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ABSTRACT

Nanostructured hydroxyapatite (n-HAp) with tuneable morphologies was successfully synthesized by
varying the process parameters using hydrothermal process with CTAB and PEG as surfactant.
Systematic experiments were carried out to investigate the influences of process parameters on
morphology. The morphology of n-HAp can be modified from nanorods to spheres by replacing the
surfactant CTAB with PEG. The prepared materials were characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and field emission scanning electron microscopy
(FESEM). The specific surface area (SSA) and pore size were determined by N, adsorption-desorption
isotherm. The obtained specific surface area of nanorods is more compared to the nanospheres of HAp.
These nanostructures of HAp have been used for removalof Pb (II) ions from the waste water. The kinetic
mechanism was best described by pseudo-second order models and the isotherm data were fitted well
with Longmuir isotherm and Freundlich models. The adsorption of Pb (II) was found to be 714.14 and
526.31 mg/g for the HAp nanorods and nanospheres respectively. The effect of pH, contact time and

initial concentration of Pb (II) were also studied through batch experiments.

1. INTRODUCTION

Hydroxyapatite (HAp; Ca;o(PO,)¢(OH),) is a well-known
biomaterial because its chemical composition and structure are
similar to that of bones and teeth.'It also has excellent
biocompatibility, osseointegration and bio stability. Moreover,
HAp has been used in numerous applications as scaffolds,
chemical sensor, catalyst support, ion conductors, ceramic
reinforcement for biomaterials, tissue engineering, bone defect
filler, retardant of cancer cells, gene/drug delivery and bio
imaging erc.>* In particular, n-HAp has been used as an adsorbent
for selective adsorption of heavy metals, organic compounds,
proteins and DNA molecules.*’ Interestingly, the crystalline size,
dimensional anisotropy and morphology of these HAp strongly
influences theirphysicochemical properties as well as potential
applications.® Hence, the size and shape controlled synthesis
methods of HAp have significant importance. Several methods
such as co-precipitation, sol-gel, electrochemical synthesis,
hydrolysis, solvothermal and hydrothermal techniqueswere
already used for the controlled synthesize of HAp nanoparticles.”
""" Among all these processes, hydrothermal process is more
prevalent due to their high efficiency, large scale, defect free and
high crystallinity with moderately controllable morphology.'
Researchers already reported a hexagonal,prism, elliptical,
hierarchical, rod, plate and sphere like morphologies of HAp
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using hydrothermal process.'*'* Above all, a soft template was
assisting to control the morphologies with uniform size and
enhances specific surface area in these preparation methods. The
most important soft templates were cetyltrimethylammonium
bromide (CTAB), polyvinyl pyrrolidone (PVP), sodium dodecyl
sulphate (SDS), 4-aminobenzenesulfonic acid (ABSA) and
polyethylene glycol 4000 (PEG -4000). These templates were
used to form a rod (1D) and sphere like (OD) n—HAp.lS'17 Hence,
CTAB and PEG have been used to control the crystalline size and
morphology of n-HAp by suitably varying the cationic and non-
ionic surfactants. Normally, the CTAB tune the c-axis oriented
growth of n-HAp for the formation of well dispersed nanorod like
morphology. Meanwhile, the non-ionic PEG influences in the
nucleation during the growth process ensuing to control the
morphology of nanomaterials. Among the various morphologies
of n-HAp, the rod and spheres like morphologies shows high
specific surface area (SSA) and pore size distribution and it also
shows excellent adsorption capacity of the heavy metals ions,
DNA and proteins.>'*2' In addition,different morphologies of n-
HAp have excellent surface reactivity and adsorption ability
depend on the surface charge of HAp. The HAp normally
exhibits a hexagonal structure with different charges. Generally,
the positively charged calcium is rich on basal plane (c- axis) and
the prismatic plane (a surface) is hydroxyl and phosphate rich and
they are negatively charged.” In the adsorption technique,
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activated carbon, ferrihydrite,graphene,Fe;O4,bismuth  and
MnFe,0,@Mn—-Co have been reported to be the effective
materials.”*?’  Among these, the n-HAp has natural,
biodegradable, cost effective, renewable and promising material
for efficiently removal heavy metal ions from waste water.

