

  processes-08-00486




processes-08-00486







Processes 2020, 8(4), 486; doi:10.3390/pr8040486




Article



Hydroxyapatite Biosynthesis Obtained from Sea Urchin Spines (Strongylocentrotus purpuratus): Effect of Synthesis Temperature



Nayeli Sarahi Gómez Vázquez 1, Priscy Alfredo Luque Morales 1,*, Claudia Mariana Gomez Gutierrez 1, Osvaldo de Jesus Nava Olivas 1, Ruben Cesar Villarreal Sánchez 1, Alfredo Rafael Vilchis Nestor 2 and Manuel de Jesús Chinchillas Chinchillas 1,*





1



Facultad de Ingeniería, Arquitectura y Diseño-Universidad Autónoma de Baja California, 22860 Ensenada, B.C., Mexico






2



Centro Conjunto de Investigación en Química Sustentable, UAEM-UNAM, 50200 Toluca, Mexico









*



Correspondence: pluque@uabc.edu.mx (P.A.L.M.); manuel.chinchillas@uabc.edu.mx (M.d.J.C.C.); Tel.: +52-1-646-132-0838 (P.A.L.M.); +52-1-668-397-8139 (M.d.J.C.C.)







Received: 20 February 2020 / Accepted: 9 April 2020 / Published: 22 April 2020



Abstract

:

In this investigation, hydroxyapatite (HA) was synthesized using sea urchin spines (Strongylocentrotus purpuratus) via a precipitation and heat treatment method at three different temperatures (500, 600 and 700 °C). Biosynthesized HA was characterized to determine the vibration of functional groups, morphology, particle size, crystalline structure and chemical composition. For this, Fourier-Transform Infrared Spectroscopy with Attenuated Total Reflectance (FTIR-ATR), Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-ray Spectroscopy (EDS), X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) were used, respectively. The FTIR-ATR results reveal that the most defined characteristic HA bonds (O-H, P-O and C-O bonds) were better defined at higher synthesis temperatures. SEM also presented evidence that temperature has a significant effect on morphology. EDS results showed that the Ca/P ratio increased in the samples at higher temperatures. XRD analysis presented the characteristic peaks of HA, showing a lower crystallinity when the synthesis temperature increased. Finally, the XPS confirmed that the material resulting from biosynthesis was HA. Hence, according to these results, the synthesis temperature of HA has a significant effect on the characteristics of the resulting material.
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1. Introduction


Hydroxyapatite (HA), an important crystalline material in the medical field, is composed of calcium, phosphorus and hydrogen atoms (Ca10(PO4)6(HO)2) and generally has a hexagonal crystalline structure [1]. This material is present in teeth and bones, presenting a characteristic hardness and, due to its chemical and physical properties, has the application of facilitating the regeneration of hard tissues [2]. It is identified as a non-toxic material, with high biocompatibility, bioactivity and similarity with the chemical composition of the inorganic part of bone tissue [3,4]. It is the component with the highest percentage in bones [5], which are composed of approximately 70% inorganic HA [6]. HA has been used in sensors in liquid and gaseous environments [7], in the treatment of wastewater to adsorb dyes [8] and as a coating on metallic body implants [9], among other uses. This last application stems from the need to repair large bone defects and avoid the use of autografts and allografts, which often involve limitations such as rejection rate, insufficient donors or a high risk of disease transmission [10]. The investigation of new substitutes for bone reconstruction is necessary in order to meet existing medical standards and needs [11].



