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Abstract

:

This paper puts forward the use of “low-cost/low-end” hydroxyapatite-based adsorbing materials prepared from Tambaqui fish cleaning residues (i.e., bones) by grinding and/or thermal annealing. The nature of raw materials and treatments practically resulted in a “zero-cost” adsorbent for atrazine pesticide and Co2+ ion remediation in an aqueous solution. Despite the distinctive character of the two contaminants, all adsorptions were found to follow pseudo-second order kinetics and Freundlich isotherm models. Pristine hydroxyapatite proved to be more effective in adsorbing atrazine at low concentrations due to interactions with collagen residues. Conversely, heat-treated materials demonstrated better adsorption performances for cobalt due to the removal of organic residues hindering access to the surface. On the other hand, lower adsorption affinities resulted into a faster and more efficient Co2+ release into water. The different behavior in terms of phosphate and cobalt release shown by the three hydroxyapatite-based absorbents can be exploited for differential liberation of targeted nutrients, with high seed germination rates. Considering circular economic principles, waste-derived hydroxyapatites may be potentially attractive for removing ionic species, minimizing water pollution stemming from heavy industry, and for their subsequent targeted release to edible plants, enhancing agricultural availability of mineral nutrients for soil fertilization.
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1. Introduction


Human activities have been impacting the global environment since the Industrial Revolution [1]. Among the diverse kinds of pollutants, a great deal of attention has been devoted to water reservoir and waste-water contamination by inorganic and organic compounds stemming from industrial manufacturing and agriculture. Certain water pollutants (e.g., agrochemicals, antibiotics) are recalcitrant to conventional combined mechanical/microbiological treatments. Therefore, research studies have been wide and continuously conducted using diverse and multifunctional materials, aiming at multi-focused environmental remediation (e.g., adsorbents from activated charcoal [2,3,4,5,6,7], alumina [8,9,10,11], clays [12,13,14], resins [15,16], silica [17,18], zeolites [19,20,21,22], and metal–organic frameworks [23,24,25,26,27], among others). Adsorption remains a staple of any waste-water treatment [28], with fast and usually inexpensive processes, accessible to developing countries [29]. In addition, adsorbents can be tailored to the pollutant and made recoverable and reusable by devising proper supporting materials. Finally, adsorption usually generates no environmentally harmful byproducts [30,31,32].



Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is a naturally occurring mineral encountered in mammal bones (i.e., bone mineral) and teeth. Because of its non-toxic nature, HAp has been adopted in applications where biocompatibility and high chemical and thermal stability are crucial factors, such as bone tissue engineering, edentulous ridge augmentation, and orthopedic and dental implant coatings. Concerning adsorption processes, HAp has been evaluated for capture and controlled release of a wide spectrum of bioactive chemical species (e.g., antibiotics, anti-cancer agents, proteins, radionuclides, and genetic material) [33,34,35,36]. Moreover, HAp has been investigated extensively as an adsorbent for various pollutants such as dyes [37], herbicides [38], and heavy metals [39,40,41].



Preparation of HAp materials matching environmental remediation requirements has been relying on either chemical synthesis employing commercial precursors or extraction from natural sources. Synthetic methods include co-precipitation [42], sol-gel, sonochemical, ultrasound microwave, calcination, alkaline hydrolysis, hydrothermal, or combined approaches. A vast number of natural sources have been explored as starting materials to extract HAp [43,44,45]. As opposed to the numerous synthetic routes, alkaline hydrolysis, hydrothermal treatment, and calcination are regarded as the only relevant techniques to extract HAp from a series of biological sources or wastes, such as mammalian bones (e.g., bovine, camel, and horse), marine or aquatic sources (e.g., fish bone and fish scale), shell materials (e.g., cockle, clam, eggshell, and seashell), plants, algae, and also from mineral sources (e.g., limestone) [46,47,48]. According to the U.N. Food and Agricultural Organization (FAO), about 25% of material resulting from fish-related industries (e.g., fishery, pisciculture, and canning) is discarded as waste [49,50]. Hence, a conspicuous quantity of “zero”-cost materials is potentially available every year for the extraction of natural, mostly non-stoichiometric hydroxyapatite [51]. As for Brazil, a fish known as Tambaqui (Colossoma macropomum) has dominated fishing and fish farming for the last few years [52,53]. Indeed, total Tambaqui production amounted to 262,370 tons, corresponding to a 31.2% share of the Brazilian domestic fish market, in 2019. Naturally, synthesizing value-added materials from fish bones and scales is considered a valuable option to reduce pollution associated to fish cleaning waste [54].



Pesticides are widespread agrochemicals used in agriculture to prevent the proliferation of plagues. Nevertheless, they also represent a significant source of waterway contamination. According to the latest pesticide commercialization report issued by the Brazilian Institute for the Environment and Natural Resources (Instituto Brasileiro de Meio Ambiente e dos Recursos Naturais–IBAMA), Brazil marketed 685,746.68 tons of agrochemicals in 2020, which represents a 10.51% increase in domestic sales compared to 2019 [55,56]. Specifically, atrazine (a herbicide) is the fourth most commercialized pesticide (33,321 tons in 2020) [57,58].



Regarding environmental concerns, pollution caused by commonly occurring inorganic ions, especially in watercourses, has been a research focus as much as pesticides [59,60]. Among heavy metals, cobalt (Co) is one of the most controversial with respect to the effects on human health. Excessive exposure to cobalt can induce adverse human health effects in terms of neurological (i.e., hearing and visual impairment), cardiovascular, and endocrine deficits [61,62]. On the other hand, Co2+ is a necessary component of vitamin B12 (hydroxocobalamin) and an essential coenzyme for cell mitosis [63,64]. Aside from being fundamental for animal metabolism, cobalt has recently been recognized as a potentially essential nutrient for plants [65,66,67]. For instance, the Co2+ is indispensable to leguminous plants because of its role in nitrogen (N) fixation by symbiotic microbes [66]. Indeed, vitamin B12 is required by several enzymes responsible for N2 fixation. Even within the symbiosis domain, cobalt is critical (along with molybdenum and vanadium) for a group of nitrogen-fixing bacteria known as diazotrophs [68,69,70,71,72].



The present paper proposes a strategy for capturing and re-utilizing inorganic and organic pollutants predicated on a low-cost adsorbent. Specifically, HAp-based adsorbents were fabricated from a “zero-cost” source of hydroxyapatite (Tambaqui fish bones) by simple heat treatment procedures. Atrazine (ATZ) and cobalt (Co2+) were the targeted contaminants to be removed from aqueous solutions. The effect of different annealing temperatures on the raw material and their impact on the adsorbent properties were evaluated. Furthermore, liberation of micro-(Co2+) and macro-(PO43−)nutrients from the HAp adsorbents turned out to be beneficial for plant seed germination. Thus, considering a circular economy and environmental sustainability, HAp from fish cleaning waste may represent a “low-end” platform for environmental remediation capable of joining adsorption of potentially harmful contaminants as a novel approach on the slow release of micronutrients for agricultural use.




