
 

Cronfa -  Swansea University Open Access Repository

   

_____________________________________________________________

   
This is an author produced version of a paper published in :

Chemosphere

                                 

   
Cronfa URL for this paper:

http://cronfa.swan.ac.uk/Record/cronfa31356

_____________________________________________________________

 
Paper:

Correas, C., Gerardo, M., Lord, A., Ward, M., Andreoli, E. & Barron, A. (2016).  Nanostructured fusiform

hydroxyapatite particles precipitated from aquaculture wastewater. Chemosphere

http://dx.doi.org/10.1016/j.chemosphere.2016.11.133

 

 

 

 

 

 

 

 

_____________________________________________________________
  
This article is brought to you by Swansea University. Any person downloading material is agreeing to abide by the

terms of the repository licence. Authors are personally responsible for adhering to publisher restrictions or conditions.

When uploading content they are required to comply with their publisher agreement and the SHERPA RoMEO

database to judge whether or not it is copyright safe to add this version of the paper to this repository. 

http://www.swansea.ac.uk/iss/researchsupport/cronfa-support/ 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Cronfa at Swansea University

https://core.ac.uk/display/78862487?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://cronfa.swan.ac.uk/Record/cronfa31356
http://dx.doi.org/10.1016/j.chemosphere.2016.11.133
http://www.swansea.ac.uk/iss/researchsupport/cronfa-support/ 


  

1 

Nanostructured fusiform hydroxyapatite particles 

precipitated from aquaculture wastewater  

 

Covadonga Correas,a Michael L. Gerardo,b,‡ Alexander M. Lord,c Michael B. Ward,d Enrico 

Andreoli,*a Andrew R. Barron*a,e,f 
 

a Energy Safety Research Institute, Swansea University, Bay Campus, Swansea, SA1 8QQ, 

Wales, UK. 
b College of Engineering, Swansea University, Bay Campus, Swansea, SA1 8QQ, Wales, UK. 
c Centre for NanoHealth, Swansea University, Singleton Campus, SA2 8PP, Wales, UK. 
d Leeds Electron Microscopy and Spectroscopy Centre, University of Leeds, LS2 9JT, 

England, UK. 
e Department of Chemistry, Rice University, Houston, Texas 77005, USA. 
f Department of Materials Science and Nanoengineering, Rice University, Houston, TX 

77005, USA. 

 

HIGHLIGHTS 

 HAp precipitated from aquaculture wastewater using mild-methods. 

 Fusiform shape and nano size only previously been achieved by synthetic routes. 

 Phosphate recovery does not require the addition of seed chemicals. 

 Ca:P ratios (1.21-1.44) are lower than that usually observed for HAp (1.67).  
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ABSTRACT 

The present work represents a new approach for the isolation of uniform nano particulate 

hydroxyapatite (HAp). The chemical characterization of a calcium phosphate product 

obtained from industrial trout farm aquaculture wastewater by two different routes, washing 

either with a basic aqueous medium (washNaOH) or followed by a further washing with 

ethanol (washEtOH), is explored. Characterization of the isolated materials includes 

morphology studies (SEM and TEM), structural (XRD, electron diffraction), compositional 

(EDX) and thermogravimetric analysis (TGA). The obtained products are a mixture of 

different compounds, with hydroxyapatite the predominant phase. The morphology is 

unusually nanometric size with fusiform shaped particles, such characteristics are ordinarily 

only obtained by synthetic routes. This process of phosphate precipitation represents a unique 

self-sufficient process to be compared to conventional chemical or biological practices for 

precipitating phosphate.  

 

1. Introduction 

Calcium phosphate based materials are used in numerous applications such as fertilizers 

(Ferraro, et al., 2013), environmental remediation of waters and soils (Nzihou and Sharrock, 

2010; Piccirillo et al., 2013), photocatalysis (Tanaka et al., 2012; Piccirillo et al, 2013) and as 

biomaterials (Vallet-Regí, 2010; Dorozhkin, 2010; Kim, 2011; Zhou and Lee, 2011). 

Interestingly, one of these compounds, hydroxyapatite [HAp, Ca10(PO4)6(OH)2] is commonly 

used as a bioceramic, due to its osteoconductivity and high biocompatibility properties. HAp 

also has the ability to promote the formation of new bone tissues, making it a perfect material 

as a support or filler in bones and teeth (Vallet-Regí, 2010; Kim, 2011; Zhou and Lee, 2011).  