The objective of present study is to obtain the controlled
morphology of n-HAp by tuning the hydrothermal process
parameters and surfactants CTAB and PEG. The nanorods and
nanospheres of n-HAp were prepared by suitably adjusting the
surfactants CTAB and PEG. We also explored the possibility of
these nanostructures as an adsorbent for the removal of Pb(II)
from aqueous solution. The effects of adsorbate pH, contact time
and adsorbent dosage on the Pb(II) removal were also explored.
The adsorption isotherms were also analyzed based on the
Longmuir isotherm and Freundlich model to find the various
factors influences on removal. It also explores the adsorption
capacity of both nanorods and nanospeheres of n-HAp from the
aqueous solution.' 2

2. EXPERIMENTAL SECTION
2.1 Materials

All the reagents used in the present investigations were of
analytical/equivalent grade and used without further purification.
Calcium chloride dihydrate (CaCl,.2H,0), Pb(Il) nitrate
(Pb(NO3),), chloride (NH4Cl), di-ammonium
hydrogen phosphate ((NH,),(HPO,)) were obtained from Sigma-
Aldrich and  N-Cetyl-N,N,N-trimethylammonium bromide
(CTAB), poly-ethylene glycol (PEG-6000), ammonium
hydroxide (NH4;OH),sodium hydroxide (NaOH), hydrochloric
acid (HCI), 4-(2-pyridylazo) resorcinol (PAR) reagent and
ethanol were from Himedia, India.

ammonium

2.2 Synthesis of Nanostructured Hydroxyapatite (n-HAp) by
Hydrothermal Process

In a typical experimental process, 0.059 g of (NH4),HPO, and
0.5466 g of CTAB were dissolved in 15 ml of aqueous solution
with constant stirring. The pH was adjusted to10.5 by adding the
ammonium hydroxide (30%). Then, 0.1102 g of CaCl,.2H,0 was
dissolved in 15 ml of deionized water. Consequently, the CTAB-
phosphate solution was added drop wise to the calcium chloride
solution with vigorous stirring for 30 min. Finally, the translucent
mixed solution was transferred to the Teflon-lined stainless steel
autoclave. The autoclave was kept in an oven at 160, 180 and
200°C for 24 h and naturally cooled down to room temperature.
The supernatant was discarded by decontanation. The resultant
white colour precipitate was washed with deionised water and
ethanol for three to four times to remove excess ions and
impurities present in the suspension. The final precipitate powder
was dried under vacuum at 90°C overnight. The diverse
morphologies of HAp nanostructures were prepared by varying
the concentration between PEG and CTAB like CTAB,_PEG,(x=
0, 0.25, 0.5, 0.75, 1 mM) with the same preparation conditions.

2.3. Characterization of Materials

The powder X-ray diffraction (XRD) measurements were
carried out at room temperature using a PANalytical (X’Pert-Pro)
s diffractometer with Cu Ka,; radiation (A= 1.5406 10\) over a
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scanning interval (20) from 10 to 70°. The average crystallite
sizes were estimated using the Scherrer formula. The morphology
of the HAp nanostructures was observed by field emission
scanning electron microscopy (FESEM) (FEI Quanta-250 FEG)
coupled with EDX. The infrared spectrum of the samples was
obtained by using Fourier transform infrared (FTIR) spectrometer
(Bruker Tensor 27, Germany). UV-Visible spectral analysis was
done by using Josco V-650 spectrophotometer. The specific
surface areas and pore sizes were determined from BET-
N,adsorption-desorption isotherms using a micromeritics ASAP
2020 surface area analyzer.

