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Effect of Chelating Agent at Different pH on Spectroscopic and
Structural Properties of Microwave Derived Hydroxyapatite
Nanoparticles: A Bone Mimetic Material

Vijay Kumar Mishra®, Birendra Nath Bhattacharjeeb, Devendra Kumarw, Shyam Bahadur Raiaf, Oom
Parkash®

In the present investigation, the effect of capping agent (EDTA) and pH on optical and structural characteristics of HAp
nanoparticles (NPs) have been studied. Six samples of HAp were synthesized under six different chemical conditions. HAp
specimens were prepared via microwave irradiation technique (MWIT) in presence and in absence of EDTA at three
different pH values 9, 11 and 13. All the samples were calcined at 900 °C. The HAp NPs of different sizes and shapes have
been found to be developed. X-ray diffraction (XRD), Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) techniques were employed to determine the crystal structure, crystallite size, and bonding parameters
of the resulting HAp. The SEM measurements revealed the formation of different morphologies of HAp NPs under
different physico-chemical conditions. The electron microscopies revealed that the particle sizes of samples were belonged
in the range of ~10-200 nm. TEM results were good agreement with SEM results. The study revealed the vital role of
chelating agent (EDTA) playing in the formation of pure phase HAp nanostructures. EDTA assisted the formation of needle-
like nanorods of HAP and prevented the agglomeration. EDTA also prevented the carbonate impurities. Carbonate
impurities, probably from atmosphere, was observed enough in HAp samples formed without EDTA. Despite the effect of
EDTA, the pH of solution also played key role to decide the final morphology of HAp nanostructures. The samples were
also characterized spectroscopically by Fourier Transform Infrared (FT-IR) and Raman techniques to understand the
molecular interactions. The application of Laser Induced Breakdown Spectroscopy (LIBS) technique detected the presence
of N element and confirmed further the formation of HAp powders.

HAp were strongly dependent on morphology and crystal size
of pure phase HAp hence a considerable attention and efforts

Hydroxyapatite (Ca;g (PO4)s(OH),): HAp was chemically similar
to inorganic part of mammalian hard tissues. It has attracted
considerable attention of scientists due to its excellent
biocompatibility and similarity with natural bone and teeth
tissues [1, 2]. HAp has excellent ability to form the chemical
bonds to the host bone tissues. It also shows marvelous
compatibility with hard tissues as well as skin and other soft
tissues of muscles without any toxic effect [3]. Bioactivity of
HAp depends on several factors such as morphology of the
material, crystal size, Ca/P ratio, presence of ions (carbonate,
magnesium, strontium, sodium etc.), morphology and the
texture of biomaterial [3, 4]. Since, the clinical applications of
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are focused now on these factors [5, 6]. Huang et al. (2015)
reported Cu-substituted carbonated hydroxyapatite coating,
which had good antibacterial efficacy and corrosion resistance
with no cytotoxicity [7]. However, Ding et al. (2015) showed
the cytocompatibility and corrosion resistance of zinc-doped
hydroxyapatite coatings on a titanium substrate [8].
Crystallographic properties and surface morphology of HAp
widely depend on preparation routes followed, different
resources and starting reagents used and dopants [6, 9]. It
was believed that, a suitable morphology having nanoscale size
will facilitate the improved applications in different dimensions
of bone strengthening, bone healing, osteoporosis, and other
bone discussed.

The use of nanostructured HAp as a drug vehicle/carrier in
drug delivery/targeted drug delivery/gene delivery/bioimaging
etc was one of the latest applications of HAp NPs. It was also
reported that, different nanostructures/morphologies of HAp
have different drug loading efficiency for a particular drug [10].
Therefore, drug loading efficiency of HAp for a particular drug
may be enhanced or controlled by developing a particular
nanostructure of HAp. HAp NPs have been widely employed in
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delivery systems for antibiotics [11], genes [12, 13] proteins
[14] and various drugs [15, 16] due to their excellent
biocompatibility and non-toxicity. Recently, Guo et al. (2012)
reported the formation of micro and mesoporous carbonated
HAp microspheres having good drug loading efficiency and in-
vitro investigations of stability of drug [17]. The selection of
suitable morphology, size and shape of HAp NPs for an
efficient loading of a particular drug used for specific disease
was still a challenge for the scientists. Therefore, the
development of different nanostructures with a controlled
morphology of HAp pure phase was not only desirable but was
necessary too. In order to develop various morphologies/
nanostructures of HAp, a lot of efforts were in way. HAp with a
slight doping of non reacting metal has been found to affect
the morphology of HAp nanostructures drastically [18]. There
are several methods, such as sol-gel [19], low temperature
synthesis-modified sol-gel technique [20], homogeneous
precipitation/co-precipitation [21, 22], hydrothermal [23],
mechano-chemical [24], ultrasonic spray freeze-drying [25],
Spray dry [26], combustion synthesis [27], Emulsion technique
[28], radio frequency plasma spray [29], microwave irradiation
technique [30-34] etc have come up in recent years to
synthesize HAp. Some biological resources viz. coral skeletal
carbonate by hydrothermal exchange [35] and hen’s egg shell
by precipitation [36] method have also been used to prepare
HAp powders. Among these, microwave irradiation technique
is found to be very quick, efficient and eco-friendly to prepare
pure phase of HAp nanoparticles [37]. Another interesting
thing is that the morphology of HAp nanostructures can be
controlled easily by suitable microwave power [2] as well as
calcination temperatures [30].