HAp for biomaterials is normally obtained by a range synthetic routes including: 

electrophoretic deposition and microwave assisted hydrothermal treatment (Hayek et al., 

1963; Dorozhkin, 2010; Weiner and Addadi, 2011). The structure, morphology, and 

composition of the product are dependent on the method employed, resulting in some 

limitations in structural morphology for synthetic HAp (Zhou and Lee, 2011). As an 

alternative, the extraction of natural HAp from animals has been proposed, based on the more 
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favorable properties and high percentage weight of HAp found in bones. Extraction of natural 

HAp from residue of eggshells, seashells, starfishes or animal bones has been successfully 

described in the literature (Rocha et al., 2005; Ozawa and Suzuki, 2002; Mondal et all, 2010; 

Bardhan et al., 2011; Akram et al., 2014). These practices have important considerations, 

owing to the possibility to obtain large amounts of HAp, and also the potential role in waste 

management in industry, e.g., reduction of solids, calcium and phosphate in waste streams. 

The more typical approach to phosphate removal is through chemical crystallization of HAp 

by the addition of a seed crystal or additives (de-Bashan and Bashan, 2004; Bellier et al., 

2006; Song et al., 2006; Zhang et al., 2007; Chen et al., 2009;).  

Aquaculture wastewaters are particularly rich in calcium and phosphate, which are 

mostly trapped within the wastewater sediment (Seawright et al., 1998). Alkaline heat 

treatment has been previously described (Sankar et al., 2008; Panda et al., 2014] for the 

extraction of natural HAp from fish scales. More recently, in an attempt to develop mild 

methodologies of natural HAp from aquaculture wastewater, we have demonstrated that 

simple pH adjustment and membrane filtration leads to the recovery of calcium phosphate 

minerals from trout farm wastewater sediment (Gerardo et al., 2015). Whilst it was argued 

that the presence of calcium phosphate minerals was related to undigested feed found in the 

sediment, i.e., fish bones and fish scales, the characterization of the calcium apatite mineral 

was not carried out. Herein we report the chemical and structural characterization of calcium 

phosphate minerals obtained from industrial trout farm aquaculture wastewater.  

 

2. Materials and methods  

2.1. Processing 

Industrial trout wastewater was obtained from a solids-settling tank from a fish farm located 

in England, Romsey. The wastewater was adjusted to pH 3 using 1 M HCl (Fisher Scientific, 

UK) and allowed to set over a period of 24 hours. Subsequently, the supernatant was sieved 

through a 500 μm mesh and filtered using a hollow fiber membrane cartridge with 0.2 μm 

pore size (polysulphone, AGT, UK) setup on a benchtop filtration apparatus (AGT Quix 

Stand, UK). The permeate obtained was adjusted to pH 8 using 1 M NaOH (Fisher Scientific, 
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UK) to give a precipitate that was centrifuged at 9000 rpm for 10 minutes. The yield of 

precipitation was 99.1 %. 

The supernatant was discarded and two separate washing methodologies were applied 

to the precipitates by replacing an equal volume of the supernatant: 1) deionized H2O 

followed by 1 M NaOH and 2) deionized H2O followed by 1 M NaOH followed by ethanol 

(washEtOH, 99.5 % absolute analytical reagent grade from Fisher Scientific). Between each 

one of the steps for each one of the methodologies, the precipitate was re-suspended using a 

vortex mixer. Thereafter, centrifuged at 9000 rpm for 10 minutes, all wash solutions were 

discarded and a final pellet was obtained and transferred to a petri dish. A control sample 

(washcontrol) was carried out by not washing the precipitate. The washing procedures were 

carried out three times and the final precipitate was dried at 105 °C.  

