ROYAL SOCIETY
OPEN SCIENCE

rsos.royalsocietypublishing.org

L)

Check for
updates

Research

Cite this article: Manatunga DC, de Silva RM,
Nalin de Silva KM, de Silva N, Premalal EVA.
2018 Metal and polymer-mediated synthesis
of porous crystalline hydroxyapatite
nanocomposites for environmental
remediation. R. Soc. open sci. 5:171557.
http://dx.doi.org/10.1098/rs0s.171557

Received: 6 October 2017
Accepted: 5 December 2017

Subject Category:
Chemistry

Subject Areas:
nanotechnology/materials
science/environmental chemistry

Keywords:
porous hydroxyapatite, crystallinity,
environmental, alginate, metals

Authors for correspondence:
Rohini M. de Silva
e-mail: rohini@chem.cmb.ac.lk

This article has been edited by the Royal Society
of Chemistry, including the commissioning,
peer review process and editorial aspects up to
the point of acceptance.

Electronic supplementary material is available
online at https://dx.doi.org/10.6084/m9.
figshare.c.3967896.

[

ROYAL SOCIETY
OF CHEMISTRY

THE ROYAL SOCIETY

PUBLISHING

Metal and
polymer-mediated
synthesis of porous
crystalline hydroxyapatite
nanocomposites for
environmental remediation

Danushika C. Manatunga', Rohini M. de Silva',
K. M. Nalin de Silva"2, Nuwan de Silva® and

E.V. A. Premalal?

1Department of Chemistry, University of Colombo, Colombo 00300, Sri Lanka
25ri Lanka Institute of Nanotechnology (SLINTEC), Nanotechnology and Science Park,
Mahenwatte, Pitipana, Homagama 10206, Sri Lanka

RMdS, 0000-0003-0955-6366; KMNdS, 0000-0003-3219-3233

This study was focused on the preparation of metal and
polymer-mediated porous crystalline hydroxyapatite (HAp)
nanocomposites for environmental applications. Four
different nano HAp systems were synthesized, namely,
microwave irradiated HAp (M1), Zn doped HAp (M2),
Mg-doped HAp (M3) and sodium alginate incorporated
HAp (M4), and characterized using X-ray diffraction
(XRD), Fourier transform infra-red spectroscopy, scanning
electron microscopy, transmission electron microscopy,
atomic force microscopy, nuclear magnetic resonance
(NMR), X-ray fluorescence, thermogravimetric analysis
and Brunauer-Emmett-Teller (BET) analyses. Systems M1-M4
showed morphologies similar to coral shapes, polymer-like
interconnected structures, sponges and feathery mycelium
assemblies. Using XRD, selected area electron diffraction
patterns and 'H and 3P CP/MAS solid-state NMR studies,
crystallinity variation was observed from highest to lowest
in the order of M4 > M1 > M3 > M2. Surface area estimates
using BET isotherm reflected the highest surface area for
M3, and M1>M2>M4. Four systems of MI1-M4 were
used as potential adsorbent materials for the removal of
metal containing azo dye from aqueous system. Adsorption
data were correlated to Freundlich and Langmuir isotherm
models. According to the results, the highest capacity of
2128 mgeg~! was exhibited by M4 having mycelium like
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morphology with alginate groups. This study highlights the possibility of developing HAp n
nanocomposites for the effective removal of dye contaminants in the environment.

1. Introduction

Hydroxyapatite (HAp) having the chemical formula of Cajo(PO4)s(OH); is an inorganic biocompatible
material which is known to be the most stable form of calcium phosphate [1]. The synthesis
of morphologically different HAp has become one of the most interesting areas in the field of
HAp chemistry, as it has a pronounced influence on properties such as mechanical strength and
adsorption [1,2].

