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Abstract

:

Hydroxyapatite (HA, Ca10(PO4)6(OH)2)-based porous scaffolds have been widely investigated in the last three decades. HA, with excellent biocompatibility and osteoconductivity, has made this material widely used in bone tissue engineering. To improve the mechano-biological properties of HA, the addition of clay to develop HA-based composite scaffolds has gained considerable interest from researchers. In this study, a cost-effective method to prepare a HA–clay composite was demonstrated via the mechanical mixing method, wherein kaolin was used because of its biocompatibility. Prawn (Fenneropenaeus indicus) exoskeleton biowaste was utilized as a raw source to synthesize pure HA using wet chemical synthesis. HA–clay composites were prepared by reinforcing HA with 10, 20, and 30 wt.% of kaolin via the mechanical mixing method. A series of characterization tools such as XRD, FTIR, Raman, and FESEM analysis confirmed the phases and characteristic structural and vibrations bonds along with the morphology of sintered bare HA, HA–kaolin clay composite, and kaolin alone, respectively. The HA–clay composite pellets, uniaxially pressed and sintered at 1100 °C for 2 h, were subjected to a compression test, and an enhancement in mechanical and physical properties, with the highest compressive strength of 35 MPa and a retained open porosity of 33%, was achieved in the HA–kaolin (20 wt.%) clay composite, in comparison with bare HA. The addition of 20% kaolin to HA enhanced its compressive strength by 33.7% and increased its open porosity by 19% when compared with bare HA. The reinforcement of HA with different amounts (10, 20, 30 wt.%) of kaolin could open up a new direction of preparing biocomposite scaffolds with enhanced mechanical properties, improved wear, and better cell proliferation in the field of bone tissue engineering.
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1. Introduction


Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is an important bioceramic material which is extensively used in bone tissue engineering due to its chemical composition, which is like that of human bones and teeth [1,2]. It has distinctive biological properties, such as osteoconductive, bioactive, nontoxic, noninflammatory, and biodegradable properties, and has excellent biocompatibility [3]. Since HA strongly bonds to surrounding tissue when implanted in the human body, it has been successfully used for orthopedics and dentistry for the past few decades [4]. However, due to its inadequate mechanical properties, HA is unable to serve as a load-bearing implant [5]. So, the use of HA as a filler for bone defects has been limited to non-load bearing areas and coatings on metallic implants for their firm fixation with the host bone [6]. Therefore, additives like ZrO2, Al2O3, SiC, and metal fibers can be included in order to enhance the mechanical reliability of HA, but they are ruinous to the biological properties of HA. So, the addition of clays has gained considerable attention. As clays are nontoxic, their composites can be used in biomedical applications such as tissue engineering, bone cement, wound healing, drug delivery, and enzyme immobilization [7]. As bone tissue engineering (BTE) is mainly based on the formation of tissues and bone mechanics, scaffolds, cells, and growth factors are the three main components of BTE. The useful characteristics of bones, such as their role in body structure, defense of key internal organs, facilitation of mobility, and storage of calcium and phosphate-based minerals, have increased the significance of bone tissue engineering [8,9]. Additionally, the growing importance of bone tissue engineering has been influenced by the rise in knee and hip replacement procedures over the last few years as well as the drawbacks of existing treatment options such as allografts, autografts, and ceramic and metallic implants [10]. Scaffolds are three-dimensional porous structures which play a crucial role in tissue engineering investigations. Although HA can be used to prepare scaffolds, most BTE studies entail the use of polymers (both synthetic and natural) and fillers for the preparation of composite scaffolds.



Different types of clays, namely montmorillonite (MMT) and kaolin clays, have been reported in the literature to improve the mechanical properties of biocomposite scaffolds [11]. Kaolin is one of the most important clay minerals used in the industry. It comprises majorly kaolinite mineral, which is a hydrated aluminum silicate, Al2Si2O5(OH)4. Kaolinite is also called china clay and it is a layered silicate mineral, with one octahedral sheet of alumina (AlO6) octahedra attached through oxygen atoms to one tetrahedral sheet of silica (SiO4) [12]. Kaolinite is earthy, soft, and generally white in color, which is produced via the weathering/chemical oxidation of mineral ores of aluminum silicates. It has low cation exchange capacity (CEC), which lies in the range of 1–15 meq/100 g [13]. Kaolin has found its applications in the paper [14], cement [15], textile [16], paint [17], and rubber industries [18], as well as a catalyst [19] and in ceramics [20] and civil engineering applications [21]. Kaolin can also be used to produce fiberglass [22]. Fiberglass has a number of applications which include insulation, plastics reinforcement, textile yarns, and substrates for electronic circuit boards [23]. Kaolin can be used as a filler in plastics because it helps to produce a better surface finish [24]. Kaolin has certain advantages like high specific surface area and low cost [25]. It has been reported that with the addition of kaolin, scaffolds exhibit a more stable and desirable pH environment and an enhanced protein adsorption capacity [26].