The investigation of new generation methods, from biosynthesis or biogenic sources, has provided the advantages of reducing both production costs and toxicity, as naturally found materials are used which exhibit better bone conductivity compared to methods that involve common inorganic sources [12]. In 2018, Ofudje et al. synthesized HA by thermal decomposition from pig bones, generating crystal sizes from 11 to 21 nm [13]. Rahavi et al. (2017) generated nanometric HA (20–100 nm approximately) by calcinating human, bovine, camel and horse bones at 700 °C, while also using the sol–gel method [14]. Alternatively, in the work of Shi et al. in 2018, HA with a size of 100, 200 and 250 nm was synthesized from trout, salmon and cod bones, respectively [15]. It is also possible to obtain HA by mechanical-chemical synthesis from eggshells, as described by Ferro and Guedes in 2019, achieving crystal sizes ranging from 20 to 40 nm [16]. It is also possible to use marine debris for HA production. Edgar Mancilla et al. (2019) managed to synthesize HA from sea urchin spine debris [17]. Marine debris has caused severe pollution problems in ecosystems and problems in the reproduction of other species. At present, marine debris has not been widely used for the synthesis of HA [18]. The fishing of many marine species generates a great deal of sea pollution. Within these species is the sea urchin (Strongylocentrotus purpuratus), an invertebrate animal that has been recognized as a key species to boost community-level dynamics by grazing seaweed and creating moors [19]. The cultivation of this marine species generates a high monetary value and a high demand in the international market. The commercial exploitation of sea urchin in Mexico began in Baja California in 1993, and it has become more important due to the reduction of intense sea urchin fishing since 2001 [20]. The world production of sea urchins was around 117,000 tons per year in 1998, with the United States, Chile and Japan being the largest producers. Japan and France were the main consumers. However, its production has been decreasing significantly since 2009, when it was recorded that sea urchin production decreased by 38% [21]. Adding to this, the extraction of sea urchin aims to take advantage of only its gonads [22], the rest of the urchin (intestines, esophagus, shell and spines) is discarded in landfills, causing bad odors during transportation and decomposition. When the concentration of waste increases, it generates environmental pollution which becomes critical for humans, animals and vegetation near the vicinity [23]. This is why it has become essential to investigate appropriate sea urchin waste recycling methods. In this research, HA was generated from sea urchin spines at relatively high temperatures, causing considerable energy costs. By recycling a waste material to make another material that can be used in various applications, it creates a sustainable process which, with the necessary research, could be generated on an industrial scale. For these reasons, this investigation is a continuation of the aforementioned work [17], and is centered on recycling sea urchin spines by giving them a chemical treatment to produce HA and evaluating the effect of different temperatures on the properties of the synthesized HA crystals.




2. Materials and Methods


2.1. Materials


For the development of this work, we used sea urchin spines (Strongylocentrotus purpuratus) as a precursor to Ca(OH)2, obtained directly from the region of Baja California, Mexico; 85% H3PO4, acquired from Sigma Aldrich (St. Louis, MO, USA); and distilled water, used as a means of hydration.




2.2. Sea Urchin Spines


The sea urchin spines were collected at a landfill in Baja California and subsequently washed with water to remove contaminants. Finally, the sea urchin spines were trimmed to approximately 10 mm in size.




2.3. CaO Synthesis


For the CaO synthesis, the sea urchin spines were washed with distilled water until the organic soft matter present was eliminated. They were then dried in an oven for 30 min at 100 °C. They were subsequently weighed and ground until a fine powder was obtained. Finally, the powder was placed in an oven for 10 min at 800 °C, with an initial 12 °C/min heat ramp.




2.4. Ca(OH)2 Synthesis


After obtaining the CaO, 145 mg was placed in a beaker with 5 mL of distilled water and stirred for 15 min at 35 °C.




2.5. HA Synthesis


For the HA synthesis, after the 15 min of stirring in the previous Ca(OH)2 synthesis, 70 µL of H3PO4 was added at a rate of 1 drop/second to the continuously stirring beaker. Once the H3PO4 was added, stirring continued for 18 h at the same temperature (35 °C). The product was then filtered and washed with distilled water until a neutral pH was obtained. The material was then dried at 60 °C on a magnetic stirrer and finally given a 500 °C heat treatment in an oven at a 12 °C/min heat ramp. Two other samples were prepared varying only in the heat treatment temperatures of 600 and 700 °C. The samples were identified as “HA500”, “HA600” and “HA700”, with the numbers indicating the synthesis temperature. The procedure described in the methodology can be seen in Figure 1.