A slight change in one or more physical and/or chemical
condition(s) in a controlled manner can cause a change in final
morphology, crystal size and shape of HAp NPs. Power of the
microwave radiation, duration of radiation (microwave on-off
working cycle and total microwave exposure time),
temperature of synthesis well as
calcinations/annealing/sintering temperature were some of
the basic physical parameters which can be tuned to different
combinations to control the morphology of HAp
nanostructures [2,18,31]. The presence of chelating agent
(EDTA, CTAB, etc.), pH value of the solution and initial
ingredients (starting reagents) were the chemical parameters
which need to be controlled to obtain the desired morphology
of HAp NPs.

as

The present study is focused on the effect of the chemical
conditions varying by presence and absence of capping
(chelating) agent (EDTA) at different pH values (9, 11 & 13) on
final morphology, crystal shape and size of HAp nanostructures
derived via microwave irradiation synthesis route. The present
study has potential applications in biomedical engineering
because; different morphologies with different properties
directly affect the bioactivity/biocompatibility/drug loading
capacity of HAp on the implantation or administration in host
natural soft and hard tissues. Different nanostructures of HAp
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powders are also useful in bone graft materials, bone cement
and coating materials for bone implants.

2. Experimental Procedures

2.1. Sample Preparation

All the chemicals; calcium nitrate tetra hydrate, diammonium
hydrogen phosphate and EDTA were purchased from LOBA
Chemie of high purity (>99 %) and were used directly without
any further purification. Ethylene diamine tetra-acetic acid
(EDTA): C49H16N,0g served the purpose of capping/complexing
agent. In the present investigation, six samples of HAp
precursor powders at three different pH values 9, 11 and 13
were prepared via microwave irradiation technique (MWIT).
First three samples were prepared in presence of EDTA at pH
9, 11 and 13, however; the other three were prepared without
EDTA at the same pHs 9, 11 and 13. The detailed description
and procedure for the synthesis of precursor powder at pH 9
followed by Mishra et. al (2014) [30]. The procedure was
replicated for pH 11 and 13 controlled by NaOH pellets for rest
of the two EDTA assisted samples. The procedure was again
replicated for each of pH value by skipping the EDTA. Finally,
lime white fine powders called HAp precursor materials at pH
9 was obtained [18]. All the HAp precursor powders were
calcined at 900 2C through a very slow heating rate of 1 2C/min
for the elimination of impurities and formation of fine
crystallized HAp. The white color fine powder samples thus
obtained were processed for X-ray diffraction and electron
microscopy techniques to verify the formation of HAp in
nanoscale. Spectroscopic characterizations using FT-IR, Raman
and LIBS techniques were then carried out to confirm the
formation of HAp.

2.2 Sample Characterizations

In order to investigate the structural and morphological
changes occurred in HAp nanoparticles on changing the
chemical conditions of preparation, the structural and optical
techniques were used. The phase contribution was decided by
XRD (Rigaku Desktop Miniflex 1l X-Ray Diffractometer,
equipped with Ni filter and the CuKa radiation). Surface
morphologies of nanostructured HAp powders were disclosed
by using SEM technique (Inspect S-50, FEI USA (SEA) PTE Ltd.,
Singapore, FP 2017/12). Transmission Electron Microscopy
(TEM, FEl, TECNAI—GZ) with accelerating voltage of 200KV is
used. The powder samples were dispersed into the acetone
and sonicated for an hour and one drop of this well dispersed
suspension is kept upon the carbon coated copper grid. The
process was replicated for the other sample. The molecular
structures of precursor and other calcined powders were
studied by using Fourier Transformed Infrared Spectroscopy
(Perkin Elmer spectrum 65, FT-IR) between range 4000-400
cm-1. The samples were diluted by KBr (with materials: KBr
was 1:10) to form pellets for IR scanning. FT-IR technique
confirmed the formation of HAp in all the samples. LIBS
experimental arrangement employed here is shown in (38). It
consists of Laser source, a rotational stage (Sandvic
Components, India) placed on a jack (Sandvic Components,
India) to provide concentric rotation of the sample and the
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spectrometer equipped with detector. Nd:YAG laser (532 nm)
(continuum surelite 111-10) was employed as a laser source
having capability of delivering a highest energy of 425 mJ. The
pulse duration (FWHM) is 4 ns with maximum pulse repetition
rate of 10 Hz. The LIBS spectra of samples were recorded in
the spectral range of 200-500 nm on 0.1 nm spectral
resolution. Laser pulsed energy was measured by using an
energy meter (Genetec-e model UP19K-30H-VM-DO).