MMT clay with a hydroxyapatite layer can be used as a filler with remineralizing potential in composites for dental applications [27]. To enhance the strength of a HA/polymer composite for bone replacement, MMT can be used as a reinforcing agent. Katti et al. reported that the addition of MMT clay to a HA/chitosan/MMT composite increased the hardness and elastic modulus of the composite [28]. Other studies revealed that the addition of MMT clay to MMT/chitosan/HA-ZrO2 [29] and MMT/chitosan/HA-ZnO composites improved their tensile strength. Obada et al. reinforced HA with kaolin clay using the sol–gel method to enhance the mechanical and biological properties of bioceramics [26]. The reported mechanical measurement data affirm that reinforced hydroxyapatite scaffolds can serve as an alternative for human trabecular bones, whose compressive strength lies in the range of 2–12 MPa [30]. However, the brittleness and lack of mechanical stability of HA–clay composite scaffolds are some of their significant drawbacks, preventing their application in extensive bone regeneration. The reinforcement of hydroxyapatite with clay could open a new direction of preparing scaffolds with enhanced mechanical properties, improved sinterability leading to high strength with retained porosity, and better cell proliferation in the field of bone tissue engineering.



In the present study, prawn shell exoskeleton biowaste was utilized as a Ca-rich raw source for HA synthesis. Kaolin clay was selected as a reinforcing material to prepare HA–kaolin clay (0, 10, 20, 30 wt.%) composites by the mechanical mixing and uniaxial pressing methods. In order to retain high compressive strength in the HA–clay composite while retaining high porosity, the sintering scheme and clay addition were optimized. X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), Raman spectra, and Fourier transform infrared spectroscopy (FTIR) of bare HA, HA–clay composite, and bare kaolin were carried out to analyze the phases present in HA. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) provided an insight into the thermal activity of the HA–clay composite during sintering. To assess mechanical properties, compression strength was determined, and to assess physical properties, bulk and apparent densities and open porosities were estimated by Archimedes’ principle.




2. Results and Discussion


2.1. Structural and Vibrational Analysis


The XRD pattern of bare HA, HA–clay composites, and bare kaolin are shown in Figure 1a–e, respectively. The XRD pattern of sintered HA powder is shown in Figure 1a. It can be observed that a major reflection occurs at 31.69°, which matches with pure HA, (reflection ICDD number: 01-074-0565). Other prominent reflections are found at 16.92°, 25.94°, 28.12°, 32.74°, and 34.1°. The XRD patterns of the HA–clay composites show kaolin peaks at 21.68° in addition to HA peaks, which are shown in Figure 1b–d. In Figure 1e, the XRD pattern of kaolin shows two notable reflections at 12.36° and 24.89°, which match with Bragg’s reflections (ICDD 01-089-6538). A series of peaks is found at 19.9°, 20.34°, 21.26°, 35.97°, 38.44° which confirms the phase purity of kaolin powder. Figure 1b–d show peaks around 21.35° along with other series of peaks which confirm the formation of a HA–clay composite. However, major reflections of kaolin at 12.36° and 24.89° are absent in the HA–clay composites due to phase transformations that occur during the sintering process [31]. These phase transformations can be clearly analyzed from the DSC thermal analysis performed on kaolin.