2. Materials and Methods


2.1. Preparation of Hydroxyapatite-Based Adsorbents (F−HAp, HAp_600 °C, and HAp_900 °C)


Tambaqui (Colossoma macropomum) cleaning waste was collected from different local fish markets in Santarem, Pará, Brazil. Fish residues were boiled briefly to separate the organic part from the inorganic one. Afterward, the fish bones were washed and dried at room temperature for 48 h. A mortar was used to homogenize the pristine adsorbent that was labeled as fish-hydroxyapatite (F−HAp). This raw material was conditioned in porcelain crucibles and heat treated at two different temperatures: 600 °C for 2 h (HAp_600 °C), and 900 °C for 2 h (HAp_900 °C), in a Jung® (Schalksmühle, Germany) Furnace coupled to a Novus® (Canoas, Brazil) N1200 controller at a 10 °C min−1 heating rate. The three HAp-based materials were characterized and evaluated for adsorption of organic (atrazine) and inorganic (cobalt) pollutants in aqueous solutions. The costs associated with all hydroxyapatite-based materials were considered virtually zero, and thus they were denominated as low-cost/zero-cost materials. This is justified by the consideration that the source of expense is derived only from the cost of the two-hour furnace heat treatment step, which is variable according to the specifications of the furnace employed and the local kWh price. The F−HAp material has no such cost (non-heat-treated raw sample).




2.2. Characterizations


A field emission gun scanning electron microscopy (FEG−SEM) 6700 JEOL® (Tokyo, Japan) equipment operating at 7 kV was used for the morphological characterization of the samples (particle size, shape, and distribution). The zeta potential (ZP) and dynamic light scattering (DLS) measurements were performed with a Malvern® (Malvern, United Kingdom) Zetasizer NanoSZ to gain a deeper insight into particle stability and size.



The crystallinity of the adsorbents before and after thermal treatment was estimated by X-ray diffraction through a Lab-XRD-6000 Shimadzu® (Kyoto, Japan) diffractometer equipped with a Cu-Kα radiation source (λ = 1.5406 Å), 2θ angular range from 5° to 80°, and a scanning step of 1° min−1. Crystalline phases were assigned with a 95% reliability (Crystallographica search-match [73]), and the unit cell parameters were determined by the least squares refinement (UnitCell [74]). The full width at half maximum (FWHM) measurement was obtained from the nonlinear Lorentzian fit of the peak. Structural models were rendered from sample and reference diffractogram data, together with cell parameters, using a three-dimensional structure visualization program (VESTA [75]).



Chemical bond information and additional structural features were attained by Fourier Transform Infrared (FT−IR) spectroscopy in ATR mode performed with a Vertex 70 Bruker® (Karlsruhe, Germany) spectrophotometer (spectral range 400–4000 cm−1).



Thermogravimetric analysis (TG) was employed to verify the thermal stability of the adsorbents and the elimination temperature of organic molecules, collagen, and water. TG was conducted with a TA Instruments® (New Castle, United States of America) SDT650 equipment, in a platinum pan, under 40 mL min−1 nitrogen flux and 60 mL min−1 air flux, from room temperature to 900 °C.




2.3. Pollutants: Atrazine Adsorption Experiments


As for adsorption evaluation, 1.00 g L−1 atrazine (ATZ) stock aqueous solution (Sigma-Aldrich®, St. Louis, United States of America, 99%) was prepared by first dissolving the herbicide in a minimum amount of methanol (Êxodo Científica®, Sumaré, Brazil, 99.8%). Adsorbent samples were weighed and placed in 15 mL falcon tubes filled with the target solution and stirred in a powder shaker at 100 rpm at room temperature (30 °C). Samples were centrifuged at 8000 rpm for 10 min before contaminant concentration measurements. Several experimental parameters were varied to optimize adsorption conditions, including contact time (kinetic study) and initial contaminant concentration (adsorption isotherms). Kinect studies were performed with 0.01 g of HAp in 10 mL of an atrazine solution (10 mg L−1). Different sampling times (5, 10, 15, 30, 60, 120, 240, 1440, 2880, and 4320 min) were used. Adsorption isotherm studies were conducted with 10 mg of HAp in 10 mL of eight different ATZ diluted aqueous solutions (5, 10, 25, 50, 100, 125, 150, and 200 g L−1). All adsorption tests were replicated three times. Atrazine solutions were centrifuged to recover the adsorbent and analyze the supernatant by UV-Vis spectrophotometry (Shimadzu®, Kyoto, Japan, 1600 equipment) in order to quantify the amount of AZT adsorbed by HAps. Spectroscopical data were deconvoluted (multiple peak fit analysis based on Gaussian curves) to identify the isolated contributions of the atrazine peaks.



Adsorption capacities (q, mg g−1) at equilibrium and/or at a given time were determined using the mass balance condition given by Equation (1):


  q =      C 0  − C   V  m   



(1)




where    C 0    is the initial contaminant concentration (mg L−1);  C  is the concentration (mg L−1) of adsorbate at equilibrium and/or at a given time;  V  is the solution volume (L); and  m  is the mass of adsorbent (g).



Kinetic experimental data were fitted with pseudo-first and pseudo-second order models, whereas Langmuir and Freundlich were models used to study the adsorbent–adsorbate interaction in terms of adsorption isotherms. The linear equations employed in the kinetic and isotherm studies are given in Table 1 by Equations (2)–(6), along with the initial adsorption rate determination, which is given by Equation (4).




2.4. Pollutants: Cobalt Adsorption and Release Experiments


Cobalt adsorption tests were similarly performed. Briefly, a 50 mg L−1 stock solution of Co2+ ions (CoCl2.6H2O, Dinâmica®, Barueri, Brazil, 98–102%) was prepared. Kinect studies were accomplished with 0.01 g of HAp into 10 mL of cobalt stock solution. Flame atomic absorption spectroscopy (FAAS) was used to determine the residual unabsorbed Co2+ concentration at various times (5, 10, 15, 30, 60, 120, 240, 360, 960, 1440, 2880, and 4320 min) employing a PinAAcle 900T (Perkin Elmer®, Waltham, United States of America) spectrometer. FAAS instrumental parameters were Co wavelength of 240.73 nm, 0.2 nm slit width, and flame under oxidant flow composed of air (10 L min−1) and acetylene (2.5 L min−1). Isotherm studies were performed with 0.005 g of HAp in 5 mL of different cobalt-diluted solutions (10, 25, 50, 100, 200, 500, and 1000 mg L−1) in distilled water. All tests were repeated three times.