2.2. Characterization 

The phase identification of the products was investigated by XRD using a Bruker 

AXS D8 Advance diffractometer with an LINXEYE detector between 10° and 70° (2θ), with 

2θ increments of 0.05° and counting time of 1.5 s. The Cu-Kα (λ = 1.5418 Å) was used in 

these experiments. Further characterization was carried out by IR analysis of all the samples, 

Thermoscientific i510 FTIR equipment was used; recording spectra in the 650-4000 cm-1 

region with 16 scans. The morphology of the samples was examined by field emission 

scanning electron microscopy with an Ultra-High Resolution FE-SEM Hitachi S-4800, 

equipped with an Inca electron dispersive X-ray detector (Oxford Instruments, Abingdon, 

United Kingdom) for EDX experiments. The samples were also characterized by 

transmission electron microscopy, using a Tecnai F20 200 kV FEGTEM fitted with a Gatan 

SC600 CCD camera used to record both images and diffraction patterns, for EDX an Oxford 

Instrument Xmax 80 mm2 SDD was used. 200 particles were measured from TEM images for 

the average particle sizes. Thermogravimetric analysis (TGA) of the samples were performed 

on a Q600 TA instrument, under flowing air (100 mL/min) from room temperature to 1300 

°C with a heating rate of 20 °C/min. WashNaOH and washEtOH samples were also heated at 

1200 °C for one hour. After the heating, both samples were characterized by XRD and FTIR.  

 



 

5 

3. Results and discussion  

The morphology of the nanoparticulate present in the precipitated material is similar 

irrespective of the washing being performed and the washing solutions used (washcontrol, 

washNaOH or washEtOH). The typical morphology is shown in the SEM (Fig. 1a) of the 

precipitate obtained from the EtOH treatment (washEtOH). This morphology can be described 

as an agglomeration of rod or fusiform shapes (tapering at both ends) into a hierarchical 

structure. This is interesting since, while natural HAp has been reported to assume many 

different shapes such as fibers (Aizawa et al., 2006), spheres (Dědourková et al., 2012; 

Kamitakahara et al., 2013), needles (Cengiz et al., 2008) or even amorphous (Mobasherpour 

et al., 2007), it has not been reported with fusiform shapes. Thus, this precipitation from a 

biological source allows for a broadening of available morphologies to be used.  

 When the samples were observed by TEM (Fig. 1b), it was possible to see that these 

rods were formed of nanoparticles aggregated into elongated structures. Similar pseudo-one 

dimensional aggregates have been previously reported for a range of nanoparticles, even 

when spherical (Stoll et al., 1996). The material from the EtOH treatment has an average 

particle length of 28 nm, with a distribution shown in Fig. 2. Such nanoparticle structures 

have been previously described for synthetic nanocrystalline HAp (Mobasherpour et al., 

2007). Thus, it is possible to obtain nanostructured fusiform hydroxyapatite particles with the 

use of these precipitation and washing methods rather than having to synthesize material. 

 The results of the EDX analysis of the solids obtained after the different washing 

procedures are shown in Table 1. The washEtOH sample is composed entirely of Ca, P, O, and 

C. While these elements comprise ca. 97% of the washControl and washNaOH samples, small 

amounts of Na and Cl were detected in the former, and Si is detected in the latter. The 

absence of these elements in the washEtOH sample was also confirmed by TEM-EDX (Fig. 3), 

although some traces of Cu were observed due to the Cu TEM grid that the sample was 

mounted on. The presence of salt in the washControl sample is possibly due to contamination 

from acidification and alkalinization treatments. While, there is no obvious explanation for 

the presence of Si in the washNaOH sample, but given the low concentration, it may be 

interpreted as result of etching the glass container. We also note that the ethanol washing 
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favors a reduction in the carbon content in the isolated sample, probably due to the 

elimination of organic matter. This is consistent with the synergetic effects between the 

NaOH and EtOH for the removal of membrane foulants (Tian et al., 2010). 

 Based on EDX analyses (Table 1) the Ca:P ratios for the samples is in the 1.21-1.44, 

which is lower than that usually observed for HAp (Ca:P ratio of 1.67) (Elliott, 2002; 

Dorozhkin, 2013). Although it is not possible to determine the crystallographic structure of 

the precipitates based on EDX, the results show a similar composition to that described for 

carbonated Ca-deficient HAp (see below). As such, this is particularly interesting since 

calcium phosphate highly substituted with carbonate is a composing mineral of human teeth 

and bones (Featherstone and Lussi, 2006; Dorozhkin, 2013). Low Ca:P ratios have been 

correlated with the presence of [HPO4]
2- ions formed under acidic conditions (Combes and 

Rey, 2010). The specific formation of calcium-deficient HAp undergoes a transitional stage 

as composed of octocalcium phosphate. According to previous work, pure HAp can be 

synthesized from calcium-deficient HAp by adjusting reaction temperature and time at pH 

10-11 and Ca2+ ion concentrations to values higher than 0.5 mol/L (Liu et al., 2001).  

