects on tooth enamel, and serving as biomaterials in restorative dentistry. In addition, hydroxyapatite nanoparticles possess a substantial surface-to-volume ratio that is highly conducive to usage in drug delivery systems [17–19].

The surging demand for hydroxyapatite can be traced to the exponential growth of the healthcare industry. Furthermore, the growing need for sophisticated materials is fuelling the expansion of the worldwide hydroxyapatite market [20]. Due to its ability to adhere to healthy bone, hydroxyapatite is utilized in orthopedics for joint replacement and bone grafting procedures, improving patient satisfaction. Hydroxyapatite is employed in dentistry to fabricate dental implants, crowns, and bridges due to its inherent similarity to natural teeth [21]. In 2023, the worldwide hydroxyapatite market size amounted to US$ 2.6 billion. The global hydroxyapatite market is projected to develop at a pace of 5.3% between 2024 and 2032, reaching a value of US$ 4.2 billion by 2032 [22]. Indonesia has a huge demand for hydroxyapatite for dentistry and orthopedic applications. Due to inadequate domestic production capacity, hydroxyapatite imports have increased. The import value of hydroxyapatite with HS code 28352600 [23] in 2020–2023 totalled US$ 113,152,629 [24].

Hydroxyapatite can be produced by synthesizing inorganic materials or derived from natural organic-based components. Both biomaterials possess bioactivity and biocompatibility, making them equally suitable for in vitro applications. Overall, there are four primary classifications of natural sources that contribute to the synthesis of hydroxyapatite: plant sources, animal sources, biogenic sources, and aquatic sources [25–28].

Biocompatibility is an additional benefit of hydroxyapatite synthesis employing natural materials, in addition to the accessibility of raw materials and the affordability of production [26–28]. Hydroxyapatite derived from natural sources exhibits characteristics that closely resemble those of hydroxyapatite found in the human body. This enhances the potential of hydroxyapatite absorption into human body tissues following medical procedures such as bone grafting or tissue substitution. Thus, using natural materials not only lowers production costs but also reduces the risk of excessive immune reactions or material rejection, boosting the effectiveness and success of hydroxyapatite medicinal applications [26–28].

Indonesia possesses significant potential in the fishing sector, with crab being a routinely exported species to countries such as Japan, the United States, and European nations. The Ministry of Maritime Affairs and Fisheries of the Republic of Indonesia reported that the cumulative export of crab meat between 2019 and 2023 amounted to 144,320 tons [29]. Specifically, the crab comprises 35.77% meat, 51.62% shells, and 12.61% innards [30]. Simultaneously, the quantity of crab shell waste amounted to 208,243 tons, whereas the amount of offal waste totaled 50,871 tons. Inadequate handling of waste generated during crab meat production, such as shells and innards, can lead to pollution and the destruction of the environment [31–33].

According to the above explanation, the quantity of crab shells in Indonesia is substantial and readily accessible. The waste from crab shells holds significant potential for many applications, including producing organic fertilizer [34], chitin [34–36], metal removal from aqueous solutions [35], drug delivery systems [35,37], crackers [38], enhancing calcium content in animal feed [37,39], and chitosan [40,41]. Furthermore, the significant concentration of calcium carbonate (CaCO3) found in crab shells holds great significance and can serve as a primary substance in biomaterials production, such as hydroxyapatite (HA) [42,43]. Typically, the crab shells consist of between 40% and 70% of calcium carbonate (CaCO3) [44–46].

To achieve hydroxyapatite of excellent quality, characterized by a stoichiometric Ca/P ratio of 1.67, phase purity, a high level of crystallinity, and a wide range of forms and sizes, it is necessary to exercise precise control over the synthesis process. Hydroxyapatite can be synthesized using hydrolysis, precipitation, sol-gel, and hydrothermal methods. The choice of the synthesis process can influence the material’s characteristics, including its topography, morphology, composition, surface properties’ non-uniformity, and surface charge of the resultant hydroxyapatite. This will undoubtedly influence its conduct within the human body [47]. Previously, the process of transforming crab shells into hydroxyapatite was conducted using the precipitation method [48–51]. This method was selected because water is the by-product, and the risk of contamination in the synthesis process is minimal. As a result, it can yield highly pure HA with relatively low synthesis costs and a straightforward process [52].