2.4. Adsorption Studies

The Pb (II) adsorption isotherm analyses were performed for
the different morphologies of HAp nanostructures to determine
the optimum adsorption conditions. A typical batch mode
adsorption studies were carried out at room temperature. The
effect of pH on the adsorption capacity was investigated in the
range from 2 to 10 by using Pb (II) solution prepared from the
standard 1000 mg/L  stock preferred
concentrations of 10, 20, 30, 40 and 50 mg/L through consecutive
dilution. The pH was adjusted by using sodium hydroxide
(NaOH) or hydrochloric acid (HCI) solutions. The concentrations
of Pb (II) solution wasfixed as 25 mg/L and conduct time
betweenS to 120 min. The resultant mixture solutions were
transferred to 50 ml of standard measuring flask and stirred on a
thermostatic mechanical shaker operating at a constant speed of
200 rpm. Finally, the samples were withdrawn from the shaker at
predetermined time intervals and the supernatant was collected
and centrifuged at 10,000 rpm for 10 min. the resultant clear
solution was used to estimate the lead adsorption by using
spectrophotometric analysis. The supernatant solution was taken
in test tube and added 10 ml of ammonia-ammonium chloride
buffer solution (16.9 g of NH,Cl + 123 ml of liquor ammonia
mixed with 250 ml of H,O) and 1 ml of 0.01 % solution of 4-(2-
pyridylazo)resorcinol (PAR) reagent for spectrophotometric
analysis. This solution was incubated at 37 °C for colour
development and finally the absorbance of the samples was
measured in a UV-Vis spectrophotometer at the wavelength of
520 nm."

solutions to the

3. RESULTS AND DISCUSSION

3.1. Temperature dependent crystallization and morphologies
of n-HAp with CTAB

XRD Analysis:

The effect of hydrothermal temperature  on
crystallinity and average crystallite size of as-prepared n-HAp
were obtained by X-ray diffraction analysis. The high intensity
and sharp peaks in the XRD pattern in Fig. 1 confirms the high
purity and crystallinenature of n-HAp prepared by different
hydrothermal reaction temperatures of 160, 180, and 200°C for
24h with CTAB as surfactant.The obtained diffraction peaks were
very well matches with the standard [JCPDS # 09-0432]. There is
no impurity phases were present in the prepared samples. Few
important peaks were appears at an angle (20) of 26.2, 32.1, 32.5,
33.2 and 34.3° corresponding to the planes of (002), (211), (112),

reaction

10 (300) and (202) respectively.
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Fig.1 XRD pattern for the as-prepared HAp prepared with CTAB
for different hydrothermal reaction temperatures of (a) 160, (b)
180 and (c) 200°C for 24 h.

s The peaks at 26.2 and 32.1°shows high intensity corresponds to
(002) and (211) planes of n-HAp.The intensity of the diffraction
peak increases by increasing the reaction temperature to 180 and
200 °C and it confirms the improved crystallinity of the n-HAp.
The average crystallite sizes estimated by using Scherrer formula

10 were 56, 61 and 67 nm for the 160, 180, and 200°C for 24h
hydrothermal reaction. The results confirm the n-HAp was
composed of small grains with good crystallinity.

FTIR Analysis:

15 The formation and identification of the functional group of the
HAp were further supported by the FTIR analysis. The FTIR
spectrum in Fig. 2shows theintensed peak at 3439 and 1637 cm’
'corresponds to the bending mode of H,O, the characterize
absorption band of the OHstretching mode occurs at 3574 and

20632cm™ .
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Fig.2 FTIR spectrum for the as-prepared HAp nanorods

The asymmetric stretching vibrations of the P-O in the PO,>
groups were located at 1099 and 1037cm™. The intense peak at

25 568 and 601 cm'were due to the bending vibrations of the O-P-O

w
=]

w
&

I
S

5

6

@

=]

in the PO,*groups.’

Fig.3 FESEM images for the as-prepared n-HApl with different
hydrothermal reaction temperatures of (a) 160, (b) 180, (c)
200°C and (d) EDX spectrum.