 XRD measurements of the samples were carried out in order to determine the 

crystalline phases and structures of the products after precipitation and washing. Fig. 4 shows 

the XRD patterns of the samples, in which very broad peaks are observed, due to the 

nanometric size of the particles and the presence of amorphous phases formed during the 

precipitation. In spite of that, it is possible to identify a main phases composed of 

hydroxyapatite (JPDF card no. 9014313). Minor constituents may be characterized as 

portlandite (JPDF card no. 9006836) and aragonite (JPDF card no. 9015149). Although 

indications that they are present in both samples, they are more readily differentiated in the 

washNaOH samples. Despite being a metastable phase, aragonite is commonly formed in 

biological samples, especially those in marine and freshwater environments, and as such is 

expected; however, portlandite is a mineral form and not usually associated with biological 

material. 

 An estimation of the particle size may be calculated from the XRD pattern for the 

samples washed with NaOH (washNaOH) using the Debye-Scherrer equation using the (211) 
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peak, from which a crystallite diameter of 16 nm is determined. This value is in good 

agreement with high-resolution TEM images (Fig. 5a). From the TEM images it is possible to 

distinguish the alignment of the crystal planes, which indicates the high crystallinity of the 

sample at the nano-scale. The electron diffraction patterns of the particles supported the 

presence of hydroxyapatite in the sample, because it is possible to correlate the rings obtained 

in measurement with the HAp crystal planes [002], [3-21], [4-10], [4-22] and [004], see Fig. 

5b.  

 FTIR measurements corroborated the presence of hydroxyapatite and aragonite in the 

sample. Fig. 6 shows the FTIR spectrum for the sample obtained through EtOH treatment 

(washEtOH). A weak band for OH-groups is found at 3570 cm-1 (stretching vibration). The 

weakness of the band would suggest pore crystallization; however, similarly weak bands 

have been observed previously for crystalline HAp (Panda et al., 2003; Avés et al., 2007; 

Luis et al., 2012). The typical band vibration mode for HO- is not seen at 630 cm-1, possibly 

overlapped by the ν4 bands of [PO4]
3- at 600 and 560 cm-1 (Gibson et al., 2000; Hutchens et 

al., 2006]. Such a weak hydroxide band is also commonly found in bone minerals, but a 

broad water band at 3400 cm-1 normally obscures its detection. In this case the water band is 

weak and slightly shifted to ca. 3300 cm-1; allowing for the hydroxide band to show. Since 

the mineral sample was dried in the oven at 100 °C, this suggests that the mineral has the 

ability to bind water. Theoretically, there are four vibrational modes present for phosphate 

ions and these are labeled in the FTIR spectrum shown in Fig. 6. A very strong ν3 band is 

identified at 1027 cm-1, which has obscured another common ν3 band at 1090 cm-1 (only 

slightly visible). This strong [PO4]
3- ν3 band can also overlap with the [CO3]

2- band. These 

specific wavenumbers for the phosphate ν3 band at 1027 and 1090 cm-1 are typical of Ca-

deficient HAp. In addition, the [HPO4]
2- band at 2200-2000 cm-1 is typically of Ca-deficient 

HAp (Gibson et al., 2000; Hutchens et al., 2006). The phosphate ν1 and ν2 bands are present 

at 970 cm-1 and 475 cm-1, respectively. Finally, the presence of aragonite is suggested by the 

three bands at 1650, 1454 and 1413 cm-1 [CO3]
2- ν3; and, one ν2 band at ca. 870 cm-1. The 

bands assignments in agreement with literature data (Fenner, 1913; Rey et al., 1995; 

Ślósarczyk et al., 2005).  
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 In order to increase the particle size and to know more about the crystallographic 

phases present, a thermal annealing study was carried out. The TGA analysis (Fig. 7) showed 

a similar thermal behavior for both samples (washEtOH and washNaOH). In general, a higher 

weight loss is observed in the washNaOH sample, probably due to the presence of a higher 

amount of organic compounds, which are decomposed with the heating. Two similar weight 

drops related with water losses are observed in the TGA curves for both samples: from 50 to 

150 °C, the adsorbed water is evaporated and from 250 to 400 °C, the loss of more adsorbed 

and lattice water is observed. Around 450-800 °C a similar weight loss appears in both 

samples. As described later in the XRD studies, the formation of quartz during the heating 

could be possible in this range of temperatures. The main differences are shown in the region 

>800 °C, where a significant weight loss occurs for the washNaOH sample, but a weight 

increase appears in the washEtOH sample. In the case of washNaOH the loss is attributed to the 

[CO3]
2- decomposition. In contrast, the weight increase in the washEtOH sample seems to be 

due to the formation of a new oxidized phase, which could not be identified (see below).  