Currently, a total of 969 papers that include both the keywords “shell” AND “hydroxyapatite” have been discovered in the Scopus database from 2015 to 2024. A total of 44 papers were retrieved within the specified time period by employing the combined keywords “crab”, AND “shell”, AND “hydroxyapatite”. However, when the keywords “crab”, AND “shell”, AND “hydrothermal”, AND “hydroxyapatite” was used in the Scopus database search, only 2 papers were discovered.

Hsu et al. [53,54] conducted research on the synthesis of chitosan and hydroxyapatite composites from crab shells using the hydrothermal technique, supplemented with alkali-treated Ti-25Nb-8Sn.

The hydrothermal method is a wet chemical approach that effectively controls the development of complex oxide powders with a high degree of crystallinity [55]. As a result, it has become the preferred method for producing hydroxyapatite nanoparticles. An advantage of this approach, particularly in the manufacture of hydroxyapatite powders, is that it does not create any hydroxyl imperfections in the structure. The hydrothermal process typically operates through chemical reactions in a water-based solution, within a temperature range of 80−400°C and pressure up to 100 KPa, for a significant duration [56]. The hydroxyapatite generated with this technique has a high degree of stoichiometry and a significant crystallinity level. Furthermore, the level of phase purity and the Ca/P ratio substantially increased with the hydrothermal duration and temperature. Because of its excellent biocompatibility, this approach has become the favoured technology for producing hydroxyapatite [55–57]. The hydrothermal method generally involves two stages in forming HA: nucleation and crystal growth. These stages are affected by hydrothermal temperature, hydrothermal time, Ca/P ratio, and pH, which promote the growth of HA crystals [28].

As the previous explanation demonstrates, research on converting CaCO3 from crab shells into hydroxyapatite by the hydrothermal method has yet to be widely studied. Therefore, this research was conducted to convert CaCO3 from crab shells into hydroxyapatite by the hydrothermal method. This study aimed to investigate the influence of hydrothermal holding time on the characterization of hydroxyapatite derived from CaCO3 obtained from crab shells. The hydrothermal process was selected due to its capacity to generate hydroxyapatite crystals of superior quality, greater homogeneity, purity, and yield. Furthermore, this method exhibits cost-effectiveness, minimal energy requirements for dissolving, concise reaction sequences, synthesis conducted at moderate temperatures, and a straightforward methodology [58]. This research is relevant to numerous Sustainable Development Goals (SDGs). In this study, hydroxyapatite extracted from crab shells is characterized to aid in the developing of safer, more effective medical materials that also contribute to improving public health and welfare (SDG 3). Moreover, employing crab shells as a primary material for hydroxyapatite production can serve as a viable approach to minimize waste and promote the sustainable utilization of natural resources, which aligns with Sustainable Development Goal 12. The hydrothermal approach employed serves the dual purpose of enhancing the quality of medical materials (SDG 9) and promoting the preservation of marine ecosystems and the long-term viability of natural resources (SDG 14).

2  Materials and Methods

In this study, the raw material for hydroxyapatite synthesis was precipitated calcium carbonate (PCC) from crab shells produced by the Centre for Bio Mechanics, Bio Materials, Mechatronics, and Bio Signal Processing (CBIOM3S) at Diponegoro University, Semarang, Indonesia. The percentage of C, O, and Ca in PCC are 15.43, 54.44, and 17.56 wt.%, respectively. In addition, the crystal phases contained in PCC are vaterite, aragonite, and calcite, with crystal weight percentages (wt.%) of 98.9, 0.8, and 0.3, respectively [42,43].

The study utilized analytical reagent (AR) grade ammonium hydroxide (NH4OH) and diammonium hydrogen phosphate ((NH4)2HPO4) from Merck as the starting materials for the synthesis of hydroxyapatite (HA).