Morphological Analysis:

The morphology of the n-HAp was investigated by using field
emission scanning electron microscopy (FESEM). Figure 3
provides the morphologies for three different hydrothermally
treated samples and it clearly shows the marked difference
between the surface morphologies.It shows the rod like
morphology for all the samples with different length and diameter
based on the hydrothermal reaction temperatures.Figure 3a shows
the rod-like morphology for the n-HAp hydrothermally reacted at
160 °C for 24 h in the presence of CTAB. The rods have a length
and diameter of 64 and 23 nm respectively. The 180 °C
hydrothermally treated sample consists of rods with uniform size
distributions with increased dimension as shown in Fig. 3b. A
significant increase in the length and diameter of the nanorods
were observed with the size of 420 and 65 nm respectively.The
average length and diameter of the nanorods were further
increases to 550 and 100 nm respectively with irregular shapes by
increasing the growth temperature to 200°C as shown in Fig. 3c.
Figure 3d shows the EDX spectrum for the n-HAp to examine the
elemental composition and it confirms the presence of Ca, P and
O species without any impurities.

Formation Mechanism:

The schematic illustration in Fig.4 explains the possible
formation mechanism of n-HAp nanorods with different growth
temperatures in the presence of CTAB. The formation of n-HAp
happens in two stages as nucleation and growth. The nucleation
process was same for all the samples but the temperature
influences the growth of nanorods.”>**The morphological
evaluation can be influenced by the growth temperature and the
cationic surfactant CTAB. The CTAB influences the formation of
rods like morphology and increases the crystallization process.>
During the growth process cationic CTAB was dissolved
completely in deionized water and form the spherical shaped

This journal is © The Royal Society of Chemistry [year]
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Fig.4 Schematic illustration of temperature dependent and surfactant assisted nucleation and growth mechanism of n-HAp.

micellewith the critical micelle concentration (CMC) of below 1
mM in aqueous solution. Above the CMC, the spherical shapes of
micelles were elongated to form the rod like morphology of n-
HAp. In general, the CTAB releases a cation with tetrahedral
structures and forms the rod shaped micelle and NH,POyreleases
phosphate anions with tetrahedral structure. The phosphate anions
were attached with the CTAB cationic molecules. Finally, the
nucleation and growth started along the c-axis with the addition
of Ca®* solution leads to the formation of rod shaped HAp
nanostructures.*

The hydrothermal reaction temperature plays a vital role in the
formation of morphologies and crystallinity of the n-HAp. The
growth of n-HAp nanorods were occurs due to the initial critical
nuclei size, ratio,
recrystallizationprocess. The solubility is higher during the
thermodynamic equilibrium by increasing the temperature
thereby more number of nuclei was dissolved. So the size of the
critical nuclei increases, thereby the size of the nanorods were
also increasesdue to the increase in growth temperature.'>The
driving force decreases while the volume energy increases during
the increase of growth temperature to 180 °C.Thereby the
solubility and number of nuclei increases and it may be the
reason for increase in the size of n-HApnanorods.*® Further
increase the temperature to 200°C, the structure of the rod shaped
CTAB micelles were breakdown and it forms an uneven shaped
n-HAp nanorodsand it was observed through FESEM image as
shown in Fig. 3c.The results and the mechanism explain the role
of hydrothermal reaction temperature and CTAB on the
formation of different morphologies of n-HAp. Further, the n-
HAp nanorods prepared at 180°Cshows smooth surface with
uniform size and well crystalline nature. Consequently, the
morphologies of the n-HAp were further improved by preparing
the sample with the constant reaction temperature of 180 °C for
24 h by tailoring the other hydrothermal parameters.