The FTIR spectra of HA, kaolin, and HA–clay composites with different wt. % kaolin are shown in Figure 2. In Figure 2a, the FTIR spectrum of HA reveals characteristic peaks around wavenumbers 563, 597, 724, 966, 1027 and 1098 cm−1 due to the presence of a PO43− group in HA [32]. IR bands at 563, 597, and 724 cm−1 are due to phosphate bending vibrations, and those at 966, 1027, and 1098 cm−1 are due to phosphate stretching vibrations. A weaker peak at 1540 cm−1 is due to traces of carbonate ions, which are due to environmental reactions with atmospheric CO2. Another broad peak found at 3426 cm−1 corresponds with the stretching of the structural OH− band [33]. Likewise, asymmetric stretching and asymmetric bending modes are observed for the phosphate and carbonyl groups [32]. Figure 2b–d show the similar characteristic peaks of HA where the amount of kaolin varies from 10 to 30 wt%. In accordance with the stretching frequencies of OH groups, kaolin possesses absorption bands between 3500 and 3700 cm−1, as shown in Figure 2e. The FTIR spectrum of kaolin reveals the presence of two bands at 3688 and 3614 cm−1 due to stretching vibrations of the O-H bond [34]. The bands observed at 1117, 1025, and 1005 cm−1 in pure kaolin are attributed to Si–O stretching vibration [34]. An Al–OH absorption peak is revealed at 910 cm−1 [35]. The bands located at 792 and 751 cm−1 are assigned to vibrations of the Si-O-Al groups [34]. The band located at 675 cm−1 is attributed to the vibration of the Al-OH group [34]. The band located at 560 cm−1 corresponds to the vibration of the Si-O-Al group. The kaolin structure is chaotic and easier to dehydrate when the band at 3688 cm−1 vanishes. Figure 2b–d show peaks around 1117, 1025, and 563 cm−1, which confirm the presence of kaolin in the HA–clay composite [36]. The assigned vibrational bands from the FTIR spectrum are shown in Table 1.



Figure 3a–d shows the Raman spectra of HA and HA composites with 10, 20, and 30 wt% of kaolin clay, respectively; the peak vibrational mode summary is tabulated in Table 2. The band at 972 cm−1 corresponds to the ʋ1 (stretching mode) symmetric vibrational mode of P–O. The bands located near 412 cm−1 and 737 cm−1 were the ʋ2 (doubly bending mode) and ʋ4 (triply degenerate bending mode) PO4 vibrational modes. The ʋ3 (triply generate antisymmetric stretching mode) vibrational mode of PO4 was located at 1045 cm−1 [37]. The peaks at 620 cm−1 for the 80% HA + 20% kaolin composite and 615 cm−1 for the 70% HA + 30% kaolin composite are due to the translation of the Si-O-Al group in the kaolin of HA–clay composites [38]. Figure 3e shows the Raman spectra of kaolin where peak intensities could only be observed under an enlarged view (inset of Figure 3). The bands at 3696 cm−1 and 3620 cm−1 correspond to the ʋ1 and ʋ5 stretching modes of the inner surface hydroxyl groups [39,40]. These bands are further present in all HA–clay composites, which is represented by the shaded area.




2.2. Thermal Analysis


Figure 4a–e represent the DSC analysis of pure HA, kaolin, and HA with various weight proportions of kaolin, respectively. In pure HA, the endothermic peak at 80 °C corresponds to the removal of adsorbed water from the lattice. It is reported that heating apatite at higher temperatures can lead to dehydroxylation, which is reflected in the exothermic peak of pure HA at 715 °C [41]. Similarly, Skinner et al. reported that the dehydroxylation of HA starts above 700 °C [42]. The endothermic peak at 498 °C corresponds to the dehydroxylation of kaolinite, which is reflected in kaolin and the HA–kaolin composites [40,43]. Here, dehydroxylation of the crystalline kaolinite structure took place, resulting in the formation of a calcined metakaolin phase. Also, the exothermic peak at 718 °C in Figure 4c shows the dehydroxylation of HA, and exothermicity tends to diminish with the increased addition of kaolin to 20% and 30%, respectively, with a slight shift in the dehydroxylation temperature.



The thermal behavior of pure HA along with that of kaolin and blended HA (10 wt %, 20 wt%, 30 wt% kaolin) was studied by thermogravimetric analysis (TGA). The percentage weight loss of pure HA, kaolin, and HA with various weight percentages of kaolin is represented in Figure 5a–e, respectively. The weight loss that occurred around 210 °C and 420 °C could be attributed to the dehydration and dehydroxylation of absorbed water, expelled from the mineral lattice of kaolin. A total of 14% weight loss was observed in pure HA. Through the interpolation of TG curves, the percentage weight loss of kaolinite mineral in HA with 10 wt % kaolin was found to be around 8%. The corresponding TGA peak between 515 °C and 750 °C is a clear indication of weight loss occurring due to the dehydroxylation of kaolinite clay mineral within the composite [44].