Fig. 1 illustrates the experimental setup. The synthesis of hydroxyapatite (HA) was performed by combining (NH4)2HPO4 and PCC in a molar ratio of 1.67 Ca/P (3.96 g of (NH4)2HPO4 and 5 g of PCC), followed by the addition of 25% NH4OH to achieve a mixture pH of 12. The solution was agitated with a magnetic stirrer for 30 min at a speed of 300 revolutions per minute and a temperature of 30°C [59,60].
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Figure 1: Set-up experiment of hydroxyapatite synthesis

The hydroxyapatite synthesis was conducted utilizing the hydrothermal method at a temperature of 160°C, with holding times of 14, 16, and 18 h, respectively. Previous research has indicated that the HA produced by the hydrothermal method at 160°C exhibits high purity, with a minimal impurity content [61,62]. This study’s setting up of holding times is based on prior investigations. Previous studies demonstrated the successful synthesis of HA from green mussel shells by hydrothermal methods involving varying holding periods of 14, 16, and 18 h [60]. Moreover, Chen et al. [63] demonstrated that the crystallinity, morphology, and particle size of the hydroxyapatite produced did not undergo any substantial alterations when the reaction time exceeded 18 to 72 h. In this study, the specimen codes of hydrothermal products with holding times of 14, 16, and 18 h are HA_14, HA_16, and HA_18, respectively. Following the final step of the hydrothermal process, the resultant precursor underwent a washing procedure using distilled water and was subsequently filtered with Whatman paper no. 42 until the pH of the filtrate reaches 7. The solid residue was dried in an oven at a temperature of 110°C for 2 h, forming the final product.

Subsequently, the product was assessed by X-ray diffraction (XRD), fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) examinations. The crystal structure of hydroxyapatite specimens was characterized using X-ray diffraction (XRD) testing. The investigation involved X-ray diffraction (XRD) testing utilizing a Shimadzu XRD-7000 machine. The machine was operated at a voltage of 40 kV and a current of 30 mA, and it utilized CuKα radiation with a wavelength of 1.54056. The experiments were conducted within the angular range of 20° to 80°, with an increment of 0.02° and a scanning rate of 2° per minute. The XRD patterns of the materials acquired from each specimen were analyzed to determine and measure the crystalline phase using HighScore Plus software version 3.0e, which is loaded with the ICDD PDF4 database [64–66]. The software was acquired from PANalytical X’Pert, Cambridge, United Kingdom. Rietveld refinements were conducted using the remaining patterns to assess the accuracy of the refinements. Furthermore, Rietveld refinements were conducted to determine the crystal’s weight percentage (wt.%). The diffraction line profiles were described in the Rietveld refinement using the pseudo-Voigt function. This software allows for comparing the sample’s diffraction pattern with the reference’s diffraction pattern. This software can also be used to determine the crystal orientation and crystal size [67–69].

The present study employed Fourier transform infrared (FTIR) analysis to determine the existence and properties of chemical functional groups, including PO43−, OH−, and CO32−, in hydroxyapatite samples. A PerkinElmer FTIR spectrometer (CT, USA) was utilized for the FTIR investigation. The FTIR spectra were obtained by measuring wavelengths in the infrared area from 400 to 4000 cm−1. The measurements were taken at 200 scans per second, with a spectral resolution of 2 cm−1 [70,71]. Scanning Electron Microscope (SEM) testing was conducted employing a JEOL JSM-6510LA machine (Tokyo, Japan) with an accelerating voltage range of 0.5 to 30 kV to produce morphological pictures of hydroxyapatite. All specimens were coated with gold before the SEM/EDX examination. In addition, an energy-dispersive X-ray (EDX) was employed to ascertain the chemical composition of the surface of each of the hydroxyapatite specimens produced.

3  Results and Discussions

Fig. 2 illustrates the X-ray diffraction (XRD) patterns of each hydroxyapatite (HA) sample generated at different durations of hydrothermal holding time. The two theta values of 10.820, 16.841, 22.902, 25.879, 28.966, 31.773, 32.196, 32.902, 34.048, 39.818, 43.804, 43.804, 46.711, 48.103, 49.468, 50.493, 51.283, 52.100, 53.143, 55.879, 61.660, 64.078, and 65.031 correspond to the HA peak as indicated by JCPDS card number 09-0432. Nevertheless, the results of this analysis demonstrated that CaCO3 remained an impurity in all specimens. CaCO3 is detected by peaks at 2 theta 42.38, 45.26, and 61.34. This demonstrates that not all calcium carbonate (CaCO3) undergoes a conversion into hydroxyapatite. The existence of CaCO3 as an impurity in the resulting synthesized product, along with HA, can be related to the specific crystalline phase of the CaCO3 utilized in this investigation. The CaCO3 used in this work primarily comprises the vaterite crystal phase, which forms 98.9% of the crystal weight percentage (wt.%) [42,43].
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Figure 2: XRD pattern of hydroxyapatite