2.6. Characterization


The HA bond vibrations were analyzed via FTIR-ATR (Perkin Elmer, Waltham, MA, USA) in a PerkinElmer brand device, with a direct transmittance detector and a resolution of 0.5 cm−1. The morphology and elemental composition were analyzed by means of a JEOL brand SEM-EDS (JEOL, Akishima, Tokyo, Japan), model JSM-6490LV, with a working distance of 11 mm and a voltage of 20 kV. The XRD analysis (Bruker, Billerica, MA, USA) was carried out using a Bruker D2 Phaser brand device, at 30 kV, 10 mA, and in a 2θ range of 10–80°. Lastly, the chemical composition XPS was carried out in a Kratos Axis Ultra (Trafford Park, Manchester, UK), with an X-ray irradiation source of aluminum (Alα) and a pressure of 8 × 10−9 Torr.





3. Results and Discussion


3.1. FTIR-ATR


As seen in Figure 2, the band shown around 562 cm−1 is attributed to the flex mode of phosphate   (   PO  4  3 −    ) bonds [24]. The band at 600 cm−1 belongs to the flex modes of the hydroxyl group in HA [25]. The band at 873 cm−1 corresponds to the Ca−O bond [26,27], which could appear as a result of a small amount of CaCO3 present in the samples [28], or due to the decomposition of HA due to dehydration, as reported by Shih in 2018 [15]. In addition to these vibrations, the vibrational band corresponding to the asymmetric stretching mode of phosphate   (   PO  4  3 −    ) is shown at 1030 cm−1, indicating the formation of HA [29]. Lastly, the signals represented at 960 and 1410 cm-1 indicate the presence of the residual    (    CO  3  2 −    )    carbonate groups. These bands correspond to the ν2 vibration mode [30], which arises due to the absorption of carbon dioxide from the surrounding atmosphere during synthesis. However, carbonate-containing HA is chemically similar to the biological apatite found in bones, and is reported to have high bioactivity [31]. Furthermore, there are no vibrations of the organic contamination bonds observed in the FTIR-ATR spectrum, so these results indicate high-purity HA. Here we observed the very important role temperature plays in the formation of HA. It can be seen that a phase change occurred in the sample of biosynthesized HA at 700 °C, which has previously been reported in the literature for HA calcined over 650 °C and attributed to the transformation of apatite into tricalcium phosphate As the temperature increased, so did the intensity of the carbonate bonds   (   CO  3  2 −   )   at 960 cm−1, and the appearance of the vibration at 1410 cm−1, in addition to a greater intensity of the vibration of the bonds of phosphate   (   PO  4  3 −    ) at 1030 and 562 cm−1 [32,33].




3.2. SEM-EDS


The SEM analysis of the microstructure, as well as the elemental chemical composition (EDS) spectra of the HA samples, are shown in Figure 3. The micrographs of the three analyzed samples (HA700, HA600 and HA500) show a typical HA morphology in the shape of scales [34]. The morphology of the HA synthesized at 700 °C (HA700) is observed in Figure 3a, which shows some HA crystals with varying sizes (between 3.4 and 4.8 µm) being suspended on an agglomeration of material. The EDS analysis of this micrograph (Figure 3b) shows that the elements of HA (Ca and P) were effectively present. In contrast, the HA sample synthesized at 600 °C presented a slight change in the morphology of the material. The HA synthesized at this temperature did not have a defined shape (Figure 3c) and the size varied between 5.8 and 7 µm. The EDS analysis also shows the elements of Ca and P in the HA600 sample (Figure 3d). Finally, the HA samples synthesized at 500 °C showed a morphology similar to the synthesis of HA at 700 °C, where material is suspended on an agglomeration in the form of scales, as seen in Figure 3e. The approximate size of the crystals was from 6.8 to 7.1 µm. The presence of the Au peak, which corresponds to the coating of gold the samples undergo for analysis, can also be observed in all three samples. The effect of temperature plays a very important role in the characteristics of synthesized HA, since the HA700 sample could be the one with the strongest structure.