Various synthetic approaches have been reported for the synthesis of HAp nanoparticles [3], including
solid-state reaction [4], sol-gel method [5,6] template-mediated synthesis [7,8], hydrothermal synthesis
[7], microemulsion technique [1], co-precipitation [4-7], microwave irradiation [9] and a biomimetic
method [10]. Of these methods, the co-precipitation technique has been identified as the simplest and
most cost effective [2]. Size, shape, composition and crystallinity of the final product originating from
co-precipitation are known to be strongly influenced by the reaction conditions [1,5], such as pH [11],
temperature [2] and the ripening time [12]. During the last decade, the synthesis of micro/nanostructured
HAp matrices or scaffolds, mainly using co-precipitation methods, has become much more popular, as
it has made the use of HAp more widely available for many biological [13] and industrial applications
[14,15]. For the purpose of developing micro/nanostructured HAp, the addition of extra materials has
been reported. It has been observed that these additives can influence obtaining the desired morphology
by manipulating the rate of the growth of the surface [16]. There are many reports on developing
various porous morphologies using different types of additives such as chitosan [17], sodium alginate
[18] and carboxymethyl cellulose [19], and in many of these studies, calcination [20] and freeze drying
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[17] have been introduced as additional steps. These organic-inorganic polymer composites have been
generally synthesized either by co-precipitating HAp within the polymer matrix [21] or by dispersing
HAp nanoparticles in the polymer solution which allows the post blending of the nanoparticles with
the polymer [17]. Microwave irradiation has mainly been used to generate calcium deficient HAp
[5,9]. However, many of these synthetic approaches have required lengthy preparation time [20], high
temperature preparation [4], high pH medium [22], freeze drying [17], foaming agents [9] or matrices
which could ultimately produce a porous body upon calcination.

Porous HAp has shown very high sorption capacities [14] and ion exchange properties [23]. Therefore,
this has been used in many industrial applications, for example, catalytic supporters, sensors, and heavy
metal and dye removal from water bodies [24,25,26]. Synthetic dyes are organic contaminants that are
being introduced to water bodies by textile, leather, paint, paper or pharmaceutical industries [26,27].
Metal containing complex dyes are widely used in textile dyeing due to the ease of preparation and
solubilization [28] and one such metal ion containing dye [29] is acid yellow 220 (AY220), which is an
anionic azo dye mainly used to stain nylon, wool and silk materials [30].

It is reported that these dye molecules can severely affect the gastrointestinal tract, lungs, skin
and the formation of blood [30]. Apart from the toxicity, these dye molecules are also known to
increase chemical oxygen demand and reduce light penetration, making them undesirable for both
flora and fauna in aquatic environments [31]. Therefore, finding a possible approach [32] for the
effective removal of these dye molecules has been really challenging and many approaches have been
introduced over the years [33,34]. The adsorption removal is the commonest approach and for this
activated carbon has been the main choice [35]. In addition, rice husks, cotton waste, orange peel,
tea waste [29,34], CaCOj3 [36], graphene materials [37] and magnetic nanomaterials [38] have also
been used.

The use of apatite materials as an alternative approach for dye removal was later recognized [39],
due to its high sorption capacity [14] and ion exchange properties [33]. Nevertheless, only a few studies
have been reported on the use of HAp for the removal of azo dyes [24,40]. Thus, in this study, it was
attempted to synthesize efficient HAp matrices with various morphologies via different facile synthetic
approaches, to study their ability to adsorb AY220, which is an anionic azo dye [29]. In order to obtain
different morphologies, use of biopolymers like sodium alginate, use of microwave irradiation and metal
doping were investigated. The different morphologies resulting from these approaches were analysed,
and their capacity to adsorb AY220 was monitored.



2. Material and methods
2.1. Material and methods

The following chemicals were used as received without further purification. Ca(NO3)2.4H,0 (99%),
(NH4)2HPOy4 (=99%), MgCly.6HpO (99-102%), Zn(NO3)2.6H,O (98%) and sodium alginate (low
viscosity-NaAlg) were purchased from Sigma Aldrich Corporation. Ammonia solution (25%) was
purchased from Merck & Co., Inc. Double-distilled water was used throughout the experiment.

2.2. Preparation of microwave-irradiated HAp scaffold (labelled as M1)

Solutions of 0.25M Ca(NO3)2.4H,0O and 0.16 M (NHy4),HPO4 were prepared using double-distilled
water. The initial pH of the (NHy),HPO4 and 0.25M Ca(NO3)2.4H,O was adjusted to 9 and 8 respectively
using ammonia solution. Then 25ml of 0.16 M (NH4),HPO4 was added dropwise to 25ml of 0.25M
Ca(NO3)2.4H,0 solution under vigorous stirring while maintaining the pH at 8.5-9.0. At the end of
the addition, the solution was aged at the same temperature for another 2h with vigorous stirring.
The resulting white colour precipitate was washed thoroughly. Later it was subjected to microwave
irradiation for 1.5 min using a domestic microwave oven operating at 2.5 GHz, 800 W. The resulting white
solid was ground and used for further characterization.