Concerning Co2+ release, Co-adsorbed HAp (1 mg mL−1) was placed into a fertilizer-like “benchmark” 2% w/w citric acid solution and maintained at 40 °C. Co2+ concentration was monitored by FAAS after 7, 15, 30, 60, 120, 240, 480, 720, 1440, 2880, 5760, and 7200 min. Additionally, phosphorous release from hydroxyapatite was also investigated by UV-Vis spectroscopy through the molybdenum blue-phosphate quantitative method [81,82,83,84].




2.5. Cytotoxicity Analysis


Watergrass seeds (20 ± 2 units) were placed in four falcon tubes with 14 mL of distilled water. Three of them also received 28 mg of each HAp sample (F−HAp, HAp_600 °C, and HAp_900 °C after cobalt adsorption experiments). All watergrass seeds were maintained immersed for 1 h. After this time, 12 mL of solution were withdrawn carefully, and the adsorbents were separated. Next, four Petri dishes were lined with equally sized filter papers. The watergrass seeds were then placed in these Petri dishes, along with 2 mL of the remaining solution. For three days, the watergrass seeds were kept at room temperature, with natural luminosity in order to grow, and adding water when the paper filter was dry. Watergrass seeds without HAp were called blank (water only). After three days, the roots in contact with each sample were observed by optical microscopy analysis, and the germinated seeds were counted.





3. Results and Discussion


3.1. Material Characterization


Diffractograms of the hydroxyapatite-based adsorbents are shown in Figure 1a. The International Centre for Diffraction Data (ICDD) card that most adequately matched the experimental peaks for all diffractograms was PDF number n. 9-432 [85,86,87,88]. This card corresponds to the ISO internationally accepted standard for pure hydroxyl apatite (calcium phosphate hydroxide): Ca5(PO4)3(OH), hexagonal system, and space group P63/m (n. 176). A 95% confidence threshold was initially used. All the indexed peaks for the heat-treated samples (39 peaks for HAp_600 °C and 48 for HAp_900 °C) are presented in Figure 1a top panel. Conversely, the pristine F−HAp adsorbent showed no statistically significant matches. Nevertheless, 14 peaks could be assigned to hydroxyapatite despite peak broadening (Figure 1a bottom panel).



FWHM and peak intensity analyses (Figure 1b) were performed on (211) and (022) crystallographic plane signals for all samples. The gradual increase in peak intensity and the significant decrease in the FWHM indicate that material crystallinity improves as the annealing temperature is increased. Such a behavior is consistent with a crystal structure reorganization, without formation of secondary phases, caused by heat treatment and occurring through complete removal of collagen fibers and release of water and carbonate groups (see further below) from the lattice [89,90]. Unit cell parameters were calculated (unit cell program with 95% reliability) for all samples (see Table 2).   a / b   and  c  lattice constant differences with respect to reference were almost immaterial, with parameter  c  maximum variation equal to 0.48% and 0.40% for samples HAP_600 °C and HAp_900 °C, respectively. Therefore, the HAp_600 °C and HAp_900 °C materials were assumed to be composed mainly of pure hexagonal HAp.



Although there was evidence of a hydroxyapatite phase in the untreated sample, F−HAp XRD pattern was affected by poor crystallinity and presence of organic residues bringing about low diffraction intensities and considerable peak broadening. Thus, the purity of F−HAp was estimated to be relatively low due to presence of minority phases. In fact, carbonated hydroxyapatite and collagen are usually associated to biological hydroxyapatites [91]. These things considered, the increase in the   c / a   ratio compared to pristine HAp, approaching the reference HAp for treated samples is typical of B-type carbonated hydroxyapatite, in which carbonate groups replace part of phosphate groups. On the other hand, when carbonate enters the hydroxyl sites, the   c / a     ratio decreases, and an A-Type carbonated hydroxyapatite is formed [92,93,94]. Thus,   c / a     ratio suggests that a small amount of B-type carbonated hydroxyapatite may also remain in the 900 °C -treated (i.e., more crystalline) sample. Needless to say, HAp_900 °C presented greater evidence of a pure stoichiometric hydroxyapatite phase belonging to the hexagonal system and space group P63/m (n.176). For this reason, the three-dimensional structure of the unit cell was constructed in VESTA based on the reference data and on the lattice parameters calculated previously. Renderings of the HAp_900 °C structure are shown in Figure 2a,b in a ball-and-stick and polyhedral models, respectively.



Figure 3 reports FT−IR spectra of the three adsorbing materials, and the functional groups (i.e., bands) were assigned to each sample as shown in Table 3.



It is worth noticing that the F−HAp adsorbent presents a wide peak broadening between 1350 and 1570 cm−1 corresponding to carbonated hydroxyapatite [101], thus confirming the XRD results. Moreover, presence of B-type carbonated hydroxyapatite can also be verified by the 1457, 1410, and 872 cm−1 bands found in the F−HAp sample. These bands are remarkably close to the 1455, 1413, and 874 cm−1 absorption peaks related to the    v  a s     B-type vibrations originating from the carbonate group [108]. In addition, the usual bands at 880 and 1540 cm−1 of A-type carbonated hydroxyapatite were not detected [109]. For all spectra, a low-intensity band associated to the stretching vibration of the structural hydroxyapatite O-H group [A] was also revealed. Therefore, carbonate groups most likely substituted the phosphate group sites (B-type) instead of hydroxyl groups (A-type) [92]. Furthermore, the spectra indicate that the heat treatment promoted the elimination of groups associated with fats and organic impurities [C, D, E, P bands], proteins and collagen [F, G, J, K bands], which were all detected only in the untreated material (F−HAp). Furthermore, the broad band in the region from 1350 to 1570 cm−1 disappeared almost completely upon thermal treatment, while additional bands typical of HAp vibrations appeared. In this regard, the characteristic hydroxyapatite structure bands belonging to the phosphate group (e.g., asymmetric stretching    v 3    [L, M, N] and symmetric stretching    v 4    [Q, R, S] vibrations) were detected.