The hydrothermal procedure will convert aragonite and vaterite minerals into calcite, subsequently transforming hydroxyapatite (HA). Calcite is typically the most stable polymorph of CaCO3. In contrast, vaterite and aragonite are CaCO3 polymorphs that are unstable and metastable [72–75]. The conversion of vaterite crystals into hydroxyapatite (HA) includes the dissolution of vaterite particles, followed by the nucleation and growth of the calcite crystals, which gradually transform into hydroxyapatite. The transformation of vaterite particles into hydroxyapatite occurs at a slow rate. Therefore, the conversion of vaterite to hydroxyapatite may not be fully accomplished, resulting in the presence of CaCO3 as an impurity [76].

The research conducted by Oral et al. [74] found that the use of a dilute phosphoric acid solution during the conversion of CaCO3 to HA can cause unstable vaterite particles and metastable aragonite to change into stable calcite particles before transforming into HA. The inadequate holding time duration impedes the successful completion of the conversion process. Consequently, the end product is a hydroxyapatite (HA) structure, with unreacted calcium carbonate (CaCO3) remaining as an impurity. Sawada et al. [77] found that pure HA cannot be produced by utilizing calcium carbonate with calcite and vaterite crystal phases. This is owing to the fact that amorphous calcium carbonate (ACC) is more soluble than vaterite and calcite. The synthesis of HA is possible with ACC as the precursor. This is due to the increased solubility of ACC. Calcium carbonate solubility is an essential factor in HA precipitation. After calcination, colloidal ACC can precipitate amorphous calcium phosphate (ACP) and yield purified HA or β-TCP. Ca2+ are precursors that form the calcium phosphate structure during hydroxyapatite production. In partial or suboptimal reactions, some calcium ions may not be entirely absorbed into the hydroxyapatite structure and remain as calcium carbonate [77]. Various parameters generally influence the purity of HA generated, including temperature, pH, reaction duration, and calcium suspension concentration.

Mahroug et al. [78] found that the concentration of calcium suspension influences the structure and purity of hydroxyapatite. Hydroxyapatite is generated in very concentrated calcium solutions and comprises secondary phases or contaminants and unreacted calcium sources. In contrast, low calcium suspension concentrations encourage the production of hydroxyapatite in the single phase. Previous research has also identified CaCO3 as a potential impurity in hydroxyapatite production [79–82]. Previous research indicated that HA generated from green mussel shells had the highest purity and no additional impurity phases after an 18-h hydrothermal processing time. At 14 and 16 h, contaminants in CaCO3 with aragonite crystal phases were still detected [60]. Sirait et al. [79] found that CaO compounds in hydroxyapatite from broiler eggshells may be attributed to an incomplete dissolution process with phosphoric acid (H3PO4). Thus, the hydroxyapatite generated contains CaO, which can absorb CO2. This leads to the production of CaCO3 compounds in the final synthesis product.

The specimens were subjected to XRD diffraction analysis using HighScore Plus software for Rietveld analysis (Fig. 3). Fig. 3a presents the Rietveld analysis outcomes for the X-ray diffraction (XRD) pattern of specimen CH_14.

[image: images]

Figure 3: Rietveld analysis on XRD pattern of (a) HA_14, (b) HA_16, and (c) HA_18 specimens

The findings indicated the formation of HA with a hexagonal crystal structure, characterized by lattice parameters of a = b = 9.41544 Å and c = 6.89952 Å. In CH_14 specimen, HA crystals’ weight percentage and crystallite size were 87.70%, and 11.38 nm, respectively. In addition, the specimen was found to contain calcite and vaterite, with crystal weight percentages of 0.5% and 11.9%, respectively. The combined amount of CaCO3 impurities, specifically calcite and vaterite, generated in specimen CH_14 was 12.4%. The crystal structure of HA in specimen CH_16 is hexagonal, with lattice parameters a = b = 9.42758 Å and c = 6.88825 Å. The resulting HA compound has a crystal weight percentage of 98.9% and a crystallite size of 16.44 nm. Furthermore, specimen CH_16 generated impurities in the form of CaCO3, which comprised calcite and vaterite with respective crystal weight percentages of 0.3% and 0.8% for a total crystal weight percentage of 1.1% (Fig. 3b).