2.3. Preparation of Zn doped HAp (labelled as M2)

Solutions of 0.25 M Ca(NO3),.4H,0 and 0.16 M (NHy),HPO4 were prepared separately. Zn(NO3),.6H,O
(0.25g) was dissolved in 25ml of 0.25M Ca(NOs), solution to prepare 40% (w/w, HAp) solution.
A solution of 25ml of 0.16 M (NH4),HPOy at pH 9 was added dropwise to this mixture under vigorous
stirring. After the addition of (NH4),HPOy, the reaction mixture was vigorously stirred for another 2h
while maintaining the pH at 8.5-9.0. The resulting precipitate was dried at room temperature and used
for further characterization.

2.4. Preparation of Mg-doped HAp scaffold (labelled as M3)

Solutions of 0.25M Ca(NO3);.4H0 and 0.16 M (NH4),HPO4 were prepared and the pH adjusted to
8-9 by adding ammonia. MgCl,.6H,O (0.25 g) was added to 25ml of the Ca?* precursor solution and
mixed thoroughly to obtain a 40% (w/w, HAp) solution. To this mixture, 25ml of 0.16 M (NHy4),HPOy4
was added dropwise under vigorous stirring. At the end of the addition, the stirring was continued
for another 2h, while maintaining the pH at 8.5-9.0. The resulting white gel was subjected to suction
filtration and the rest of the procedure was followed as in the previous sections.

2.5. Preparation of sodium alginate/HAp scaffold (labelled as M4)

Solutions of 0.25M Ca(NO3);.4H0 and 0.16 M (NH4),HPO4 were prepared. NaAlg (0.25g) was added
to 25ml of the (NHy),HPOj4 solution, and mixed thoroughly to obtain a 40% (w/w, HAp) solution,
and the pH was adjusted to 9. The mixture of (NH4),HPO4 and NaAlg was added to 25ml of 0.25M
Ca(NO3),2.4H,0 solution with vigorous stirring. At the end of the addition, the stirring was continued
for another 2 h. The rest of the procedure was same as stated in the previous sections.

2.6. HAp nanoparticle characterization

2.6.1. Powder X-ray diffraction studies

Powder X-ray diffraction (XRD) analysis of synthesized HAp nanoparticles was performed by recording
the XRD pattern with Cu Ko radiation (A =1.5418 A, Bruker D8 Focus X-ray diffractometer) over the
range of 5°-80°.

2.6.2. Diffuse reflectance Fourier transform infrared spectroscopy

The interactions of the respective components and the formation of HAp were determined by Fourier
transform infrared (FT-IR) spectra recorded using the diffuse reflectance mode over the range of 400-
4000 cm~! by a Bruker Vertex 80.
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2.6.3. Morphology characterization using scanning electron microscopy, transmission electron microscopy and
atomic force microscopy

The morphology of the scaffolds was examined with scanning electron microscopy (SEM; Hitachi SU
6600). Transmission electron microscopy (TEM) investigations were performed using a JEOL 3010 at
300kV (Indian Institute of Technology, Madras, India) and JEOL JEM 2100 at 200 kV (SLINTEC). Selected
area electron diffraction (SAED) patterns were collected to observe the crystallinity of these samples.
Surface topography of HAp nanoparticles was obtained using a Park System atomic force microscopy
(AFM) XE-100 microscope. The measurements were taken under air at room temperature using non-
contact mode with Si tips of the 1650-00 type, scanning at a rate of 0.5 Hz.

2.6.4. NMR experiments

Solid-state 'H and 3'P NMR (cross-polarization, magic angle spinning and dipolar decoupling
(CP/MAS)) spectra were acquired at room temperature through a Bruker AVANCE-III 400 MHz
spectrometer. The NMR experiments for proton and phosphorus were carried out with the spectrometer
operating at 400.15 MHz and 161.98 MHz, respectively. The contact time for cross-polarization was 3.5 ms
and the spin rate of the 4 mm zirconia rotor was 5 kHz. The chemical shift is reported with respect to two
external standards, i.e. adamantane for 'H NMR and ammonium dihydrogen phosphate for 3P NMR.

2.6.5. Elemental composition analysis by X-ray fluorescence

The chemical composition of the samples was determined by X-ray fluorescence (XRF) using an XRF
microscope (Horiba XGT-5200).