DLS (volume basis analysis) and FEG−SEM imaging were used to estimate the adsorbent particle diameter, see Figure 4. The average particle sizes were found to be 326.0 nm, 602.3 nm, and 620.2 nm, for F−HAp, HAp_600 °C, and HAp_900 °C, respectively. Particle agglomeration stemming from heat treatment was also confirmed by SEM micrographs as shown in Figure 4c. In addition, higher annealing temperatures also enhanced particle homogeneity. F−HAp mean diameter distribution turned out to be the widest, from 164.0 to 446.0 nm (282.0 nm variation). The range decreased for HAp_600 °C, from 483.1 to 721.7 (238.6 nm variation), and was the lowest for HAp_900 °C, from 666.6 to 561.7 nm (104.9 nm variation). Such a behavior was related to the increased crystallinity of the samples and to the elimination of organic residues improving particle size uniformity. Thus, the heterogeneity of the particles decreased, and particle agglomeration was favored as the annealing temperature was raised (Figure 4b,c). Nevertheless, all materials are in the sub-micrometric/micrometric range (160 to 700 nm) with maximum particle size distributions not exceeding 1500 nm.



Zeta potential analysis was performed to verify the stability of the particles in water. Results are shown in Table 4.



Zeta potential data corroborated the findings regarding particle heterogeneity. Hence, deviations from measured values narrowed as the heat treatment temperature increased. None of the samples reached solution stability condition (approximately ±30 mV [110]. The average surface charge values were slightly negative, and all samples’ isoelectric points were close to neutral pH, indicating a tendency of the particles to agglomerate in aqueous media. In accordance with the literature, HAp particles close to the isoelectric point in a neutral aqueous medium tend to form clusters [111]. Nonetheless, F−HAp unusually high (≈20 mV) zeta potential value coupled to small (i.e., less agglomerated) particle size (compared to other samples) is supposed to originate from ionization of amino acid groups and steric stabilization due to collagen residues.



The thermal stability of the hydroxyapatite-based materials and the elimination temperature of organic residues were further investigated by thermogravimetric analysis (TG/dTG curves) presented in Figure 5.



Weight loss percentages corresponding to each thermal event (loss of adsorbed and lattice water, loss of organic matter, and losses attributed to inorganic material) are summarized in Table 5, along with total weight loss for the entire temperature range (25–900 °C).



The highest weight loss (46.7%) was reported for the thermally unprocessed sample. This material is comprised of water (physically and chemically adsorbed), fat, proteins, collagen, and other organic and inorganic compounds. As observed by FT−IR, most of these compounds are not detected after heat treatments above 600 °C. Consequently, weight loss of the heat treated (HAp_600 °C and HAp_900 °C) samples is almost negligible [112]. As expected, HAp_900 °C showed the smallest weight loss (1.41%). Water loss in biogenic hydroxyapatites (usually B-type carbonated hydroxyapatites) may take place over a wide range of temperatures. Because of point defects (principally vacancies) within the crystal, more than one water molecule and different ion can enter the hydroxyapatite lattice in order for the structure to be stabilized [113,114]. For instance, charge imbalance stemming from phosphate replacement with carbonate may allow different hydrated anions to be incorporated into hydroxyapatite [115,116]. Thus, water elimination required no less than 200 °C to be accomplished. Not surprisingly, F−HAp showed the highest water weight loss. The second thermal event was linked to the loss of organic matter [112]. In particular, there was the elimination of fats and proteins (up to 300 °C), collagen denaturation (from 250 to 350 °C), and collagen degradation/evaporation (from 350 to 550 °C) [90,117,118,119,120]. These events were observed for F−HAp and are clearly visible in the dTG curve (Figure 5b). On the other hand, HAp_600 °C and HAp_900 °C weight loss is considered almost immaterial (0.8% and 0.5%, respectively) and might be associated to post-synthesis adsorbed organic impurities.



The last event is connected to the hydroxyapatite partial decomposition [121,122]. Thus, two hydroxyl groups join expelling a water molecule and a peroxide ion (O22−) in the process. The usual temperature for this process is around 850 °C [122,123], but Ca/P variations in the structure (even locally) can accelerate water elimination and lower the decomposition temperature [124,125,126]. Consequently, a partially dehydroxylated hydroxyapatite, known as OAp, Ca10(PO4)6O [119,127] is formed. OAp is relatively stable between 800 and 1050 °C [128,129]. OAp subsequent decomposition proceeds through two different patterns. The first, described by Equation (7) [119], accounts for the formation of a TTCP (tetra calcium phosphate)/ β -TCP (tricalcium phosphate) mixture [119]:


  C  a  10     ( P  O 4  )  6  O → 2 C  a 3      P  O 4     2  + C  a 4   P 2   O 9   



(7)




 β -TCP do not decompose below 1200 °C. The second degradation pathway (Equation (8) [119]) produces a mixture of TCP (tricalcium phosphate) and CaO (calcium oxide).





   C  a  10     ( P  O 4  )  6  O → 3 C  a 3      P  O 4     2  + C a O   



(8)







Both transformations involve no mass alteration. Therefore, OAp generation (i.e., hydroxyapatite dihydroxylation) is solely responsible for weight loss above 600 °C.




3.2. Adsorption Experiments: Kinetic Models


Experimental results regarding kinetic (i.e., time dependence) tests for ATZ and Co2+ adsorption on HAp-based materials are presented in Figure 6.



Due to the different nature of the two water contaminants, equilibration time turned out to be quite different. Considering the full three-set of samples, equilibrium was reached after approximately 1600 min (26.7 h) for atrazine, while it took around 400 min (3.7 h) for cobalt adsorption to stabilize (by taking into account experimental errors). F−HAp (Figure 6a) showed high atrazine adsorption capacity (9.0 mg g−1) compared to HAp_600 °C and HAp_ 900 °C (about 6.5 mg g−1), although more time was needed to reach equilibrium (1600 min versus ≈ 400 min). The enhanced F−HAp atrazine adsorption behavior can be ascribed to the organic impurity residues (mostly collagen) that remained on the surface of the raw material. In fact, collagen can reasonably provide plenty of C═O moieties (stemming from amino acids arranged in chains) capable of establishing H-bonds with atrazine N-H groups. Water can also compete with collagen to form hydrogen bond with atrazine and can intercalate between amino acid chains by dint of the same kind of mechanism. Furthermore, collagen residues are expected to interact by means of weak Van der Waals forces with the atrazine heteroaromatic ring. However, F−HAp superior performances were lost for higher concentration of atrazine, as discussed by the adsorption isotherm study further below.



On the other hand, similar adsorption capacities among the different hydroxyapatite-based materials were found for Co2+. Cobalt ion removal from aqueous solutions by hydroxyapatite has already been reported to take place mainly by ion exchange with calcium [130,131,132,133,134] and therefore, Co2+ adsorption on all HAp samples is supposed to be facilitated. Nonetheless, physisorption always overlaps to ion exchange causing adsorption to occur through different pathways and resulting in a less stable kinetic profile (more significant deviations). Thereby, parameters related to the adsorbent surface availability need to be factored in despite close adsorption capacities (see Section 3.2).