3. Results and Discussion

3.1. Spectroscopic Characterizations

3.1.1. Fourier Transform Infrared (FT-IR) Spectroscopy: Fig. 1
(a-f) illustrates the FT-IR spectra of six HAp samples formed
under six different physico-chemical conditions. HAp samples
(a), (b) and (c), were prepared at three different pH values 9,
11 and 13 respectively in presence of EDTA whereas, samples
(d), (e) and (f) were prepared accordingly at the similar pH
values 9, 11 and 13 but without using EDTA.

The calcination temperature for all the samples was kept 900
°C. All the physical conditions viz. power as well as time
duration of microwave exposure, on-off working cycle,
calcinations temperature and duration (calcinations dynamics)
were kept same for all the samples. The IR and Raman active
bands observed in these samples are shown along with their
assignments in Table 1. IR confirmed the formation of HAp in
different physico-chemical conditions. The FT-IR spectra of
HAp powders prepared under different conditions show a
large number of bands corresponding to different modes of
vibrations of various functional groups present. An absorption
band observed at 1430 cm™ was weak in the IR patterns (a-c)
of the samples formed using EDTA. This band was attributed to
v symmetric stretching of carbonate ions (C032'). This band
was shifted to 1450 cm™ in the IR spectra (d-f) of samples
formed without using EDTA and has strong intensities. Another
weak band observed at 1388 cm™ in EDTA assisted as well as
without EDTA assisted samples, was due to vi-symmetric
stretching band of carbonate (CO32') impurity.
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Figure 1: FT-IR spectra of HAp powder samples prepared at pH (a) 9, (b) 11 and (c) 13
with EDTA; and at pH (d) 9, (e) 11 and (f) 13 without EDTA
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It was interesting to note that the intensity of this band in the
infrared spectra of the samples (a-c) decreases with increase in
pH value. However, in the samples (d-f) in which EDTA has not
been used, the intensity also increase with pH value of the
solution. Two weak but sharp shoulders seen at 2350 and 2390
cm™tin IR spectra of all the samples (a-f) were assigned to vs-
asymmetric stretching of carbonate (CO32') impurity.

The carbonate should not present in pure HAp yet its presence
was expected to be due to absorption from atmosphere during
sample preparation [39, 40] and so could not be avoided in
normal synthesis conditions. However it could be reduced by
increasing pH in presence of EDTA. An additional sharp band
noticed at 880 cm™ in IR spectra of samples (d-f) formed
without EDTA was due to v,-vibration of carbonate ions. Its
intensity increases with the increase of pH of the solution. This
band was absent in EDTA assisted HAp v,-vibration of
carbonate ions. This band was absent in EDTA assisted HAp
samples. Presence of This additional band due to carbonate
impurity in HAp samples formed without using EDTA confirm
the superiority of EDTA assisted HAp samples over the samples
formed without EDTA. This clearly shows that EDTA prevents
the carbonate impurity to be attached during the synthesis.
Most plausible reason for this merit of EDTA may be
understood on the basis of its complex forming ability. Being a
chelating agent, EDTA may have shielded the sites for
carbonate ions to be attached. Thus, on the basis of IR studies,
we can say that EDTA plays a vital role to form pure phase HAp
nanostructures.