2.6.6. Characterization of thermal decomposition

Thermal decomposition of the respective samples was analysed using an SDT Q 600 thermogravimetric
analyser where the samples were heated at a ramp of 20°C min~"
room temperature to 1000°C.

in air with a temperature range from

2.6.7. Brunauer—Emmett—Teller specific surface area determination

The specific surface area and pore size distribution of the sample powders were determined by the
Brunauer-Emmett-Teller (BET) method using a Micromeritics Pulse Chemisorb 2705. The powdered
samples (0.03 g) were degassed at 130.8°C for 1 h prior to analysis.

2.7. Removal of azo-metal textile dye

AY220, commercially known as Lanaset yellow 2R [29], was supplied by a local textile factory and
was used without further purification. This dye was used as a model compound with the systems
M1, M2, M3, M4 to assess their dye removal ability. The effect of pH and contact time was analysed
for each system and based on those optimum values, batch adsorption studies were performed. The
equilibrium data were explained by two common models, the Langmuir and Freundlich isotherms
(electronic supplementary material, 1.1). The effect of contact time, effect of pH on dye removal and
the details of the batch sorption experiment are given in the electronic supplementary material, 1.2-1.4.

Dye bound HAp nanoparticles were dried and further subjected to FI-IR spectroscopy to identify the
presence of the dye molecules and data are given in the electronic supplementary material.

3. Results and discussion

3.1. Crystallographic phase characterization using X-ray diffraction

The XRD pattern of each system is displayed in figure 1, where they have been compared with the
reference pattern of JCPDS.PDF.Ref.01.072.1243. The diffraction patterns, except for the pattern in M2
(figure 1b) and M3 (figure 1c), corresponded to that of hexagonal synthetic HAp and space group P63/m.
In M2 and M3, the XRD spectrum is very broad and individual peaks were hard to identify.

Systems M1 and M4 have shown a well-resolved and intense peaks which could account for an
increased crystallinity with respect to other systems. The M1 system, which was synthesized using
microwave irradiation, is already known to produce a sudden increment of temperature [9], affecting
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Figure 1. XRD pattern of each system: (a) M1, (b) M2, (c) M3 and (d) M4.

the crystallinity [11]. Additionally, the shift of the highest intensity peak, corresponding to the phase
(211) of neat HAp, to (112) in the M4 system has shown a favourable interaction of HAp particles with the
added sodium alginate as previously reported [21]. The lowest crystallinity was observed with the metal-
doped systems (M2 and M3). This observation is in accordance with previous reports where decreased
crystallinity has been observed with metal doping [41], due to the substitution of Ca®* ions by Zn?* and
Mg?* ions [42] resulting in amorphous systems [22].

3.2. Fourier transform infrared spectroscopy analysis

The FT-IR spectra obtained for M1-M4, as well as neat HAp and neat polymers, are compared in
figure 2. As depicted in figure 2b, the microwave-irradiated HAp sample (M1) is compared with neat
HAp synthesized in figure 24, following the same procedure in the absence of microwave irradiation. In
M1, distinct bands at 3570cm ™1, 633 cm~! and 963 cm™!, which correspond to the -OH stretching, -OH
bending and phosphate stretching vibrations of the apatite structure, appeared [21,22]. The intensities of
these two hydroxyl absorption vibrations and the band at 963 cm ™! of phosphate vibration can be used
as an indication of the crystallinity of the HAp [16]. In addition, other phosphate vibrational bands were
also observed at 569, 604, 1040, and 1099 cm™1 [43].

In the case where the HAp matrix has been doped with Zn?* (figure 2c), a broad ~OH stretching band
appeared around 3355 cm™!, which could be due to the high content of adsorbed water [7,21]. This peak
overlaps with the -OH stretching of apatite at 3570 cm™~! [6]. The higher intensity of the -OH bending
peak at 1650 cm ™~ [6,9] further supports a high amount of adsorbed water. The less crystalline nature of
the metal-doped samples (M2 and M3) was evident from the single broad peak at the region of 1050 and
550cm ™! as previously reported [43]. However, the shifting of the phosphate vibrational peak from 604
to 585cm ™! in the Mg“—doped sample (M3) in figure 24 can be attributed to lattice distortion [33].