XRD measurements of the samples heated to 1200 °C revealed the occurrence of a 

series of phase transformations (Fig. 8). In both cases a mix of different phases appeared. 

Upon annealing the hydroxyapatite in the washNaOH sample increases in crystallinity (i.e., Fig. 

8 versus Fig. 4). In addition, it is possible to characterize β-tricalcium phosphate (bone 

phosphate of lime, Ca3(PO4)2, JPDF card no. 1517238), CaO (JPDF card no. 9006713), and 

quartz (JPDF card no. 9010144). The CaO is obtained through aragonite decomposition, 

while the quartz is due to crystallization of the amorphous silica observed in the original 

sample. These phases are in agreement with the TGA results. The annealing of the washEtOH 

sample also forms hydroxyapatite, bone phosphate of lime, and quartz. The SiO2 polymorphs 

crystalize at 573 and 870 °C, respectively and can be obtained with rapid cooling (Conejero 

et al., 2006). In the washEtOH sample there is no evidences of CaO formation. 

 

4. Conclusions 

This work demonstrates the possibility of precipitating HAp using mild-methods to produce a 

defined particle shape and nano size that has only previously been achieved by synthetic 
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routes. One of the benefits to the sustainable recovery of phosphate described herein is that 

the method reported in this work requires only pH change for precipitation followed by 

washing. In particular, unlike other reports, this process does not necessitate the use of seed 

materials (Song et al., 2006; Zhang et al., 2007). This process of phosphate precipitation is in 

fact a self-sufficient one and as such this represents a unique process considering the 

conventional practices in precipitating phosphate, using coagulants (Clark et al., 2000; 

Gaterell et al., 2000), via chemical precipitation (Çelen and Türker, 2001; Song et al., 2006; 

Shu et al., 2006; Zhang et al., 2007; Türker and Çelen, 2007), and biological removal of 

phosphate (Oehmen et al., 2005). We acknowledge that if this material were to be used for 

surgery or orthopaedic application, careful removal of unknown substances would be 

necessary; however, the ability to have an almost unlimited source could outweigh the further 

purification that may be needed.  
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Table 1  

EDX analysis (at.%) from FE-SEM.  

Treatment C O Ca P Si Cl Na 

WashControl 

 

11.03 

±1.05 

61.63 

±2.24 

13.79 

±1.28 

11.41 

±0.85 
a 

1.79 

±0.22 

0.35 

±0.18 

WashNaOH 

 

11.72 

±2.21 

64.20 

±4.31 

13.93 

±2.77 

9.66 

±1.43 

0.49 

±0.09 
a a 

WashEtOH 

 

9.00 

±1.23 

63.19 

±6.73 

15.84 

±5.61 

11.97 

±1.91 
a a a 

a Not detected 
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Legends for Figures 

 

Fig. 1. SEM (a) and TEM (b) images of the product after washing with EtOH (washEtOH). 

 

Fig. 2. Particle length distribution for product after the washing with EtOH (washEtOH). 

 

Fig. 3. TEM image (a) and associated EDX spectrum of the measurement area (b) for the 

sample produced using washEtOH. 

 

Fig. 4. XRD patterns of washNaOH and washEtOH after washing.  

 

Fig. 5. High-resolution TEM image (a) and associated electron diffraction pattern (b) for the 

sample produced using washNaOH.  

 

Fig. 6. FTIR spectrum of the sample after washing with EtOH (washEtOH). 

 

Fig. 7. TGA of samples prepared by EtOH and NaOH washing (washNaOH and washEtOH, 

respectively).  

 

Fig. 8. XRD patterns of washNaOH and washEtOH after thermal treatment at 1200 °C.  

 

  



 

17 

Fig. 1.  
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Fig. 2.   
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Fig. 3 
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Fig. 4  
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Fig. 5.   
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Fig. 6.  
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Fig. 7.  
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Fig. 8 
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