Strong absorption bands appearing in between 950-1200 em™
were the characteristic stretching bands of O-P-O in PO43' of
HAp. A shoulder noticed at 578 em™ was assigned to arise due
to vz-asymmetric bending mode of O-P-O. This band was
comparatively sharp in (a-c) but appears broad in (d-f)
samples, showing again the superiority of EDTA assisted HAp.
From these studies, it was concluded that EDTA played an
important role in the formation of pure HAp. A strong
(characteristic) band at 960 cm'l, noticed in all spectra of HAp
samples was attributed to v;-symmetric stretching mode of P-
Oin PO43'. An envelope between 1002-1120 cm™ preferably in
(e) and (f) was attributed to vs-asymmetric stretching of P-O.
Whereas, in the samples (a-d) This spreading was found to be
more as 1002-1190 cm™ due to superposition of the band at
1180/1190 ecm™. The broad envelope centered at 3464 cm™
and a weak shoulder at 1630 cm™ were assigned to v;-
stretching and v,-bending mode of H-O-H (water molecule)
respectively present in lattice (30, 31, 40). A sharp shoulder
band at 3570 cm™ in IR spectrum (f) was assigned to
symmetric stretching mode of the OH™ ions. It was interesting
to note that no band due to v-(C-H) stretching mode was seen
in the IR spectrum of any of these samples. Absence of v-(C-H)
stretching bands between 2800-3000 em™ in the IR spectra of
samples clearly indicates the complete removal of EDTA
content from the powder samples (particularly in samples
containing EDTA) during washing and rest in the calcination at
900 °C.
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Table 1: IR and Raman bands observed in HAp samples (a-c) prepared in presence of EDTA and the samples (d-f) prepared in absence of EDTA at the pH 9, 11 and 13.

FT-IR active bands at wavenumber (cm'l)

Raman active bands at wavenumber (cm'l)

Assignments

HAp prepared with EDTA at HAp prepared without HAp prepared with EDTA HAp prepared without bending/stretching
pHs EDTA at pHs at pHs EDTA at PHs
(a) (b) (c) (d) (e) () (a) (b) 11 (c) (d) (e)11 (f)
9 11 13 9 11 13 9 13 9 13

- - - - - - 460 - - - - - v, symmetric bending mode of O-P-O in
PO,>

578 578 578 578 - 578 - --- - - - - v4 asymmetric bending mode of O-P-O in
PO,

- --- - 880 880 880 - -e- - - - - v, carbonate ions (CO5”)

960 960 960 960 960 960 965 965 965 965 965 965 v; symmetric stretching mode of P-O in
PO,”

- 1002 1002 - 1002 1002 v3asymmetric stretching of P-O in PO,
1002- 1002- 1002- 1002- 1002- 1002- 1120 1120 1120 1120 1120 1120 vz asymmetric stretching of P-O in PO,’
1190 1190 1190 1190 1120 1120

- 1388 1388 1388 1388 1388 - --- - - - - vi symmetric stretching (COs%) vibrational

band
1430 1430 1430 1450 1450 1450 - - - - - - vs carbonate ions (COgZ')
1630 1630 1630 1630 1630 1630 - - - - - - v, bending mode of H-O-H in lattice H,0
2350 2350 2350 2350 2350 2350 - - - - - - vz asymmetric stretching of carbonate ions
(€05
2390 2390 2390 2390 2390 2390 - - - - - - vz asymmetric stretching of carbonate ions
(€05
- --- - - 2500 - - -e- - - - - Stretching mode of the OH"
3464 3464 3464 3464 3464 3464 - - - - - - Stretching mode of lattice H,0
- --- - - - 3570 - -e- - - - - Symmetric stretching mode of the OH

Symmetric/Asymmetric

3.1.2. Raman Spectroscopy: Raman spectra of HAp samples
formed with and without presence of EDTA at different pH
values were shown in Fig. 2 (a-f). Fig. 2 (a-c) show the Raman
spectra of HAp samples prepared at pH 9, 11 and 13 in
presence of EDTA. However, Fig.2 (d-f) show the Raman
spectra of HAp samples formed at pH 9, 11 and 13 in absence
of EDTA. A strong peak appearing at 460 em™
profile of sample (a) was assigned to v, symmetric bending
mode of O-P-O in PO43'. This peak does not appear in the
Raman spectra of other samples as well as in IR of any sample.
A peak noticed at 965 em™ in all HAp samples (a-f) was
attributed to v; symmetric stretching mode of P-O in PO43'.
Intensity of This band decreases in (a-c) with the increase in pH
value of the samples. No peak due to carbonate ions was seen

in the Raman

in Raman spectra of any of these samples.
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Figure 2: Raman spectra of HAp powder samples prepared at pH (a) 9, (b) 11 and (c) 13
with EDTA; and at pH (d) 9, (e) 11 and (f) 13 without EDTA

4 |NJC, 2015, 00, 1-3

A sharp peak at 1120 cm? appears in Raman spectra of all (a-f)
samples and was assigned to v; asymmetric stretching
vibration of P-O in PO43'. The intensities of all the Raman bands
decrease with increase in the pH value of final solution.
Raman technique confirms again the formation of HAp.