When HAp was synthesized in the presence of NaAlg, the interaction of this polymer molecule with
HAp was evident from the additional peaks appearing in the FI-IR spectrum of M4 as given in figure 2e,f.
In neat NaAlg, the FT-IR peaks (electronic supplementary material, figure S1) at 1425cm~! and at
1036 cm ™! corresponded to the symmetric stretching of COO™ attached to the polysaccharide backbone
and C-O-C vibrational bands of cyclic acetals, respectively [44]. However, in the spectrum of M4, the
C-O-C vibrational band has overlapped with the phosphate stretching at approximately 1040 cm ™! [44].
Additionally, a small peak has appeared at 1403 cm™! which could be assigned as a shift of the symmetric
stretching vibration of the COO™ group of the NaAlg present among the HAp molecules. Also a broad
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Figure 2. FT-IR spectra of (a) neat HAp, (b) M1, (c) M2, (d) M3, (e) NaAlg neat polymer and (f) M4.

—OH stretching peak has resulted from the incorporation of the polymer molecule, which has enhanced
the adsorbed water content [9].

3.3. Morphological characterization using scanning electron microscopy, transmission electron
microscopy and atomic force microscopy

Morphology of the obtained HAp particles was studied using SEM, TEM and AFM. As given in
figure 3a,b, in the M1 system, the HAp nanoparticles have interconnected in a coral-like network
showing an individual particle diameter in the range of 15-20nm. TEM pictures show particles are
nearly of similar shape and size interconnected with voids confirming the presence of separated particles.
During the microwave irradiation, as the sample was rapidly heated to a higher temperature [9], the
nanoparticles might have arranged quickly into a scaffold like matrix without being separated as discrete
nanoparticles.

The SAED pattern obtained for the M1 system (figure 3c) shows slightly reduced crystalline nature
with the appearance of faint bands in contrast to bulk apatite [45] confirming the nano range properties.
Additionally, the SAED pattern observed is in agreement with the hexagonal structure, in keeping with
the XRD data.

As depicted in figure 4a—c, in the M2 system where the Zn metal doping has been introduced,
the resulting particles are arranged in a network creating void spaces (50-100nm) in between. Close
examination of the SEM images reveals that there are individual particles in the range of 100nm on
the surface. However, TEM images could not give any evidence of well-separated particles but show a
polymer-like interconnected appearance with large voids. This type of interconnected porous structure
originating from the doping of HAp with Zn?* has never been reported, albeit there are few reports of
Zn doping of HAp [22,43]. The SAED pattern of this system showed a very faint diffused ring pattern,
proving its amorphous nature [46].

The SEM image obtained for Mg-doped HAp (M3) shows a sponge like appearance as given in
figure 5a, where the nanoparticles are arranged in such a way as to provide a highly porous substrate with
the highest surface area of the five samples prepared, as exhibited from the BET isotherm data (electronic
supplementary material, table S4). However, the TEM image (figure 5b) shows the existence of discrete
nanoparticles in the aqueous medium, verifying that the individual particles of the coral structure are in
the nano range. According to the image, the sizes of the particles are below 10 nm, with the majority of
them being spherical in shape. Usually Mg-doped HAp nanoparticles exhibit morphologies of needles,
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Figure 3. Morphology of the nanoparticles resulting from M1: (a) SEM image (scale bar 500 nm), (b) TEM image (scale bar 50 nm) and
(c) SAED pattern of M1.
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(c) TEM image at higher resolution (scale bar 50 nm) and () SAED pattern of M2.
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Figure5. Morphology of the porous scaffold resulting from Mg doping (M3): (a) SEMimage (scale bar10 um), (b) TEMimage of individual
nanoparticles (scale bar 20 nm) and (c) SAED pattern of the resulting nanoparticles.

rods and spheres [43,47], in contrast to this study, which showed coral-like porous structure. When the
SAED pattern given in figure 5c is considered, a few faint rings appearing along with some spots indicate
the polycrystalline and amorphous nature of the nanoparticles [48].

The SEM image obtained for HAp synthesized in the presence of sodium alginate is given in figure 6a.
According to the image the structure is similar to a feathery mycelium with even thickness over the entire
three-dimensional network. The TEM images in figure 6b,d provide further evidence where the presence
of crystal planes of HAp is clearly visible. Also from figure 64, the winding arrangement of the three-
dimensional polymer shows that its width is somewhat uniform, and that there are many voids creating
a massive microporous structure. The formation of this kind of HAp can be easily discussed with the
help of the reported ‘egg-box” model [49].

Accordingly, addition of Ca?* to the alginate polymer can mobilize Ca?* ions at the centre of four
monomer units of alginate polymer sites, predetermining nucleation sites for the formation of the HAp
structure. As these sites are uniformly distributed within the three-dimensional network, the formation
of HAp had been continuous throughout and had given a uniform thickness. The SAED pattern observed
for the M4 system (figure 6c) exhibits well-resolved ring patterns for crystal phases, demonstrating the
most crystalline nature of all systems.