2.3. Morphological Analysis


Morphological analyses conducted using FESEM on sintered HA, kaolin, and HA clay composites, and the corresponding images are shown in Figure 6a, 6b, 6c, 6d, and 6e, respectively. A dense morphology and well-sintered uniaxial grains were observed in sintered HA, as shown in Figure 6a. A flake-like morphology [45] and more agglomeration was observed in pure kaolin clay, as shown in Figure 6b. Figure 6c–e show micrographs of HA–clay composites with the addition of kaolin (10, 20, 30 wt %) which were sintered at 1100 °C for 2 h. It is observed that the flake-like structures of kaolin clay were reinforced with HA, creating porosities within the nanocomposite and leading to a flocculating morphology, as shown in Figure 6c–e [46].



Energy-dispersive X-ray spectroscopy (EDS) was conducted on prawn-shell-derived HA; the results are shown in Figure 7. The EDS spectrum revealed the presence of calcium, phosphorus, oxygen, and various other trace elements like Mg, Na, Si, and Fe. The weight percentages of Ca and P were obtained as 40.59% and 24.6%. The ratio of HA obtained from these was 1.65. The weight percentages of other trace elements like Mg, Na, Si, and Fe, which help in rapid bone regeneration [47], were obtained as 2.41%, 0.8%, 0.44%, and 0.6%.




2.4. Mechanical and Physical Properties


With reference to mechanical properties, Figure 8A shows the stress–strain curves of sintered HA (Figure 8A(a)) and various (10–30 wt.%) HA–clay composites (Figure 8A(b–d)). It can be observed that bare HA exhibited a compressive strength of 26 ± 1.2 MPa, whereas the addition of a clay component in 90% HA + 10% kaolin and 80% HA + 20% kaolin produced an increase in compressive strength from 30 ± 2.8 MPa to 34.76 ± 6.7 MPa. Further addition of kaolin in 70% HA + 30% kaolin produced a decrease in compressive strength to 33 ± 0.4 MPa, as shown in Figure 8B. It was found that an increment in the mechanical properties of HA occurs with the addition up to 20 wt % of kaolin; then, further addition leads to a decline in strength [48]. Obada et al. reported the compressive strengths of HA–kaolin clay composites (15 wt% of kaolin) under various sintering temperatures. At 900, 1000, and 1100 °C, compressive strengths were found to be 5.67, 6.33, and 7.66 MPa, which is a lot lower compared with the present results [26]. Scaffolds should have high mechanical strength, as the cortical bone has an elastic modulus in the range of 1−20 GPa and a compressive strength of 1−100 MPa; but the mechanical properties of sintered scaffolds are comparable to those of the cancellous bone, which has an elastic modulus of 0.1 to 1.0 GPa and a compressive strength of 1−10 MPa [49]. The addition of clay led to an increment in compressive strength, which may have been due to the impact of reinforcement, although there was decrease in apparent density. This decrement in density could have been due to the flake morphology of the clay, which marginally filled most of the pores [26].



The physical properties of HA–clay composites were determined by open porosities which originate from the escape of a small amount of water from kaolin during sintering. Figure 9a shows the variation in apparent density and bulk density, with different weight percentages (0, 10, 20, 30) of kaolin clay added to HA. Figure 9b shows the variation in open porosity with different weight % of kaolin clay. The bulk and apparent densities of bare HA, 90% HA + 10% kaolin, 80% HA + 20% kaolin, and 70% HA + 30% kaolin clay composites were found to be 2.34 g/cc, 1.75 g/cc, 1.66 g/cc, and 1.71 g/cc and 2.67 g/cc, 2.47 g/cc, 2.22 g/cc, and 2.22 g/cc, respectively. The open porosity of bare HA was found to be 14%. But in the case of HA–clay composites, it was observed that open porosity increased up to 33% with the addition of 20 wt.% kaolin and further decreased to 29% with the addition of 30 wt.% kaolin [50]. This was because of several possible reasons, like the dehydroxylation of kaolinite mineral and the complex interaction pattern between hydroxyapatite and clay. The present work focuses on the effect of adding kaolin to pure hydroxyapatite (HA) which was derived from prawn shell biowaste to achieve high mechanical strength with retained porosity.