3.1.3. Laser Induced Breakdown Spectroscopy (LIBS): LIBS

techniqgue was used to identify the elements present
qualitatively in the samples. The samples were taken in pellet
form however; any kind of sample (solid, liquid and gas) can be

monitored by LIBS. The LIBS spectra of two HAp samples
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Figure 3: Laser Induced Breakdown Spectrum (LIBS) of HAp powder sample prepared
with EDTA at pH 9 and calcined at 900 °C.

This journal is © The Royal Society of Chemistry 2015

Page 4 of 11



Ca(ll)
o(ln 393.12/ 396.42

38&8\1~ 7

Ca(l)
o) 44545 coq)
448.75
cal) aszss | 4
42254  ca()
E’ 4435
z Celll)\
2 30.08 o(lly
= " - 431.96
I 317.95 || [loan Ca(l)/ P(Il)
ol py) | |l429.08 || 458.51
Callhfogy 37070 5755 1 NIl
| Mg 315.8(330 By \ il ‘ | I T 47062 ca(l)
285.2 can\ | | ‘|0(ll) | i
\ ‘ ﬁsuoae?‘# | Al |l 42858 r‘l\,‘m\ﬂ”
\ | J WU |
Ab_de\,/“\JJ‘\_,JMBM'a o =1
T T T T T T
250 300 350 400 450 500

Wavelength (nm)

Figure 4: Laser Induced Breakdown Spectrum (LIBS) of HAp powder sample prepared
without EDTA at pH 9 and calcined at 900 °C.

prepared at pH 9 in presence and absence of EDTA and
calcined at 900 °C have been studied and samples were shown
in Figs. 3 and Fig. 4 respectively. Spectral lines have been
identified using the National Institute of Standards and
Technology atomic optical database (111- NWAST) [41] and
were shown in Table 2.

Table 2: Laser Induced Breakdown Spectral (LIBS) lines with their assignments

LIBS Spectral Line Position (nm) Assignment
With EDTA Without EDTA
279.5 279.5 Mg
285.2 285.2 Mg
315.8 315.8 ca(ll)
317.95 317.95 Ca(ll)
330.10 330.10 o(lN)
333.40 333.40 o(In)
362.7 362.7 ca(l)
364.18 364.18 ca(l)
370.71 370.71 o(ln)
373.53 373.53 P(IV)
383.81 383.81 o)
393.12 393.12 Ca(ll)
396.42 396.42 Ca(ll)
409 409 Ca(l)
422.54 422.54 Ca(l)
428.16 428.16 o(ll)
429.08 429.08 o(lN)
430.08 430.08 Ce(ll)
431.96 431.96 o)
443,58 443.58 ca(l)/o(n)
445.45 445.45 ca(l)
448.75 448.75 Ca(llr)
V17 S — N(IlT)
458.51 458.51 Ca(l)/P(1)
470.62 470.62 N(I1)
487.93 487.93 Ca(l)

This journal is © The Royal Society of Chemistry 2015
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Spectral lines for Ca, P and O have been identified and enlisted
in Table 2. These lines show the formation of HAp very clearly.
Some Mg as well as N impurity (probably due to chemicals)
was also detected by LIBS spectrum. Mg lines at 279.5 and
285.2 were common to both the spectra of HAp derived with
EDTA and without EDTA. However, the LIBS pattern of HAp
formed with using EDTA contains an additional line for N at
452.8 nm, which may be present either due to chemical
impurity or N of EDTA not N of due to presence of EDTA. An
EDTA molecule cannot exist at the higher temperatures at
which HAp was calcined. A LIBS detects the atom(s) not
molecule of impurity. This impurity present at atomic level due
to chemicals may not be eliminated easily until we further
purify the chemicals after purchasing.

3.2. Structural Characterizations

3.2.1. X-ray Diffraction (XRD) Analysis: X-ray diffraction
patterns of all the six HAp samples  (a-f), grown in different
chemical conditions were shown below in Fig. 5. The
diffraction patterns (a), (b) and (c), correspond to samples
formed at pH 9, 11 and 13 with EDTA respectively whereas,
(d), (e) and (f) were without EDTA. A glance on patterns (a) to
(f), revealed clearly the formation of hydroxyapatite in all
chemical conditions. All the peaks observed in patterns were in
good agreement with JCPDS File (24-0033) for
Hydroxyalapatite (HAp).