Kinetic data for both pollutants were fitted with pseudo-first (see Figure 7) and pseudo-second order (see Figure 8) models. The values of the pseudo-first order (   k  1 st    ) and pseudo-second order (   k  2 nd    ) rate constants, the initial adsorption rate (   h 0   ) for the pseudo-second order kinetics, the calculated values of adsorption capacity at equilibrium (   q  e q    ), and the quality of the fit (R2) are provided in Table 6.



The pseudo-second order model was discovered to be the best kinetic fit for both cobalt and atrazine adsorption accounting for the behavior of all HAps, as proved by the higher R2 and by the good agreement between experimental and calculated    q  e q     values. Conversely, pseudo-first order fit underestimated the equilibrium adsorption capacity for all the adsorbents, notwithstanding an R2 value close to one.



In addition, the pseudo-second order model successfully described the slow atrazine adsorption kinetics (lower    h 0    and    k  2 nd    ) showed by F−HAp. In addition, F−HAp kinetic parameters were the lowest also in the case of Co2+ adsorption. Indeed, the high steric hindrance brought about by the collagen residues may retard cobalt approximation to the inner part of the adsorbent hampering ion exchange and reflecting longer equilibration times. However, adsorption on F−HAp may still benefit from Co2+ coordination by amino acid groups and residual (physisorbed and structural) water. In fact, F−HAp    q  e q     is in line with the corresponding values of the thermally treated adsorbents. On the contrary, HAp_900 °C presented the highest adsorption rate coupled to the lowest    q  e q     for both atrazine and Co2+. Not surprisingly, particle coalescence deriving from thermal annealing can limit atrazine and cobalt adsorption to the external surface of the material. Consequently, adsorption equilibrium can be achieved fairly quickly at expenses of adsorption capacity.



Adsorption isotherms were additionally studied in order to further investigate adsorption capacities of the HAp-based materials, their dependence on the pollutant initial concentration as well as the adsorption favorability and the removal capability for each of the two contaminants.




3.3. Adsorption Experiments: Isotherm Models


Equilibrium adsorption capacity versus initial pollutant concentration graphs are reported in Figure 9 for both atrazine (Figure 9a) and Co2+ (Figure 9b).



Experimental curves for the two different contaminants were found to be substantially different underlying two distinct adsorption mechanisms. Regarding McCabe’s plots [135] for the experimental isotherms, atrazine presented a practically linear profile up to an equilibrium concentration of approximately 60 mg L−1. Considering this equilibrium concentration, the adsorption capacity by graphical extrapolation of the experimental data was approximately 10 mg g−1, 11 mg g−1, and 21 mg g−1 for F−HAp, HAp_600 °C, and HAp_900 °C, respectively. It can be speculated that as ATZ concentration increased, the number of collagen residues on the F−HAp material available for interaction (by Van der Waals forces or H-bond) with the herbicide decreased. Seeing as atrazine is a relatively large molecule, penetration of the herbicide in the F−HAp internal part is to be presumably hindered by collagen residues when the contaminant concentration is increased (i.e., molecular crowding). Furthermore, the formation of hydrogen bonds between atrazine N-H groups (disfavoring interaction with the adsorbent) cannot be excluded. Since atrazine is usually present as traces in treated wastewater, F−HAp can still be considered for the removal of this agrochemical (see Figure 6). On the other hand, heat-treated samples were able to adsorb higher amounts of atrazine. Differences between HAp_600 °C and HAp_900 °C can be attributed to the partial elimination of OH groups from the hydroxyapatite due to thermal annealing (see Section 3.1). Therefore, higher heat treatment temperatures should raise the degree of dehydroxylation of the HAp surface facilitating the interaction with atrazine (i.e., a hydrophobic molecule). Because of the relatively low level of dehydroxylation of both heat-treated samples, the differences between HAp_600 °C and HAp_900 °C in adsorption capacity tend to be reduced as the atrazine initial concentration increases and thus, dehydroxylated sites are progressively occupied.



Concerning cobalt adsorption, the curves were favorable throughout the entire range of the explored Co2+ initial concentrations, even though presenting approximately linear regions. Graphical extrapolation on the last common point (with a Co2+ equilibrium concentration of 880 mg L−1) revealed adsorptive capacity values of about 52 mg g−1 for HAp_600 °C, 44 mg g−1 for HAp_900 °C, and 42 mg g−1 for F−HAp. The largest    q  e q     values observed, especially at high    C  e q    , for HAp_600 °C can be justified by allowing for the different level of Co2+ penetration into the internal part of the adsorbing material. In fact, particle coalescence almost precludes cobalt adsorption in the inner portion of the HAp_900 °C sample. Similarly to ATZ, collagen may obstruct Co2+ access to the F−HAp internal surface. Conversely, HAp_600 °C inner pores are mostly available for cobalt adsorption. To further understand the behavior of each sample, Figure 9 plots were fitted to Langmuir and Freundlich isotherms (linear equations). The Langmuir linear fits for the HAp samples are shown in Figure 10 for both pollutants, whereas Freundlich model linear fits (also for both pollutants) are shown in Figure 11.



Freundlich model was found to fit best the adsorption isotherms for all samples and both pollutants. Langmuir adsorption is predicated on energy equivalent adsorption sites, and on the formation of a monolayer as the only adsorption model [79,136,137,138]. Needless to say, such a model can be hardly applied to highly heterogeneous bio-derived HAp surfaces. Thus, the Freundlich model, accounting for adsorption site heterogeneity and energy distribution differences [80,136,138], was more adequate to describe adsorption on HAps regardless of the pollutant. Fit salient parameters are reported in Table 7 along with the assigned favorability of the adsorption process (Freundlich). Isotherm favorability was determined according to the literature, where 0 <   1 / n   < 1 is assigned for a favorable (F) adsorption process and   1 / n   > 1 for when the adsorption is unfavorable (U). Furthermore,  n  also represents the heterogeneity in the adsorption process. The higher  n  is, the higher the difference in energy and capability of active sites for adsorption [80,136,138].