3. Materials and Methods


3.1. Materials


Prawn shell (Fenneropenaeus indicus) waste was collected from a local fish market and the shells were separated. Prawn exoskeleton is a source of calcium carbonate. Prawn shells were thoroughly washed with tap water and hot distilled water. After being washed, the prawn shells were dried for six hours in an oven at 150 °C before being pulverized. Kaolin (200 mesh) was purchased from Molychem chemicals (Mumbai, India).




3.2. Preparation of Hydroxyapatite Clay Composite from Prawn Shells


The wet chemical synthesis method was employed to prepare hydroxyapatite using prawn-shell-derived CaO and orthophosphoric acid. The procedure used to obtain HA–clay composite is shown in Figure 10.



Powdered prawn shell, which contains calcite, was subjected to calcination in a muffle furnace at 900 °C for 12 h. Prawn shell exoskeleton comprises calcite, proteins, and α-chitin [33], with calcite forming the majority. The prawn shells were calcined to remove unwanted carbonaceous material and organic matter, leaving behind pure CaO. Calcite is converted into calcium oxide by emitting carbon dioxide. The main advantage of using prawn-shell-derived calcium oxide is the existence of trace elements like Mg, Na, and Fe, which aid in faster bone regeneration [51].



Using the wet chemical synthesis approach, CaO was added to distilled water, followed by gradual dropwise addition of orthophosphoric acid (H3PO4) to maintain a Ca/P molar stoichiometric ratio of 1.66 [52]. Ammonia solution was added dropwise during the experiment to keep the pH level at 10. A hot plate with a magnetic stirrer was used to conduct this reaction for 48 h at room temperature and 200 rpm in a closed container. Subsequently, the resultant precipitate obtained from the reaction was dried overnight at 100 °C in a hot air oven to produce HA. Then, the HA powder and different wt.% (10, 20, and 30) of kaolin clay were mechanically mixed using agate mortar and pestle and the resulting powder was subjected to uniaxial pressing to obtain green pellets with a compressive load of 12.5 kN. The green pellets were sintered in air at 1100 °C for 2 h in a programmable high-temperature furnace (Nabertherm, Bremen, Germany), resulting in HA–kaolin clay composites.




3.3. Characterization Tools


To determine the phases present in the synthesized powders, X-ray diffractometer (Empyrean, Malvern PANalytical, Netherlands) with Cu Kα radiation at a scan rate of 2 °/min was used. Field emission scanning electron microscopy (FESEM 7610FPLUS, Jeol, Japan) with an accelerating voltage of 5 kV was utilized to determine the microstructure of the sintered HA–clay composites. Fourier transform infrared spectroscopy (Alpha II, Bruker, Germany) was used to detect the functional groups present in the samples. FTIR spectra were taken at an average scan rate of 24 scans and 4 cm−1 resolution in a wavenumber range of 550–4000 cm−1. Raman spectroscopy (Renishaw, UK) was used to determine the vibrational states and characteristic bonds in the samples. Raman spectra were taken in a wavenumber range of 100–3000 cm−1. Weight loss changes were observed in the samples within a temperature range of 20 °C–900 °C, at a constant heating rate of 10 °C/min using a thermogravimetric analyzer (PerkinElmer, Singapore). Differential scanning calorimetry (DSC, Netzsch 404 F1, Germany) was carried out to detect exothermic and endothermic transitions at a constant heating rate of 10 °C/min in a temperature range of 30–950 °C. Compressive strength was measured for sintered HA–clay composite specimens using a universal testing machine (UTM, Shimadzu, Japan). Physical properties like apparent density, bulk density, and open porosity of sintered HA–clay composite specimens were measured using a density measurement kit (CAS 44, Contech) by Archimedes’ principle method as per ASTM-C373-88 standard. Bulk density, apparent density, and % open porosities were calculated by estimating soaked and dry weights of sintered specimens.