If we compare XRD patterns for the samples (a), (b) and (c)
prepared with EDTA at pH 9, 11 and 13, the number of XRD
peaks noticed between 25-30 and 50-60 degree in (a) were not
seen in (b) and in (c). Moreover as, the pH of HAp precursor
solution was increased, the intensity of prominent HAp peaks
such as (211) and (230) planes was found to decrease and for
the peaks corresponding to (202) and (113) planes were
increased remarkably. Peaks due diffraction planes (301) and

(102) were observed in pattern (a) and were completely

Matched with JCPDS File No. 240033 for Hydroxylapatite|
(f) at pH 13

(211)

*(202)

8
S
e

Intensi

T

T T iz T e
20 30 40 50 60 70
20 (degree)

Figure 5: XRD patterns of HAp powder samples prepared at pH (a) 9, (b) 11 and
(c) 13 with EDTA; and at pH (d) 9, (e) 11 and (f) 13 without of EDTA
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vanished in (b) and (c) as pH was increased. Some new peaks
of HAp due to diffraction by planes (200) and (111) started to
appear in pattern (b) and become more prominent in (c).
Crystallite sizes in these powder samples lie in the range 25-45
nm. On the other hand, the XRD pattern of the samples (d-f)
reveal that the peak due to (111) plane appearing in (d) was
nearly vanished in (e) and (f). The intensity of peaks due to
(002), (131), (300) (230) and (241) also decreases considerably
at higher pH values. The peaks due to the planes (200), (201)
appearing in EDTA assisted samples were not seen in samples
formed without EDTA.

Another interesting feature was that, there was a small peak
shift in XRD profiles in EDTA assisted samples. Thus the
prominent HAp peaks (211), (300), (202) and (301) in XRD
patterns of (a), (b) and (c) samples were found to be slightly
shifted towards higher angle side compared to XRD of (d), (e)
and (f) patterns. Hike/suppression/appearance/vanishing in
the peak intensity may be understood on the basis of atomic
structure factor. These changes in the peak intensity occur due
to the presence of impurity element(s) in the samples (a-c).
Each elements of EDTA contributes the atomic structure factor
positive or negative for a particular diffraction plane which
affect the peak intensity as well as peak position. The X-ray
peak shift may be due to three basic reasons, (i) lattice
parameter change, (ii) presence of residual stress and (iii)
defect concentration [30, 42]. In the present case, the peak
shift seems due to the second reason; presence of residual
stress (some impurity element) as nitrogen was revealed also
by LIBS technique. Some impurity may not be eliminated even
upto 1000 °C. In order to eliminate these, the heat treatment
above this temperature is needed. Contribution of nitrogen
element positive or negative consequents these peaks shift.

Copyright of Ceramics International 40
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3.2.2. Scanning Electron Microscopy (SEM): Fig.6 (a-d) shows
some additional SEM images of four HAp samples prepared
under four different physico-chemical conditions. Sample (a)
and (b) were the HAp precursor powders prepared using EDTA
with pH values 9 and 13 respectively. Images (c) and (d) were
the microstructures of samples obtained during calcination of
HAp precursor powder (a) at temperatures 600 and 900 °C
respectively.

The SEM image of HAp precursor (a) shows needle/strip-like
in HAp
precursor (a) was around 50 nm. The HAp powder sample

nanostructures. The width of nanostrips formed

calcined at 600 °C shows almost no change in surface
morphology as shown in image (c). It shows needle -like
nanostructures of 45 nm width. As shown in micrograph (d),
morphology of HAp powder sample was changed drastically on
heating at 900
converted

°C. The needle-like nanostructures get
~200 nm
average diameter on heating at 900 °C. A careful examination

into capsule-like nanostructures of

of image (c) revealed some flower-like morphology of HAp
nanostructures at pH 13 of precursor solution. Some bunches
of nanostrips/needles/rods have been found to grow together
under applied conditions. These images uncover the effect of
pH and calcinations temperature on surface morphology of
HAp powders prepared via microwave irradiation technique.

The micrographs (at 1 um magnification) shown in Fig.7 (a-f)
exhibit the effect of pH and EDTA (a
chelating/capping agent/surfactant) on surface morphology of

simultaneous

HAp powders prepared via microwave irradiation route under
ambient physico-chemical conditions and calcined at 900 °C.

Microstructures (a) to (c) show almost capsules/spheres/
NPs

ellipsoids-like homogeneous under

calcination at 900 °C.

of HAp grown

(a)

i

aata

Figure 6: SEM images of HAp precursor powders at pH (a) 9, (b) 13 and HAp powders obtained on

calcinations

at (c) 600 °C and (d) 900 °C of precursor powder-(a)
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Figure 7: SEM images of HAp powder samples prepared at pH (a) 9, (b) 11 and (c) 13 using EDTA; (d) 9 (e) 11 (f) 13 without EDTA; calcined at 900 °C