The results of the Rietveld analysis for the X-ray diffraction (XRD) pattern of specimen CH_18 is presented in Fig. 3c. The HA crystal structure in specimen CH_18 is hexagonal, with lattice parameters a = b = 9.42137 Å and c = 6.88479 Å. The HA compound obtained has a crystal weight percentage of 99.1% and a crystallite size of 19.06 nm. Additionally, specimen CH_18 produced impurities in the form of CaCO3, consisting of calcite and vaterite with crystal weight percentages of 0.4% and 0.5%, respectively, resulting in a total crystal weight percentage of 0.9%. The lattice parameters observed in specimens HA_14, HA_16, and HA_18 exhibit resemblances to the lattice parameters of hydroxyapatite reported in the study conducted by Malau et al. [83]. Their research determined that the lattice parameters of hydroxyapatite (HA) derived from duck egg shells are a = b = 9.423 Å and c = 6.8801 Å. Their findings indicated that the generated HA contains identical lattice parameters to commercial HA. The lattice parameters (Å) obtained in this work are not significantly distinct from the findings of Sadetskaya et al. [84]. The hydrothermal approach was used to create hydroxyapatite nanoparticles, producing a and c of 9.4257 and 6.8875 Å, respectively. Furthermore, Szterner et al.’s [85] research produced HA for orthopaedic biomaterial applications at different hydrothermal reaction periods, with a and c values ranging from 6.87450–6.88610 Å and 9.41660–9.43940 Å, respectively. According to research by Bystrov et al. [86], HA’s a and c values are 9.4236 and 6.8802 Å, respectively. The lattice parameters observed in specimens HA_14, HA_16, and HA_18 show similarities to the hydroxyapatite lattice parameters in JCPDS card number 09-0432 with a and c values of 9.432 and 6.881 Å, respectively.

Fig. 4 demonstrates the influence of the holding time of the hydrothermal process on both the weight percentage of crystals and the size of crystallites in HA. This finding indicates that extending the hydrothermal holding time from 14 to 18 h results in stronger and sharper HA peaks. This suggests that the level of crystallinity rises proportionally with the holding time duration during the synthesis process [87–89]. Jin et al. [90] also obtained similar findings in their investigation. Their research indicates that as the hydrothermal duration increases, the diffraction peaks become more distinct and integrated, particularly at peak (300). The evidence suggests that the level of crystallinity in HA nanorods is improved as the hydrothermal duration increases [90]. According to findings from a study conducted by Ebrahimi et al. [55], the crystallinity level increased from 82.53% after 4 h of hydrothermal treatment to 86.128% after 10 h.
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Figure 4: The hydrothermal holding time effect on the crystallite and weight percentage (%) of hydroxyapatite

According to another study by Liang et al. [89], the degree of HA crystallinity increased proportionally to the hydrothermal duration, which increased from two to four hours. The holding time increase used in this investigation increased the weight percentage of HA crystals and caused a reduction in the number of impurities generated. This leads to an enhanced level of HA purity [91]. Furthermore, prolonging the holding time in the hydrothermal process may improve the efficiency of the CaCO3-to-HA transformation, leading to the formation of larger crystals [92–94]. This is due to the high temperature and pressure conditions that facilitate the hydrothermal process, which aids in the dissolution of CaCO3 and the formation of HA. Prolonged holding time facilitates the thorough dissolution of CaCO3, thereby increasing the likelihood of crystal nucleation and subsequent growth, ultimately forming larger HA crystals [95–97]. According to a study by Vu et al. [98], a prolongation of the hydrothermal reaction time to 5 h enabled the synthesized magnetic cellulose nanocrystals to undergo complete conversion of Ag+ ions to Ag. Consequently, the peaks of Ag+ disappeared while the intensity of the diffraction peaks that define the Ag crystal structure increased. According to an additional investigation by Tian et al. [99], the Nb2O5 impurity phase disappeared as the hydrothermal duration was extended. Based on the study conducted by Tang et al. [100], the BiONO3 impurity peak disappeared as the hydrothermal holding duration increased during the hydrothermal synthesis of Bi2S3. An identical result was observed in the study by Shi et al. [101]. As the hydrothermal holding time increased, impurities composed of MnO(OH), MnO(OH)2-H2O, and Y(OH)3 phases disappeared, according to their research. After 24 h of hydrothermal treatment, all impurity phases had entirely disappeared, leaving only the YMn2O5 diffraction peak as a single phase.