3.2. Effect of PEG substitution for CTAB and their
morphological evaluation

XRD Analysis:

The n-HAp with different morphologies was also obtained by
gradually varying the molar ratio of PEG and CTAB. The molar
ratios of CTAB_,PEG, (x_ 0, 0.25, 0.5, 0.75, 1 mM) and then
subjected to a hydrothermal treatment of 180 °C for 24h. Figure
5 shows the X-ray diffraction pattern for the as-prepared n-HAp
samples. All the peaks in the diffraction pattern demonstrate the
pure hexagonal structure of the HAp and it matches very well

saturation dissolution and

with the standard (JCPDS #. 09-0432). Figure 5(a) shows the
XRD pattern for the n-HAp prepared with CTAB and it shows
the strong and sharp peaks along (002) and (211) plane. The
estimated averagecrystallite size was 23 nm by using the Scherer
formula. The addition of PEG (0.25, 0.5, 0.75SmM) by partially
replacing the CTAB, the intensity of the diffraction peak and the
crystallinity decreases as shown in Fig.5(b-d) due to the decrease
in the average crystallite size to 61, 48 and 27 nm respectively.
Figure 5 (e) shows the XRD pattern for the n-HAp prepared with
1mM of PEG-4000. It shows the broad diffraction peaks and
reduced intensity and the average crystallite size estimated was
15 nm.
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Fig.5 X-ray diffraction pattern for the n-HAp prepared with
different molar ratio of CTAB and PEG(a) 0O, (b) 0.25, (c) 0.5, (d)
0.75 and (e) 1.0mM of PEG.

60

Morphology Analysis:

6s  The morphology and dimension of the as-prepared n-HAp
crystals were obtained by using FESEM. The images of the n-
HAp prepared by varying the ratio of CTAB and PEG with the
reaction temperature of 180°C for 24 h were shown in Fig. 6 (a)-
(e). Figure 6(a) shows the morphology of the n-HAp, prepared

70 with 1 mM of CTAB as surfactant. It shows the well dispersed
nanorods of n-HAp with an average diameter and lengthof 30 and
250 nm respectively. The addition of different concentrations of
PEG (0.25, 0.5 and 0.75 mM) by replacing the part of CTAB in
the synthesis procedure fascinatingly changes the morphologies

75 such as spindle, rice and spherical as shown in Fig. 6(b) - (d).
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Fig.6 FESEM images for the n-HAp prepared with different molar ratio of CTAB,.,PEGxwith x as (a) 0, (b) 0.25, (c) 0.5, (d) 0.75 and (e) 1.0 mM of PEG
and (f) EDX spectrum.

The spindle like n-HAp in Fig. 6b shows the diameter and length when the CTAB concentration was below the critical micelle
35 of 80 and 200 nm respectively. Whereas the rice like n-HAp concentration (CMC) of 09 Mm. The rode like n-
shows the diameter and length of 20 and 80 nm. The sphere like 4 HApwasobtained by 1 mM of CTAB because of theCMCwas

morphology shows an average diameter of 45 nm. above 0.9 mM.”?° During thisconcentration the sphere like
Figure 6e shows the chain like n-HAp with the combination of micelles were elongated to rods like micelles to form the rod
nanospheres with the diameter and length of the 20 and 180 nm shaped n-HAp.

40 respectively for the ImM of PEG. The schematic diagram in Formation Mechanism:

Fig.7 shows the morphological evolution by altering the molar s  The change in the molar ratio CTAB,,PEGx with x=0, 0.25,
ratio between CTAB and PEG. The sphere like micelle formed 0.5, 0.75, 1 changes the morphology of n-HAp. The nanorod like

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], oo—oo0 |5
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morphology was observed in the case of n-HAp prepared only
with CTAB as surfactant. The substitution of PEG with different
molar ratios instead of CTAB changes the rod shapes to spindle,
rice and spherical like structures with reduced size and shape.
The morphological evaluation of n-HAp can be influenced by
two folds. First, the drastic decrease in the CTAB concentration
reduces the critical micelle concentration (CMC). According to
micellar growth mechanism, there is a decrease in the internal
driving force initiates the formation of small aggregates with
smaller size and shape of n-HAp.*’ Further the PEG being a non-
ionic surfactant and it can act as a co-template during the
crystallization and the nucleation process.In addition, the
increasing concentration of PEG gradually reduces the initial
aggregation of nucleation thereby it requires long time to produce
large aggregation of nucleation resulting smaller crystallite
size.This confirms the surface structure and size of the n-HAp
was controlled by the addition of PEG.