Surface morphologies of these samples at their precursor (as
synthesized) stage and even up to 600-700 °C show
needle/rod-like structure of NPs (see Fig.6 (a and c)). When the
samples were calcined at 900 °C the morphologies of samples
were totally changed (see Fig.7 (a-f)) Particle sizes of these
nanostructures were under 100 nm in sample (a) and (c).
However, in sample (b), this value was ~35-60 nm which was
much less than (a) and (c). The morphology of this image in (b)
was comparatively more homogeneous and dense capsule-like
nanostructures similar to as in Fig.6 (d). Images (d), (e) and (f)
show the surface morphologies of HAp powders prepared at
pH 9, 11 and 13 respectively via microwave irradiation route,
without EDTA and calcined at 900 °C. All the physico-chemical
conditions of preparation of samples (a-c) were same as in
(d-f). From a careful comparison of the image (d and f), we find
the size of HAp NPs was around 100 nm and these were
strongly embedded into the clusters of several micrometers.
The image (e) shows slightly different i.e. rod-like (in rings)
microstructures as shown in Fig.7. The diameter of rod-like
microstructures was fraction of micrometer and the length
may be several micrometers. Effects of EDTA at a certain pH
and calcination temperature are obvious and may be
understood by Fig.6 (a-d) and corresponding micrographs in
Fig.7 (a-c) and (d-f). The particle size in images (d-f) was much
larger than article size shown in micrographs (a-c) due to
agglomeration of HAp particles. Therefore, we can say that
EDTA avoids agglomeration of the particles. Effect of pH on the
surface morphology of HAp was clear from Fig.6. Flower-like
shapes containing needle/rod/strip-like nanostructures were
obtained at higher pH values. The nanorod-like morphology of

This journal is © The Royal Society of Chemistry 2015

the HAp calcium phosphate gets converted into capsule like
nanostructure due to their diffusion at a temperature near 900
°C. This shows a clear cut effect of calcinations/ annealing/
sintering temperature on the surface morphology of HAp. The
detailed study on effect of calcinations/ annealing/ sintering
temperatures on the surface morphology of HAp have already
been carried out and discussed by Mishra et al (2014) [30].

3.2.3. Transmission Electron Microscopy (TEM): TEM
micrographs of the HAp powder samples prepared without
using EDTA and using EDTA as capping agent are shown in Fig.
8 (a) and (b) respectively. These both the samples were
prepared at same pH 11. A careful examination of
microstructures shown in images (a) and (b), one can easily say
that the particles formed in both the cases are nanorod like
crystals of HAp. However, the size of HAp crystals grown under
two different conditions are quite changed. The diameter and
length of HAp nanorods like crystals prepared without EDTA
are ~ 20 and 200 nm. These dimensions have been found to be
less than half for EDTA assisted HAp nanorods. The diameter of
the nanorods is ~ 10 nm and length is less than 100 nm. An
interesting fact revealed by TEM characterization is that, the
nanorods in image (a) are showing Asparagus roots like
agglomeration marked in dotted yellow ring. However, in (b)
micrograph, the nanorods are scattered needle-like separately
as marked by several dotted yellow rings. Thus, it is confirmed
that the capping agent (EDTA) prevents the agglomeration as
also concluded by SEM technique. The results extracted by
TEM micrographs are in good agreement with results of SEM

microstructures.
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(a) Asparagus roots like nanorods of HAp

Figure 8: TEM images of HAp powders prepared (a) without EDTA (b) using EDTA

The final morphology of HAp nanomaterial may be understood
on the basis of driving force governed by surface energy of
particles and surface energy was controlled by physico-
chemical conditions. Now, effect of chemical conditions; pH
and EDTA on structural and optical characteristics of HAp was
discussed below.

A very familiar fact was that when we break a large solid piece
of material into smaller parts, it always needs energy to break
the bonds between neighboring atoms and it generates new
surfaces [43]. The driving force existing in the materials during
synthesis was to minimize the surface area. Smaller the
surface to volume ratio of the particles, lower was the energy
state of the material. In order to minimize the surface energy,

8 |NJC, 2015, 00, 1-3

NJC

the directed bonds in isotropic lattices increase crystallization
in rods/ strips or plates i.e. formation of one or two
dimensional particles [44].