4. Conclusions


The utilization of prawn shell (Fenneropenaeus indicus) exoskeleton biowaste as a Ca-rich raw source for HA synthesis was conducted via the wet chemical route. Further, HA–kaolin clay (10, 20, 30 wt.%) composites were developed by the mechanical mixing method. From prominent reflections visible on XRD, the presence of HA and kaolin within the composite was confirmed. FTIR analysis showed that characteristic peaks around 1117, 1025, and 560 cm−1 confirmed the presence of kaolin in the HA–clay composites. Characteristic peaks ranging from 615 to 620 cm−1 visible in Raman spectra of the HA–clay composites indicated the translation of the Si-O-Al group in kaolin. DSC and TGA analyses of the HA–clay composites revealed their thermal stability, and the endothermic peak at 498 °C corresponded to the dehydroxylation of kaolinite. Dense and flocculating morphologies were observed in FESEM of the sintered HA and HA–clay composites, respectively, whereas flake morphology was observed in kaolin. Uniaxially pressed HA–clay composite specimens were sintered in air at 1100 °C for 2 h to determine their physical and mechanical properties. The addition of 20% kaolin to HA enhanced its compressive strength by 33.7% in comparison to bare HA. The increase in open porosity with the addition of kaolin caused a ~10% decrease in apparent density. It was observed that there was an increment in compressive strength, although there was a considerable increase in open porosity. This improved the mechanical properties of the HA–clay composites, making this class of material a promising alternative material in bone tissue engineering, aimed at trabecular bone repair and regeneration. Further attempts could be made to investigate biodegradation and biocompatibility by conducting in vitro and in vivo studies.
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Figure 1. XRD pattern of (a) sintered HA; (b) 90% HA + 10% kaolin; (c) 80% HA + 20% kaolin; (d) 70% HA + 30% kaolin; (e) kaolin. 
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Figure 2. FTIR spectra of (a) sintered HA; (b) 90% HA + 10% kaolin; (c) 80% HA + 20% kaolin; (d) 70% HA + 30% kaolin; (e) kaolin. 
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Figure 3. Raman spectra of (a) sintered HA; (b) 90% HA + 10% kaolin; (c) 80% HA + 20% kaolin; (d) 70% HA + 30% kaolin; (e) kaolin. 
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Figure 4. DSC analysis of (a) pure HA; (b) kaolin; (c) 90% HA + 10% kaolin; (d) 80% HA + 20% kaolin; (e) 70% HA + 30% kaolin. 
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Figure 5. Thermogravimetric analysis of (a) pure HA; (b) kaolin; (c) 90% HA + 10% kaolin; (d) 80% HA + 20% kaolin; (e) 70% HA + 30% kaolin. 
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Figure 6. Microstructure of (a) sintered HA; (b) kaolin; (c) 90% HA + 10% kaolin; (d) 80% HA + 20% kaolin; (e) 70% HA + 30% kaolin. (Yellow arrows represent the presence of kaolin.) 
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Figure 7. Energy-dispersive X-ray spectroscopic analysis of sintered HA. 
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Figure 8. (A) Stress–strain curves of sintered specimens of (a) sintered HA; (b) 90% HA + 10% kaolin; (c) 80% HA + 20% kaolin; (d) 70% HA + 30% kaolin. (B) Variation in compressive strength with different wt % of clay. 
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Figure 9. Variation in physical properties of HA–kaolin clay composites with different wt.% (0, 10, 20, and 30) of addited kaolin clay; (a) bulk and apparent densities; (b) open porosity. 
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Figure 10. Process flow diagram of HA–clay composite preparation. 
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Table 1. Vibration modes in FTIR spectrum of HA–clay composite.
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	Wavenumber (cm−1)
	Stretching Mode
	Functional Group
	Source





	560, 751, 792
	-
	Si-O-Al
	Kaolin



	563, 597, 724
	Asymmetric bending
	PO43−
	HA



	966
	Symmetric stretching
	PO43−
	HA



	1023–1027, 1098
	Asymmetric stretching
	PO43−
	HA



	675, 910
	-
	Al-OH
	Kaolin



	1005, 1025
	In-plane stretching
	Si-O
	Kaolin



	1117–1123
	Longitudinal mode
	Si-O
	Kaolin



	1540
	Asymmetric stretching
	CO32−
	Atmospheric CO2



	3426
	Stretching of OH−
	OH−
	HA










 





Table 2. Vibration modes in Raman spectra of HA–clay composites.
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	Wavenumber (cm−1)
	Assignment
	Vibration Groups
	Source





	972
	Symmetric vibrational mode of P-O (stretching mode)
	ν1 PO43−
	HA



	412
	Doubly bending mode
	ν2 PO43−
	HA



	1045
	Triply generate antisymmetric stretching mode
	ν3 PO43−
	HA



	737
	Triply degenerate bending mode
	ν4 PO43−
	HA



	615–620
	Si-O-Al translation
	Si-O-Al
	Kaolin



	3620
	O-H stretching
	ν5 OH−
	Kaolin



	3696
	O-H stretching
	ν1 OH−
	Kaolin
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