The AFM images of the surface topography of HAp nanoparticles deposited on a mica sheet are given
in electronic supplementary material, figure S2. The micrographs show the presence of agglomerations
among the particles, which is a common characteristic irrespective of the nature of the material or the
way of deposition [50,51]. Furthermore, it could be expected that the morphologies obtained from AFM
images could be different from the actual ones as a result of drying and surface effects [52]. When the
average particle diameter was determined along the arrow of the cross section (red and green, electronic
supplementary material, figure S2e-h) it was clear that it is in accordance with the SEM and TEM
observations.

3.4. "H NMR and 3'P NMR analysis

To determine the effect of the methodology used in the synthesis of HAp, samples were subjected to
solid-state NMR analysis. As given in figure 7, the overlay of the 'H NMR spectra revealed two peaks
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Figure 6. The mycelium like appearance of the M4 system: (a) SEM image (scale bar 1000 nm), (b) TEM image of the mycelium structure
(scale bar 50 nm), (c) SAED pattern of the resulting nanoparticles and (d) TEM image of nanoparticle showing porous behaviour (scale
bar 20 nm).
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Figure7. "H NMR spectra resulting from each system: (a) neat HAp, (b) M1, (c) M2, (d) M3 and (e) M4.

for HAp, which appear around 0 and 5.3-5.5 ppm region [53]. The peak near 0-0.33 ppm accounts for the
apatite -OH group of HAp [53] and it was seen in neat HAp (with high intensity) and in M1 and M4 with
reduced intensity. Structural water molecules can form H-bonds among themselves or with hydroxide
ions, while adsorbed water can interact with Ca%™ ions of HAp or form H-bonds with P-OH and
P =0 sites [53]. In addition, they could participate in H-bonding with the water molecules in the
environment [53]. Much broader peaks for M2 and especially in M3 indicated their low crystalline
amorphous nature with high water content [53]. Additionally, in M4 there was another peak appearing
around 7.31 ppm highlighting tightly bound adsorbed water as previously reported [54]. The line width
of the peak corresponding to surface adsorbed water of each sample was compared and tabulated
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Figure 8. P NMR spectra resulting from each system: (a) neat HAp, (b) M1, () M2, (d) M3 and (e) M4.

(electronic supplementary material, table S1), and it was found that the sample M3 was the one with
highest amount of water.

As given in figure 8, 3P NMR spectra obtained for these systems show a peak around 3.1ppm,
characteristic of apatite structure [53]. This peak in M4 has shifted to a lower frequency (electronic
supplementary material, table S2) when compared with the peak value of neat HAp. This could be due
to the increase of magnetic shielding of phosphorus nuclei, which could result from the higher electron
density of the P atoms. On the other hand, the same peak in M2 and M3 has shifted to a higher frequency
region, which highlights the magnetic de-shielding of the 3!P nuclei in these systems [55]. Much broader
peaks observed for M2 and M3 further highlighted the lower degree of crystallinity associated with these
samples. The additional ‘foot’ in the 3'P NMR of the system M1 indicated the presence of nano range
particles, and it was difficult to examine this foot feature in other systems due to the broad nature of the
peak [56].

3.5. X-ray fluorescence studies

According to the Ca/P ratio obtained for all samples by the XRF analysis, almost all of the systems were
low crystalline calcium deficient HAp compared with pure HAp (electronic supplementary material,
table S3). In M1, the Ca/P ratio was between 0.8 and 1.3, which highlights the coexistence of octacalcium
phosphate with HAp, in accordance with the work reported by Guha et al. [57]. The lowest Ca/P
ratio was observed with M2 and M3 samples, which exhibited the formation of amorphous calcium
phosphate (ACP) in keeping with experimental results obtained from XRD, SAED patterns, and 'H
and 3'P NMR. ACP is an intermediate phase during the preparation of calcium phosphate via the
precipitation technique [58], and it can be stabilized by adding inorganic ions like Mg2+ and Zn%* [14,58].
Additionally, these cations are also known to act as inhibitors for the conversion of ACP to HAp [58]
supporting the observed low crystallinity of M2 and M3 samples.

The system M4 led to a Ca/P ratio of 1.57, with high crystallinity, closer to pure HAp, and this was
clearly supported by the SAED pattern (figure 6c), XRD, and 31p NMR and 'H NMR. The formation of
highly crystalline M4 is in accordance with the previously published data [21].