As for atrazine adsorption,   1 / n   values were all higher than one. This result can be attributed to the competition between atrazine and water for adsorption on HAp sites. Pristine hydroxyapatite showed the largest  n , as expected for an extremely heterogeneous material characterized by collagen and organic polymers anchored on the hydroxyapatite surface. On the other hand, Co2+ adsorption was predominantly favorable. As previously mentioned, Co2+ adsorption on hydroxyapatite has been widely reported to be facilitated by ion exchange [130,131,133,134]. Hence, both HAp_600 °C and HAp_900 °C adsorption isotherms could be fitted by using 1/ n  values between 0 and 1. The higher cobalt affinity for HAp_600 °C (i.e., lower   1 / n  ) can be explained in terms of particle size. In fact, Co2+ adsorption (i.e., ion exchange) into the material internal sites is most likely to occur in the HAp_600 °C sample rather than in HAp_900 °C. In addition,  n  decreased from HAp_600 °C to HAp_900 °C, thus confirming particle coalescence and higher particle surface homogeneity stemming from thermal treatment, as described in Section 3.1. Although high-purity biogenic hydroxyapatite synthesized by bacteria has already been reported to have a considerable affinity for cobalt ions [132], F−HAp presented the largest   1 / n   (slightly greater than 1), besides possessing the lowest values in terms of adsorption capacity. Indeed, collagen and other organic impurities were possibly responsible for creating a physical barrier to adsorption on the material internal sites, hindering the access to the F−HAp inner part, and favoring adsorption on the most external sites. Nevertheless, an almost linear adsorption profile (differing from the atrazine case) was maintained. Therefore, Co2+ small size (compared to ATZ) probably allowed a conspicuous number of ions to be accommodated on the F−HAp collagen residues by taking advantage of cobalt coordination by ionized amino acid groups and water molecules.



For comparisons with the literature, experimental graphs were used, and the confrontations were made by interpolation of these data. Ferri et al. [139] synthesized pure stoichiometric HAp by coprecipitation and applied it to the adsorption of cobalt ions. For the isotherm assay, they obtained experimental results of about 0.28 mmol/g (16 mg Co/g HAp) for an equilibrium concentration of 9.0 mmol/L (530 mg/L). By interpolation at the same concentration, the capacities of the HAp samples of this paper were 31 mg/g (F−HAp), 33 mg/g (HAp_600 °C), and 32 mg/g (HAp_900 °C), which is indicative of higher values of adsorption capacities (almost doubled). This higher value is consistent with the work of Handley-Sidhu et al. [140], in which bio-hydroxyapatite showed higher values of cobalt ion adsorption in all media studied compared to synthetic hydroxyapatite. Other studies also found this same tendency [141,142], justifying studies of biogenic-based hydroxyapatites for multifocal adsorption purposes. In the scientific reports study with bio-hydroxyapatite [140], the best fit for the isotherm for cobalt was also Freundlich, which was the only fit with correlation coefficient values greater than 0.95, which further corroborates the findings of this paper.




3.4. Release Assays: Cobalt and Phosphorus


Phosphate and cobalt ion release assays from the Co-loaded HAps are shown in Figure 12.



A decent PO43− amount started being released after 48 h for all sample, topping to 2.6 mg L−1 for F−HAp. However, HAp_600 °C released a significant quantity of phosphate (about 2 mg L−1) within the first 48 h. HAp_900 °C phosphorous release during the early stages of the assay was practically negligible instead. Thus, it can be deduced that reduced particle size and lack of steric hindrance (i.e., no organic residues) were instrumental in enabling PO43− solubilization through contact with the citric acid solution. In addition, phosphate release is supposed to be aided by the presence of structural defects [143]. Consequently, the formation of a highly crystalline structure brought about by intense heat-treatment might have delayed phosphate liberation from HAp_900 °C. Concerning F−HAp, surface coverage by organic molecules (including collagen) and competition with carbonate for H+ from citric acid may have slowed down PO43− release [144,145].



Regarding Co2+, the ion liberation reflected almost perfectly the cobalt availably on the adsorbent surface related to sample affinity for cobalt and therefore, the interaction features discovered with the adsorption tests. F−HAp and HAp_900 °C showed the highest amount of desorbed Co2+ ions, with values of 22 to 30 mg L−1 and 10 to 20 mg L−1, respectively. Not surprisingly, cobalt adsorption on external sites (such as in F−HAp and HAp_900 °C) resulted into a fast Co2+ release. In particular, pristine hydroxyapatite was prone to a desorption/re-adsorption behavior being the Co2+-F−HAp interaction based on ion coordination by means of outer-collagen residues rather than on ion exchange. On the contrary, the high Co2+ affinity for HAp_600 °C, deriving from adsorption in the material inner pores, caused a meaningful cobalt release (>6 mg L−1) only after nearly 100 h.



Since the volume used for release was 0.01 L and the quantity of HAp involved was 0.01 g, the numerical values presented for the released cobalt concentration, in mg L−1, are equivalent to the values of its desorption capacity, in mg g−1. Therefore, the maximum cobalt desorption capacities for the entire period were 29 mg g−1 (F−HAp), 15 mg g−1 (HAp_600 °C), and 21 mg g−1 (HAp_900 °C).




3.5. Cytotoxicity Analysis


The cytotoxic assay aimed to evaluate nutrient release effects on seed germination. Visual outcomings are displayed in Figure 13, whereas a summary of the results is reported in Table 8. Seed exposure to F−HAp and HAp_600 °C still preserved germination activity. These things considered, both samples improved the germination rate from about 52% (water) to 63% (F−HAp) and 78% (HAp_600 °C). Such result can be attributed to Co2+ and even more importantly PO43− release from the Co-loaded HAps.



However, an opposite tendency was found for HAp_900 °C, with a toxicity effect leading to a decrease in germination viability from 52% (water) to 10%.



Optical microscopy images of the roots from the cytotoxic assay (Figure 13) demonstrated the influence of the HAps materials after a 4-day germination period. Images showed that roots from the blank (water), F−HAp, and HAp_600 °C samples were more elongated than the HAp_900 °C ones, suggesting the consequential low development of seeds that germinated in an unfavorable environment. Indeed, HAp_900 °C large particle dimensions induced sedimentation of the adsorbent on the seeds impeding proper germination and root growth. Detrimental effects on seed germination and root growth might also be associated to HAp_900 °C increased crystallinity that keeps hydroxyapatite from dissolving in neutral solutions. Although germination behavior parallels the nutrient release in a (Figure 12) citric acid extractive medium (as in most common fertilizer formulations), phosphate liberation tends to decrease in pure water. For instance, Sciena et al. [143] availability of phosphate ions from pure (i.e., stoichiometric) HAp is great in mildly acidic conditions compared to neutral pH.