Micelles formation

CTAB =1.0 mM
PEG=0mM

CTAB =0.75 mM

PEG=0.25 mM
CTAB = 0.5 mM ~. BN
PEG = 0.5mM %
_—
CTAB = 0.25 mM @ﬁg _
PEG=0.75 mM o X
59
MR T [r— )
AB
PEG CTAB = 0.0 mM “ ‘
v 8 PEG=10mM @

f HAP nuclei

Fig.7 Morphological evaluation of n-HAp by changing the molar
ratio of the CTAB and PEG(0, 0.25, 0.5, 0.75, 1 mM of PEG)
Surface Area and Pore Size Determination:

Specific surface area and porous nature of rod and sphere like
n-HAp were further investigated by nitrogen physisorption
(adsorption/desorption) isotherms. Figure 8 (a) and (b) shows the

s N, adsorption - desorption isotherms for the nanorods and

nanospheres respectively. It exhibits a type IV isotherm at a
relative pressure (p/p,) between 0.1 to 0.9, representing the
mesoporous structure of n-HAp. A Barrett-Joyner-Halenda (BJH)
calculation reveals the average pore size distribution is in the
range of 8 and 6 nm treasured for the rod and sphere like n-HAp.
The specific surface area (SSA) for the rod like n-HAp can be
obtained as 97 m’g”', which is much higher than the sphere like
n-HAp of 75 m?g™. This value is similar to the already reported
SSA for the mesoporous n-HAp of 87.3 m’g’'*'®The high

s specific surface area of n-HAp is due to their small crystal/grain

size as observed from FESEM and XRD respectively.
3.3. Pb(IT) Adsorption

Hydroxyapatite is a well-known and an effective adsorbent to
remove hazardous materials and heavy metals from waste water.
‘The present study is to investigate the morphological dependent
Pb (IT) adsorption ability from waste water by using both HAp
nanorods and nanospheres. The removal efficiency was studied

by varying the parameters such as pH, contact time, and initial
concentrations of the metal ions. All these parameters were

as optimised and find out the removal efficiency of Pb (II) ions from

aqueous solution.
Effect of pH:

The pH is one of the most important parameters for the

adsorption of heavy metals from aqueous solutions. In this study,

s0 the adsorption of Pb* ions on HAp nanorods and nanospheres
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were investigated with the range of pH from 2 to 10
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Fig.8The N, physisorption (adsorption/desorption) isotherms and pore
size distributions of hydroxyapatite (a) nanorods and (b) nanospheres.

by fixing the concentration of adsorbent dosage to 10 mg/L for
the different initial concentrations of adsorbate as 20 to 100
mg/L.The Pb(Il) adsorption efficiency was studied for n-HAp

s nanorods and nanospheres with different initial concentrations of

the adsorbate. The result shows the adsorption capacities of Pb
(IT) increases significantly with the increase of pH from 2 to 4
and there is a small decrease with plateau at the pH range of 4 -
10. The adsorption maximum was observed as 97.5 and 90.5 %

ss for the n-HAp nanorods and nanospheres at pH 4 for initial

concentration of 20 mg/L of Pb (I1). Similar reports were already
reported for adsorption of Pb (II) ions on HAp.***Also, the
adsorption percentage of Pb (II) decreases by increasing the

6|Journal Name, [year], [vol], oo—oo
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Fig.9 Adsorption effect of pH and contact time on the Pb(Il) with different initial concentrations (20 to 100 mg/L). Dosage of adsorbent is 10 mg/g (a) and
(c) effect of pH, (c) and (d) effect of contact time of the hydroxyapatite nanorods and nanospheres respectively.