3.6. Thermal decomposition of the HAp nanoparticles

As depicted in figure 9, the thermal decomposition of M1- M4 systems, together with neat HAp, showed
an initial weight loss in the region of 30-200°C, due to the removal of adsorbed water [59]. There is a huge
weight loss in the region of 30-150°C for M2 and M3 samples, supporting their amorphous nature and
greater ability to bind a large amount of water, as supported by 'H NMR. The second weight loss seen
in the region 200-400°C is due to the removal of lattice bound water [53]. Additionally, this weight loss
has also been attributed to the conversion of HPO4>~ to pyrophosphate (P,0747) in amorphous HAp
samples [6]. The third loss observed for the samples in the region 400-800°C is due to the elimination
of carbonate ions bound to HAp [56]. In M4, an additional weight reduction observed after 400°C
demonstrated the decomposition of alginate polymer [60].
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Figure 9. Thermal decomposition of (a) M1, (b) M2, (c) M3 and (d) M4 compared with a standard neat HAp sample ().

3.7. BET surface area characterization of HAp nanoparticles

The BET isotherm plots obtained for each system are given in electronic supplementary material, figure
53, and exhibited different shapes in their adsorption and desorption hysteresis loops, which explains
the difference of the pore structure of these systems (M1-M4). According to the International Union
of Pure and Applied Chemistry (IUPAC), systems M1 and M3 can be classified as type IV isotherms
giving rise to an H1 hysteresis loop [61,62]. When considering their pore sizes (electronic supplementary
material, table S4), M3 exhibited the narrowest pore size having a diameter of 6.78 nm while a value of
10.55 nm pore size for the M1 system revealing typical mesoporous behaviour [62,63]. Systems M2 and
M4 corresponded to a type IV isotherm with an H3 hysteresis loop [64]. Furthermore, the pore volume
and the surface area calculated for each system are tabulated in the electronic supplementary material,
table S4. The M3 system has the highest surface area. Relatively large specific area, pore volume and the
mesoporous/nanoporous structure of the synthesized M1-M4 HAp systems highlighted their potential
application as adsorbent materials.

3.8. Acid yellow 220 dye removal and isotherm studies

The ability of the synthesized M1-M4 HAp systems to remove organic dyes dissolved in water was
studied using AY220 dye as the model. The optimal contact time for the adsorption of the acid dye was
measured for all the systems. As given in electronic supplementary material, figure S4 and table S5, the
fastest removal was observed with the metal-doped systems M2 and M3, which reached equilibrium after
5min of incubation, where the adsorption capacities were 53.9mg g~! (26.93% removal) and 60.1 mg g~
(32.49% removal) respectively compared to 68.6 mg g~ (65.72% removal) displayed by M4 system which
required a higher contact time of about 1h. System M1 demonstrated low removal percentage (24.97%)
with higher contact times. Nevertheless, in all systems, the dye adsorption is rapid within the first 3 min
and later the rate becomes much slower, due to reduction of the available number of active sites with
time [29].

The effect of pH on removing acid yellow dye was studied by varying the pH from 2.5 to 7.5
and results are given in the electronic supplementary material, figure S5. According to the results, the
sorption capacities are higher for all the systems at acidic pH rather than alkaline. This could be because
the increase of pH leads to a higher content of OH™ ions which compete with the dye molecules to
get adsorbed to the same active sites on HAp systems, resulting in reduced adsorption capacity [29].
Therefore, the optimal pH range could be identified as 2.5-4.5.

After finding the optimum pH and the contact time for the optimal adsorption, the effect of initial
dye concentration was assessed by varying the amount of the dye at a constant weight of the adsorbent.
An attempt was made to fit the data obtained to the two isotherm models, Freundlich and Langmuir,
as given in the electronic supplementary material, figures S6 and S7. Even though the optimum pH was
around 2.5-4.5, the pH of the experimental medium was maintained at 5-6 during the study, as the
maintenance of the low pH is not practically possible in industrial applications. Table 1 summarizes the
respective values obtained from each isotherm model for the adsorption of acid yellow dye by M1-M4
systems.
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Table 1. Summary of the isotherm adsorption parameters for AY220 removal by M1, M2, M3 and M4.