Conversely, roots from the F−HAp and HAp_600 °C samples exhibited more significant branching (laterally) with respect to the blank sample (water), thereby displaying superior root development [146]. Enhanced root growth is likely to be related to metabolic acceleration due to the supply of phosphorus and cobalt nutrients by F−HAp and HAp_600 °C.





4. Conclusions


The present work investigated different “low-cost/low-end” hydroxyapatite-based adsorbents obtained from Amazon Tambaqui fish cleaning residues. The effect of the annealing temperature on atrazine herbicide and cobalt ions adsorption was explored. Bare fish bone residues mainly comprised of biogenic carbonated hydroxyapatite turned out to be able to adsorb low concentration of atrazine (initial concentration equal to 10 mg L−1) by relying on Van der Waals interaction and hydrogen bonds sensibly ascribed to collagen moieties. With atrazine traces removal being a “grand challenge” of current wastewater treatment technologies, pristine hydroxyapatite could be exploited as a “zero-cost” material suitable for atrazine complete removal after conventional biological/mechanical cleaning processes. Nonetheless, the “saturation” of collagen sites and steric hindrance effects cranked down the atrazine adsorption on pristine hydroxyapatite at higher pesticide concentrations; however, heat-treated (600 and 900 °C) samples were able to adsorb larger amounts of atrazine according to the surface dehydroxylation level. As for cobalt adsorption, thermally treated materials showed favorable adsorption isotherms (probably due to ion exchange) and reflected inner pores availability to Co2+. Cobalt and phosphate release tests were also performed in order to evaluate the applicability of the adsorbents as micro and macro nutrient carriers for agriculture in a slightly acidic medium-emulating standard fertilizer formulation. Pristine and 600 °C-annealed samples could liberate phosphate concentrations equal to or greater than 2 mg L−1 by virtue of structural defects favoring the material solubilization. On the other hand, Co2+ desorption was deeply affected by the different affinity for cobalt of the three hydroxyapatite-based materials. In fact, pristine hydroxyapatite and the material treated at 900 °C released between 20 and 30 mg L−1 of Co2+ because of adsorption mechanism involving only the external part of the material. Furthermore, the cytotoxic assay pointed out the importance of mineral supply, suggesting the beneficial effects in terms of seed germination and root elongation due to Co2+ and PO43− release from pristine fish bone residues and mildly heat-treated hydroxyapatite. Consistently with circular economic principles, worthless fishery waste was used as a functional “zero-cost” material amenable to combined use as adsorbent for different industry dealing with heavy metal (e.g., mining, electronics, electroplating, etc.) and agrochemical disposal and as source of mineral nutrients for soil fertilization.
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Figure 1. X-ray (a) diffractograms of F−HAp, HAp_600 °C, and HAp_900 °C, in addition to (b) FWHM and intensity plots for peaks (2 1 1) and (0 0 2). 
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Figure 2. Rendered structural (a) ball-and-stick and (b) polyhedral images of HAp_900 °C (standard orientation of crystal shape). 
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Figure 3. FT−IR Spectra for all HAp-based materials. 
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Figure 4. FEG−SEM micrographs and DLS measurements for (a) F−HAp, (b) HAp_600 °C, and (c) HAp_900 °C. 
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Figure 5. (a) Thermogravimetric Analysis (TG) of F−HAp, HAp_ 600 °C and HAp_900 °C and their (b) first derivative curves (dTG). 
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Figure 6. Variation of adsorption capacity versus time for (a) atrazine and (b) cobalt adsorption. 
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Figure 7. Linear fitting plots of pseudo-first order kinetic model for (a) atrazine and (b) cobalt adsorption. 
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Figure 8. Linear fitting plots of pseudo-second order kinetic model for (a) atrazine and (b) cobalt adsorption. 
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Figure 9. Experimental isotherms (not fitted) for (a) atrazine and (b) cobalt adsorption. 
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Figure 10. Linear fitting plots of Langmuir isotherm model for (a) atrazine and (b) cobalt adsorption. 
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Figure 11. Linear fitting plots of Freundlich isotherm model for (a) atrazine and (b) cobalt adsorption. 
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Figure 12. (a) Phosphorus and (b) Cobalt release assays by extraction in citric acid medium. 
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Figure 13. Optical microscopy images of watercress roots after a 4-day germination period of seeds exposed to (a) water (blank) and to the Co-adsorbed HAp samples (b) F−HAp, (c) HAp_600 °C and (d) HAp_900 °C. 
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Table 1. Linear forms of kinetic and isotherm models.






Table 1. Linear forms of kinetic and isotherm models.





	
Model

	
Equations

	
Linear Form

	
References






	
Pseudo-first order kinetics

	
(2)

	
   log    q  e q   −  q t    = log  q  e q   −    k  1 st     2.303   t   

	
[76]




	
Pseudo-second order kinetics

	
(3)

	
    t   q t    =  1   k  2 nd      q  e q  2    +  1   q  e q     t   

	
[77]




	
(4)

	
    h 0  =  k  2 nd      q  e q  2    

	
[78]




	
Langmuir Isotherm

	
(5)

	
      C  e q      q  e q     =  1   q  m a x      C  e q   +  1   K  L g      q  m a x       

	
[79]




	
Freundlich Isotherm

	
(6)

	
   log  q  e q   = log  K  F r   +  1 n    log  C  e q     

	
[80]
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Table 2. Calculated Unit Cell lattice parameters (hexagonal system).






Table 2. Calculated Unit Cell lattice parameters (hexagonal system).





	Sample ID\Unit Cell Parameters
	    a , b    Å       
	    c    Å       
	    c / a    
	    V      Å 3         





	Reference HAp card

(PDF n. 9-432)
	9.418
	6.884
	0.7309
	528.88



	F−Hap *
	9.41673

±0.00093
	6.85635

±0.00065
	0.7281
	526.5311

±0.1013



	HAp_600 °C
	9.38819

±0.00037
	6.85108

±0.00050
	0.7298
	522.9424

±0.0440



	HAp_900 °C
	9.39021

±0.00033
	6.85898

±0.00046
	0.7304
	523.7700

±0.0395







* Manually estimated peaks (not statistically significant for a 95% threshold).
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Table 3. FT−IR Spectroscopy for HAp-based materials.






Table 3. FT−IR Spectroscopy for HAp-based materials.