Solubility of a system depends on the pH value of the solution.
Therefore it can affect the chemical precipitation and the
particle agglomeration in presence of complexing agent
(EDTA). In the beginning the pH of the starting solution was 4.
As the pH of the solution was increased, the solubility of the
system increases and the solution transferred from milky
white color to colorless. At pH 9, the solution became totally
transparent and clear. At the initial stages of the experiment
(in clear solution before microwave irradiation), a cluster of
critical size of HAp would be formed and it forms the nucleus
for HAp crystal growth. HAp nuclei grow into crystallites when
solution was irradiated by microwaves of frequency 2.45 GHz.
The further growth of HAp crystal was controlled totally by
stability of Ca-EDTA complex and presence of OH on the
facets. Due to a poor stability of Ca-EDTA complex at pH 9, ca®
ions and EDTA get separated from each other. Now due to
ionic interaction, surface of OH™ behaves as an active site for
absorption of ca” ions. In fact at pH 9, there were two
opposite facets of crystallite active with OH™ ions and the
crystallites grow having an anisotropic structure of HAp under
microwave treatment. Consequently, a preferred growth along
the (002) axis of hexagonal HAp was observed in X- ray
diffraction (XRD) patterns resulting in an increased strip-
like/rod-like morphology with larger average particle size [45].
As we increase the pH of the solution, the concentration of
OH’ ions and stability of Ca-EDTA complex increases. Therefore
Ca”* and EDTA will not be separated from each other. So, Ca
and EDTA exist together in the form of Ca-EDTA complex at
higher pH values. In these conditions, all the facets of
crystallite having high specific surface energy were active at
the same potential due to strong adsorption of OH™ ions. These
facets have almost equal ability to attach with Ca in form of
Ca-EDTA due to almost same concentration of OH™ on each
facet. Thus under these physical and chemical conditions, the
space between neighboring Ca-EDTA complex molecules
resulting an arrangement of Ca atoms in disordered state
rather than intrinsic crystal structure of HAp. During the
microwave irradiation, the absorbed Ca-EDTA decomposed at
appropriate temperature around 200 °C. Under
homogeneous and fast heating HAp was found to have flower
like shape of nanostructure due to anisotropic growth of HAp

of

crystal. It follows that the pH value of final solution and the
presence of capping agent (EDTA) play key role in the synthesis
of final nanostructure and its shape. Apart from these, the
microwave power and duration of on-off cycle also have
important roles in the synthesis of nanostructures of HAp.

Though, the chelating agent was desirable but it was not
compulsory in the formation of nanostructures of HAp. The
template free growth of HAp nanorings having enhanced

This journal is © The Royal Society of Chemistry 2015
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properties has been reported [46]. We emphasize that the
formation of specific nanostructured morphology in every
instance was directly controlled by the driving force and that
the surfactants were only incidental for the formation of such
that
dimensional morphologies can be obtained in several other
systems including ZnO without using any surfactant. We
believe that the primary role of the surfactant was in providing

structures. Preliminary investigations show two-

size control in the formation of the two-dimensional
structures. However, the role of surfactant was critical for
shape-controlled synthesis of various three dimensional
morphologies like cubes [47] rods [48], and wires [49]. Roy and
co-workers in 1990s synthesized and fabricated the porous
and transparent HAp ceramics using microwave processing
and sintering [50-52]. It was important to note that the
microwave energy corresponding to frequency 2.45 GHz was
absorbed strongly by bound water molecules in the hydration
sphere of a polyvalent ion. This absorption of microwave
power weakens the bonds between the calcium ion and its
sphere of hydration, which was of paramount importance for
the formation of apatite in aqueous solutions via facilitating
the deaquation step [2] though, the solid state synthesis of
HAp via microwave route is established already [53].

4. Conclusions

In the present investigations, it is concluded that EDTA and pH
play important roles to decide the morphology and structure
of HAp. According to IR spectroscopic results, carbonate
impurity was absorbed probably from atmosphere in HAp
samples during synthesis and it could not be avoided in normal
synthesis conditions. However, it can be reduced by using
capping agent (EDTA). In present study, EDTA played a vital
role to form pure phase HAp nanostructures and prevented
incorporation of carbonate impurities. EDTA efficiently
affected the morphology of HAp nanostructures. The samples
prepared in absence of EDTA show agglomeration of particles.
TEM confirmed role of EDTA. TEM exhibited formation of HAP
as scattered needle-like nanostructures without
agglomeration. The particle size of HAp powder was found to
be strongly dependent on the presence of EDTA. The particle
size of the EDTA assisted HAp sample (diameter x length is 10
nm x 100 nm) as shown in TEM micrograph (b) was just half of
the HAp formed without EDTA (20 nm x 200 nm). Change in pH
also caused a large change in morphology of HAp powders.
Needle-like nanostructures at pH 9 get reshaped into flower-
like at pH 13. By playing with chemical and/or physical
preparatory conditions, a desired morphology of HAp
structures may be obtained. The HAp nanoparticles of size
below 100 nm are extremely useful in specific site as well as
normal drug delivery. FT-IR, LIBS, SEM and TEM techniques
confirmed the formation of HAp powders. These techniques
convinced the superiority of EDTA assisted HAp samples over
the samples formed without EDTA.

This journal is © The Royal Society of Chemistry 2015
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