Fig. 5 displays the results of the Fourier transform infrared spectroscopy (FTIR) test. Calcium carbonate (CaCO3) identification in PCC can be determined by analyzing the transmission absorption of carbonate ions at the molecular vibrations of the carboxyl bond (O−C) within the range of wave numbers 1600−600 cm–1.
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Figure 5: Fourier transform infrared spectroscopy (FTIR) spectra of hydroxyapatite formed

The vibrations can be classified into four main types: symmetric stretching vibrations (υ1) in the range of 1090−1070 cm−1, out-of-plane bending vibrations (υ2) in the range of 850−800 cm−1, asymmetric stretching vibrations (υ3) in the range of 1535−1387 cm−1, and in-plane split bending vibrations (υ4) in the range of 755−700 cm−1 [102–104].

This study reveals that PCCs derived from crab shells exhibit symmetrical stretching (υ1), out-of-plane bending (υ2), asymmetrical stretching (υ3), and in-plane split bending (υ4) vibrations at wave numbers of 1086, 877, 1470, and 748 cm−1, respectively. Furthermore, the PCC utilized in this investigation exhibited absorption at 2513 and 3486 cm−1, corresponding to asymmetric stretching vibrations on the C=O functional group and stretching on the O-H functional group, respectively [102–105]. In addition, the FTIR test findings for PCC derived from crab shells revealed peaks at wave numbers 877 and 748 cm−1, which can be attributed to the presence of Ca−O bonds. The peak observed at wave number 1470 cm−1 corresponds to the C−O bond. Previous research by Ismail et al. [106] suggests that the high quantity of CaCO3 in the sample is associated with Ca−O and C−O in PCC.

The FTIR analysis conducted in this study corroborates the XRD test findings, which have detected the existence of hydroxyapatite (HA) and calcium carbonate (CaCO3) in the resulting synthesized products. The identification of contaminants in all samples was determined by detecting 
CO32−
bending vibrations throughout the range of wave numbers (1/cm) from 1418 to 1460. 
CO32−
bending vibrations were detected at wave numbers 1424.23, 1424.01, and 1423.97 (1/cm) in the specimens CH_14, CH_16, and CH_18, respectively. The findings in this study align with the outcomes of research carried out by Sahana et al. [107]. Their FTIR test results also indicated the presence of a peak at a wave number of 1462 (1/cm), which corresponds to the 
CO32−
group. According to their findings, 
CO32−
indicates that carbon from the organic matter does not undergo complete pyrolysis and instead dissolves into the HA crystal. The FTIR test findings also showed the existence of HA crystals in the produced product.

The identification of stretching asymmetry (υ3) and bending asymmetry (υ4) in the phosphate group 
(PO43−)
and the stretching vibration of the OH group suggests the existence of HA in the synthesized product. The stretching asymmetry of the phosphate group is identified by a peak in the wave number range of 1156−1000 (1/cm). The stretching group phosphate in specimens CH_14, CH_16, and CH_18 is asymmetrical, as indicated by the peaks observed at wave numbers (1/cm) of 1040.02, 1035.37, and 1039.25, respectively. The occurrence of peaks within the wave number range of 600–560 (1/cm) indicates the asymmetrical bending of the phosphate group. The phosphate group in specimens CH_14, CH_16, and CH_18 exhibits bending asymmetry, indicated by peaks at wave numbers (1/cm) of 567.21, 566.64, and 566.95, respectively. Additionally, the stretching vibration of the OH group is observed throughout the wave number range of 3700−2600 (1/cm). The specimens CH_14, CH_16, and CH_18 exhibit a stretching vibration of the OH group, shown by peaks at wave numbers (1/cm) of 3445.71, 3445.42, and 3446.05, respectively.