	
Wavenumber (cm−1)

	
Assignment *

	
Functional Group **

	
References






	
3580

	
Aa b c

	
O-H    ν s    structurally bond, a weak band (HAp)

	
[92,95]




	
3300

	
Ba

	
O-H  ν  broadband (water)

	
[95,96]




	
3000

	
Ca

	
C–H  ν  (fats, organic matter)

	
[95,96,97]




	
2916

	
D a




	
2836

	
Ea




	
1640

	
F a

	
O-H  δ  (water)

	
[95,96]




	
C=O (amide I and collagen)

	
[97,98,99]




	
1560

	
G a

	
Amides I and II

	
[97,98,99]




	
1457

	
H a b c

	
CO32−    ν  3 a s     (B-type originated)

	
[96,99]




	
1410

	
I a b c




	
1302

	
J a

	
Amides II and III

	
[97,100]




	
1216

	
K a




	
1088

	
L a b c

	
CO32−    ν  1 s     and PO43−    ν 3    (PO stretching)

	
[99,101,102]




	
1020

	
M a b c

	
PO43−    ν 3    (PO stretching)

	
[89,92,101]




	
960

	
N b c

	
PO43−    ν 1    (PO stretching)

	
[89,92,101]




	
872

	
O a b c

	
CO32−    ν  2 a s     (B-type originated)

	
[89,92,96,101]




	
673

	
P a

	
C–H  ρ  (impurities)

	
[95,103]




	
631

	
Q b c

	
O-H    ν L    vibration (HAp), shouldered to PO43−    ν 4   

	
[101,104]




	
597

	
R a b c

	
PO43−    ν 4   

	
[101,105,106]




	
560

	
S a b c




	
471

	
T a b c

	
PO43−    ν 2   

	
[101,107]








* a = F−HAp, b = HAp_600 °C and c = HAp_900 °C; **   ν   (stretch),  δ  (bend), and  ρ  (rock) vibrations.
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Table 4. Zeta potential measurements.






Table 4. Zeta potential measurements.





	Sample ID
	pH
	Zeta Potential (ZP)





	F−HAp
	6.2
	−20.3 mV



	HAp_600 °C
	6.7
	−4.6 mV



	HAp_900 °C
	6.2
	−0.7 mV
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Table 5. Weight loss of each reported thermal event (thermogravimetric analysis).






Table 5. Weight loss of each reported thermal event (thermogravimetric analysis).





	
Sample ID

	
Weight Loss (%)




	
25–200 °C

(Water)

	
200–550 °C

(Organic)

	
550–900 °C

(Inorganic)

	
25–900 °C

(Total Weight Loss)






	
F−HAp

	
11.7

	
33.8

	
1.24

	
46.7




	
HAp_600 °C

	
1.42

	
0.78

	
1.49

	
3.69




	
HAp_900 °C

	
0.23

	
0.46

	
0.73

	
1.41
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Table 6. Calculated pseudo-first order and pseudo-second order kinetics parameter values for all adsorbents (F−HAp, HAp_600 °C, and HAp_900 °C) and pollutants (atrazine and cobalt).






Table 6. Calculated pseudo-first order and pseudo-second order kinetics parameter values for all adsorbents (F−HAp, HAp_600 °C, and HAp_900 °C) and pollutants (atrazine and cobalt).





	
Kinetics\Sample ID

	
Atrazine Adsorption

	
Cobalt Adsorption




	
F−HAp

	
HAp_600 °C

	
HAp_900 °C

	
F−HAp

	
HAp_600 °C

	
HAp_900 °C






	
Pseudo-first order

	
   k  1 st    

(min−1)

	
0.002073

	
0.001152

	
0.001612

	
0.0006909

	
0.001842

	
0.001612




	
   q  e q    

(mg g−1)

	
3.039

	
0.4300

	
0.07047

	
2.750

	
1.682

	
2.233




	
R2

	
0.9505

	
0.8193

	
0.9319

	
0.2558

	
0.8423

	
0.2271




	
Pseudo-second

order

	
   k  2 nd    

(g min−1 mg−1)

	
0.003030

	
0.009343

	
0.1657

	
0.004131

	
0.004824

	
0.009407




	
   q  e q    

(mg g−1)

	
9.141

	
7.042

	
6.627

	
8.658

	
9.852

	
8.569




	
   h 0   

(mg min−1)

	
0.2532

	
0.4633

	
7.2771

	
0.3097

	
0.4682

	
0.6907




	
R2

	
0.9998

	
0.9996

	
1.000

	
0.9881

	
0.9994

	
0.9830




	
EXPERIMENTAL ADSORPTION CAPACITY

   q  o b s     (mg g−1)

	
8.98

	
6.91

	
6.62

	
8.95

	
9.63

	
9.21
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Table 7. Calculated Langmuir and Freundlich isotherm model parameters for all adsorbents (F−HAp, HAp_600 °C, and HAp_900 °C) and pollutants (atrazine and cobalt).






Table 7. Calculated Langmuir and Freundlich isotherm model parameters for all adsorbents (F−HAp, HAp_600 °C, and HAp_900 °C) and pollutants (atrazine and cobalt).





	
Kinetics\Sample ID

	
Atrazine Adsorption

	
Cobalt Adsorption




	
F−HAp

	
HAp_600 °C

	
HAp_900 °C

	
F−HAp

	
HAp_600 °C

	
HAp_900 °C






	
Langmuir

	
   K  L g    

(L mg−1)

	
−0.003924

	
−0.006467

	
−0.01062

	
0.00009431

	
0.002412

	
0.001168




	
   q  m a x    

(mg g−1)

	
−26.04

	
−24.15

	
−14.18

	
625.0

	
68.03

	
84.75




	
    R L    

	
0.9073

	
0.8649

	
0.8691

	
0.9443

	
0.8590

	
0.9099




	
R2

	
0.7324

	
0.5122

	
0.8239

	
0.0076

	
0.7372

	
0.5258




	
Freundlich

	
   K  F r    

(mg g−1)

	
0.07654

	
0.1182

	
0.06618

	
0.04707

	
0.7244

	
0.2108




	
  n  

	
0.8637

	
0.8297

	
0.6885

	
0.9430

	
1.660

	
1.258




	
   1 / n   

	
1.158

	
1.205

	
1.453

	
1.061

	
0.6024

	
0.7949




	
R2

	
0.9889

	
0.9301

	
0.9902

	
0.9436

	
0.9724

	
0.9490




	
FREUNDLICH

FAVORABILITY

	
U

	
U

	
U

	
U

	
F

	
F
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Table 8. Germination viability for watercress seeds exposed to Co-adsorbed HAp obtained from fishery waste.






Table 8. Germination viability for watercress seeds exposed to Co-adsorbed HAp obtained from fishery waste.





	Data\Sample ID
	Blank (Water)
	F−HAp
	HAp_600 °C
	HAp_900 °C





	Total seeds
	21
	19
	18
	19



	Germinated seeds
	11
	12
	14
	2



	Viability percentage (%)
	52
	63
	78
	10
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