model M1 M2 M3 M4
Langmuir b(Im™" 0.0034 (=) 0.0412 0.0004

According to the results only the M4 system correlates with both isotherm models, while M3 correlates
with the Langmuir model, and M1 and M2 correlate better with the Freundlich model. The adsorption
data revealed that the dye adsorption capacity of M4 was the highest among the systems approaching a
value of 212.8 mg g~ 1. The 1 value being greater than one in M1, M3 and M4 suggests that the adsorption
of dye molecules to HAp nanoparticles in these systems is a favourable process; the appearance of new
adsorption sites are suggested to increase adsorption capacity [42]. The negative slope observed with
low R?-value explains the non-correlation of M2 with Langmuir model. This type of observation has
been reported with other systems, where it has been suggested that such systems do not follow the
assumptions of the Langmuir model [65,66]. However, the higher R?>-value of M2 for the Freundlich
model suggests that it can be explained well using the latter.

As the systems M1 and M2 fit well with the Freundlich isotherm model, it can be deduced that
the adsorption of the dye could occur via a multilayer sorption process [40] which is more a physical
adsorption process [66]. In the system M3, which fits well with the Langmuir model, it can be assumed
that the surface of the adsorbent is homogeneous in nature [15]. However, when comparing all the
systems, it is clear that the system M4 has extraordinary ability to adsorb acid yellow dye molecules,
and the mechanism of adsorption could be explained well with both Langmuir and Freundlich models,
owing to high R2-value. The presence of carboxylate groups [21] in its structure could be a reason for M4
to possess a higher affinity for dye molecules. However, the n value being higher than one in this system
suggests that the adsorption of the dye molecules to M4 is more a physisorption than a chemisorption
process [66]. Moreover, this higher sorption capacity resulting for M4 system is comparable with the
previous work carried out by our groups which used chitosan-HAp and carboxymethylcellulose-HAp
composites for dye removal [67]. It further suggests that the presence of polymer molecules further
enhances the dye binding ability of these HAp nanoparticles.

Nevertheless, the sorption capacities obtained for systems M1, M2, M3 and M4 in this study are much
higher than those of most commonly used adsorbents for the removal of AY220 [29,68] highlighting
the superiority as novel superadsorbent materials for the rapid removal of AY220. These materials are
comparable to newly reported products [69-72] and may prove to be good sorbents for other dyes as
well. In addition, these adsorbent materials are associated with additional advantages such as the facile
synthesis and low cost avoiding the use of templates and calcination to obtain porous matrices.

The binding of the dye to the HAp nanoparticles was further confirmed by careful observation of dye
bound HAp nanoparticles, and FT-IR spectra for the samples after adsorption which are given in the
electronic supplementary material, figures S8 and S9

4. Conclusion

This study synthesizes HAp nanoparticles via different facile synthetic approaches, and investigates their
use as adsorbent materials for the removal of the azo dye AY220. The results of XRD, solid-state NMR,
SEM and TEM analyses confirmed the formation of nanoparticles with varying crystallinity and shape,
depending on the approach that has been employed. In most of these systems, the removal of the dye
was rapid and the contact time was very low for M2 and M3 (3-5min). As far as the microstructures of
HAp systems are concerned, higher crystallinity, smaller pore size and lower surface area were observed
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for M1 and M4 systems and, in general, these systems exhibited a higher adsorption capacity of 169.5 and
212.8mg g*1 (M1 and M4) with respect to M2 and M3. Specifically, with system M1, the organization of
the nanoparticles into a coral-like shape together with the nanoporous behaviour might have triggered
its dye adsorption capacity. Similarly, the system M4, which is also somewhat crystalline like M1, has
the highest adsorption capacity which might have resulted from its feathery mycelium like appearance,
nanoporous behaviour and the presence of chelating groups such as carboxylates in the alginate blend.

When it comes to amorphous structures seen in M2 and M3 systems, the importance of having
smaller pore size together with higher surface area aiding the adsorption was revealed, with the M3
system having a pore size of 6.78nm and highest surface area of 126.5m?g~! compared to the M2
system. Further the presence of a polymer-like interconnected hollow structure in M3 might have further
strengthened this phenomenon. However, in general, the effect of having polymer ligands containing
binding sites may compensate for effects originating from surface area, as indicated by the M4 system.
Therefore, it appears that one of the major factors in controlling the adsorption was the ligand attached
to the HAp microstructure irrespective of the pore size and morphology for the crystalline systems.
However, in the absence of such a driving force in amorphous systems such as M3, pore sizes, hollow
architecture and surface area may play a major role.
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