The findings of this study align with the research carried out by Cursaru et al. [7]. Their Fourier Transform Infrared (FTIR) analysis revealed the presence of 
PO43−
and OH groups, which are distinctive features of hydroxyapatite. The stretching vibrations of the OH group and the stretching of the H2O molecule were seen at wave numbers of 3570 cm−1 and 3250−3500 cm−1, respectively. The stretching vibrations of the 
PO43−
group were seen at wave numbers ranging from 1095 to 1097 cm−1, 1032 to 1038 cm−1, and 962 cm−1. Furthermore, their synthesis results revealed the presence of 
CO32−
groups within the wave number range of 1420−1489 cm−1.

Gritsch et al. [108] conducted FTIR testing on HA and found characteristic bands indicating the presence of phosphate, hydroxyl, and adsorbed water. The analysis identified typical bands at 575, 610, 967, and 1014 cm–1, which indicate the existence of phosphate groups. Additionally, bands at 3568 and 639 cm–1 were obtained, indicating the presence of hydroxyl groups. Furthermore, minor amounts of 
CO32−
impurities were also detected. Moreover, the results of this investigation exhibit match the research carried out by Quinaz et al. [109]. FTIR studies were conducted on pure HA as part of their investigation. The test findings indicated the existence of P−O (ν4) bending vibrations of 
PO43−
linked to two distinct bands at around 560 and 600 cm−1. Symmetric and asymmetric P−O (ν3) stretching modes can be identified based on double splitting bands at about 962 and 1040 cm−1, respectively.

Furthermore, HA exhibited internal hydroxyl stretching vibrations, determined by a visible low peak at around 3550 cm−1.

SEM images of specimens CH_14, CH_16, and CH_18 is shown in Fig. 6. The images in Fig. 6 were taken at a magnification of 2500×. Figs. 6a–6c depict the structural characteristics of hydroxyapatite (HA), which was synthesized using the hydrothermal method. The HA generated exhibits an irregular shape in all variations of hydrothermal holding time. Furthermore, the HA particles primarily form agglomerates due to the existence of water molecules that cannot be removed during the sample’s drying procedure.
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Figure 6: SEM images of (a) CH_14, (b) CH_16, and (c) CH_18 at 2500× magnification

The results of this investigation are comparable to the research carried out by Mohd Pu’ad et al. [110]. The researchers noted that the morphology of hydroxyapatite (HA) obtained from mammalian bones is predominantly characterized by irregular, rod-shaped, flake-shaped, needle-shaped, and flat-like structures. The identical physical form was also discovered in HA derived from aquatic or marine sources. Typically, HA derived from aquatic or marine sources has uneven morphology, including clusters, rods, flakes, needles, and flat-like structures.

The study also concluded that the method or source does not impact the shape variation in the morphology of HA. For instance, employing calcination methods using identical bone sources can yield varying morphologies of hydroxyapatite (HA), including rods, spheres, and needles. The researchers observed that HA derived from mammalian bones exhibited a variety of irregular morphologies, including flakes, needle-like, and slab-like. When HA was created using fish bones and scales, it resulted in various shapes such as flat plates, rod-like structures, irregular shapes, nearly spherical forms, and agglomerates. A study conducted by Sari et al. [111] found that hydroxyapatite (HA) produced from green mussel shells using the precipitation method had a small agglomeration form and a solid structure. The resultant morphology has a granular structure with consistent grain size yet possesses a coarse surface texture. In addition, Obada et al.’s [112] research also yielded HA with various morphologies.

The elemental composition of HA can be verified using EDX data. The findings regarding the elemental composition, specifically the calcium (Ca) and phosphorus (P) content, as well as the calcium-to-phosphorus (Ca/P) molar ratio measurements, are presented in Table 1. The molar ratios of calcium to phosphorus (Ca/P) in the hydroxyapatite (HA) manufactured from crab shells of specimens CH_14, CH_16, and CH_18 was 2.12, 1.89, and 1.54, respectively. The HA generated in this investigation exhibits a Ca/P ratio that exceeds the estimated stoichiometric ratio (1.67), particularly in CH_14 and CH_16. Nevertheless, the Ca/P ratio of CH_18 closely approximates the Ca/P ratio of the pure HA phase.