3.3. XRD


The X-ray diffraction spectra of all the samples analyzed, which are shown in Figure 4, were compared with the data on the ICDD 9-432 card of the International Center for Diffraction Data, which corresponds to a pure phase of HA [35,36,37]. The peaks shown at 26°, 32°, 40.1°, 47°, 49.5° and 53.6° in 2θ correspond to the crystalline planes (002), (211), (310), (203), (213) and (004), respectively. Here, what stands out is that the crystalline planes (210) and (212) appear at a higher synthesis temperature, specifically in the HA700 sample, and are not present in the other samples. These correspond to the CaO present in the material after the HA dehydroxylation at 2θ of 29.1° and 37.4° [38]. Alternatively, it was observed that the intensity of some peaks decreases and they become wider as the temperature increases. This indicates that the crystallinity of HA was lower at higher synthesis temperatures. The decrease in the crystallinity of the HA700 sample is due to the phase transformation that the apatite underwent into tricalcium phosphate, which has been reported to contain a semicrystalline structure [32]. The crystal size was also determined using both the Scherrer equation and the diffractogram of each material. Using these methods, sizes from 4.2 to 4.6 nm were observed. The sample that presented a smaller size was HA700, and the largest was HA500. The difference in synthesis temperature had an influence on the size of the crystals. The higher the temperature was, the smaller the size; conversely, the crystallite size was larger at a lower temperature [39]. The causes for this are the increase in solubility, the disaggregation of the phases and the increase in the reaction kinetics during HA formation [40,41].




3.4. XPS


XPS was used to study the chemical composition of the synthesized HA. The general spectrum is observed in Figure 5a in which the peaks of O, Ca, C and P can be observed. The energy of the main peak was taken as a reference (C 1s at 284.5 eV). The peaks were observed at 977.5, 530.5, 438.5, 347.5, 284.5, 133.5 and 23.5 eV, corresponding to O Auger KLL, O 1s, Ca 2s, Ca 2p1/2, C 1s, P 2p and Ca 3p, respectively [42]. In addition, the high-resolution spectra of Ca 2p and O 1s can be observed in Figure 5b,c, respectively, with which the specific energies of 347.5 and 350.9 eV for Ca 2p3/2 and Ca 2p1/2 could respectively be obtained. These are in a 2:1 ratio with an energy difference of 3.4 eV, and are typical values for HA [43]. In contrast, the XPS spectrum of O 1s, at the core level, shows a peak at 353.5 eV, which is assigned to the phosphate group [44]. This study demonstrates a successful HA synthesis starting from sea urchin spines.





4. Conclusions


Reusing sea urchin spines (Strongylocentrotus purpuratus) for the synthesis of HA is a viable way to produce high-quality HA, which also contributes to the care of the environment. Biosynthesized material has the potential for use in the medical industry and other applications. The ideal biosynthesis temperature for the generation of high-purity HA using sea urchin spines was found to be between 500 and 700 °C—a lower temperature in relation to other works reported in the literature. The effect of temperature played an important role in the formation of the HA: as the temperature increased, the size of the crystals decreased, their resistance decreased and their purity or crystallinity decreased as well. This indicates that this research could be a starting point for the creation of HA on an industrial scale, by improving synthesis parameters. While this research proves that there are better parameters to be found by using different temperatures, there is still progress to be made in the production of HA while using lower biosynthesis energy.
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Figure 1. Biosynthesized hydroxyapatite (HA) from sea urchin spines. 
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Figure 2. FTIR-ATR spectrum of the three HA samples synthesized at different temperatures. 
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Figure 3. Elemental morphology and composition for HA samples: (a,b) SEM HA700; (c,d) SEM HA600; (e,f) SEM HA500. 
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Figure 4. XRD spectra of the three HA samples synthesized at different temperatures. 
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Figure 5. XRD spectrum: (a) general spectrum. High-resolution spectra of (b) Ca 2p and (c) O 1s. 
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