[image: images]

According to the findings of the EDX testing, the synthesis products generated in this study were discovered to have a minor quantity of N as an impurity. The presence of nitrogen (N) in this element results from the synthesis method conducted in this study. The technique involved utilizing PCC derived from crab shells, which contain carbon (C), oxygen (O), calcium (Ca), and nitrogen (N) in the proportions of 15.43%, 54.44%, 17.56%, and 12.57%, respectively. The findings in this study indicate that extending the hydrothermal holding period results in a Ca/P ratio close to 1.67. The findings obtained in this investigation align with the studies conducted by Su et al. [113]. The results of their investigation demonstrated that as the MH heating period increases, the Ca/P ratio gradually approaches 1.67. HA derived from natural sources is typically characterized by a non-stoichiometric nature due to the deviation of the Ca/P ratio from 1.67 [7,26,110]. Ca/P ratios between 1.62 and 2.01 are typical for HA extracted from marine or aquatic sources. The elevated Ca/P ratio observed in HA derived from water or marine sources can be attributed to substituting phosphates within the apatite structure with carbonate ions (B-type carbonates) [110–112]. Sun et al. [114] also discovered that HA derived from bovine bone and produced via calcination had a Ca/P ratio greater than 1.67.

This is the result of carbonate ion exchange within HA caused by applying calcination techniques. Mardziah et al. [115] conducted research to synthesis HA from eggshells with a Ca/P ratio of 1.71 and demonstrated that HA is a calcium-rich apatite.

4  Conclusions

This research describes the production of hydroxyapatite (HA) from crab shells using the hydrothermal process, with different holding times being tested. An investigation was conducted to explore the holding time’s influence on HA powders’ physicochemical characteristics. The study revealed that the size of the hydroxyapatite crystals and the percentage of their weight rose with longer hydrothermal holding time. The XRD test findings revealed two theta values corresponding to the HA peak, as indicated by the JCPDS card number 09-0432. Nevertheless, the findings of this investigation indicate that CaCO3 continues to exist as an impurity in all specimens. This suggests an incomplete conversion of calcium carbonate (CaCO3) into hydroxyapatite. The holding time increase used in this investigation increased the weight percentage of HA crystals and caused a reduction in the number of impurities generated. This leads to an enhanced level of HA purity. Furthermore, prolonging the holding time in the hydrothermal process may improve the efficiency of the CaCO3-to-HA transformation, leading to the formation of larger crystals. The crystal weight percentage of HA obtained in specimens CH_14, CH_16, and CH_18 was 87.7%, 98.9%, and 99.1%, respectively. Additionally, the sizes of the crystallites generated in specimens CH_14, CH_16, and CH_18 are as follows: 11.38, 16.44, and 19.06 nm.

The FTIR analysis conducted in this work corroborates the XRD test findings, which have detected the existence of hydroxyapatite (HA) and calcium carbonate (CaCO3) in the resulting synthesized products. The identification of contaminants in all samples was determined by detecting 
CO32−
bending vibrations throughout the range of wave numbers (1/cm) from 1418 to 1460. The FTIR test findings also showed the existence of HA crystals in the produced product. The identification of stretching asymmetry (υ3) and bending asymmetry (υ4) in the phosphate group 
(PO43−)
and the stretching vibration of the OH group suggests the existence of HA in the all-synthesized product. The study found that the hydroxyapatite (HA) derived from crab shells exhibited an irregular and agglomerated shape. This morphological form is a prevalent characteristic observed in HA derived from natural substances, particularly those obtained from aquatic or marine origins. The results obtained from this research suggest that as the hydrothermal holding time is prolonged, the Ca/P ratio progressively approaches 1.67. The molar ratios of calcium to phosphorus (Ca/P) in hydroxyapatite (HA) derived from crab shells of specimens CH_14, CH_16, and CH_18 was 2.12, 1.89, and 1.54, respectively. Specimen CH_18 is the best-quality product generated in this study. This specimen produced HA with the highest percentage of crystal weight and crystallite size compared to the other specimens. Furthermore, specimen CH_18 exhibited the lowest concentration of impurities. The calcium-to-phosphorus ratio in this specimen was also the closest to 1.67.
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Table 1: Composition of elements in HA

Specimens Elements (wt.%) Ca/P ratio
Ca P

CH 14 11.03 5.21 2.12

CH 16 15.77 8.35 1.89

CH 18 7.14 4.65 1.54
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