»s initial concentration from 20 to 100 mg/L. At lower initial
concentrations the adsorption percentage of Pb (II) was higher
due to the larger specific surface area and more adsorption sites.
The higher initial concentration of Pb (II) ions decreases the
adsorptions site and specific surface area and therefore the

s removal percentage of the adsorbate decreases.’® Since the
optimum pH for Pb (II) adsorption by n-HAp was found to be 4
and this pH has been used for further studies.

Contact Time:
The effects of contact and equilibrium times are most

35 important parameters for the adsorption of heavy metal ions from
aqueous solutions. Figure 9 (b and d) shows the effect of contact
time between 5 to 120 min for the adsorption of Pb(II) ions by

n-HAp nanorods and nanospheres with different initial
concentrations from 20 to 100 mg/L with a pH of 4. The

40 equilibrium time depends on initial concentrations of Pb(Il) ions.
The n-HAp nanorod shows the maximum adsorption for the first
5 min and thereafter the equilibrium time was established at 20
min for 20 mg/L of adsorbate. The maximum initial concentration
of 100 mg/L attain the equilibrium time at 70 min as shown in

45 Fig 9 (b). The Pb (II) adsorptions capacity of spheres like n-HAp
in Fig 10 (d) shows the rapid increase in the adsorption for first 5
min and thereafter the equilibrium time was observed at 80 min

for all the initial concentrations of adsorbate. These results
confirms the adsorption of Pb (II) ions can be attained rapidly by
so nanorods like n-HAp compared with the nanospheres which
presents a contact time of 80 min to achieve adsorption
equilibrium.The fast rate of adsorption equilibrium
between 5 and 70 min for HAp nanorods should be used as a
good adsorbent material for the removal of heavy weight metal
ss ions from aqueous solutions.
Adsorption Kinetics Study:
Pb (II) adsorption kinetic analyses were performed with
different morphologies of rod- and sphere-like n-HAp using
theLagergren’s first order rate equation as described in equation

60 (1).

K1
2.303 t (l)

log(q. — q.) =logq. —

Whereq, andg, are the amounts of metal ions adsorbed (mg/g) at
equilibrium and any given time ¢ (min) respectively. Kjis the
pseudo-first order reaction rate constant for adsorption (min™").

s The values of the ¢, and K;, were calculated from the slope and
intercept of the plots of log(q.- ¢q,) versus time (f) as shown in
Fig.10 (a) & (c).
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Fig.10 Linear fit of experimental data obtained using pseudo first and second order model for the adsorption of Pb (II) ions for (a) and (c)

n-HAp nanorods and (c) and (d) n-HAp nanosphere.

The pseudo second order kinetic model can be represented as
equation (2).34%

2

S

t

dt

1

t
= —+4 >
K>q¢

de

(@)

Where K} is the equilibrium rate constant of pseudo second order

adsorption (g mg'l min’!). The values of K, and q. were calculated
30 from the plots of #/g versus ¢ as shown in Fig 10 (b) & (d). The
pseudo-first order kinetics, the experimental data significantly
deviates from linear fit and this was evident by the low
correlation values. It suggests the pseudo-first-order kinetic
model is not suitable for describing the kinetics of the adsorption
process. The correlation coefficients were closer to unity for
pseudo-second order kinetics than that for the pseudo-first order
kinetics. This indicates the adsorption of Pb (II) on the nanorods
and nanospheres of HAp nanostructures follow the pseudo-
second order kinetic model.

Adsorption Isotherm:

Adsorption isotherms are mathematical models that describe
the distribution of the adsorbate species between liquid
andadsorbent based on a set of assumptions that are mainly
associated to the homogeneity/heterogeneity of adsorbents and

4

ss type of coverage and probability of interaction between
theadsorbate species.The adsorption data of Pb(II) on the n-HAp
were used to determine the characteristic adsorption constants by
using Langmuir isotherm and Freundlich models. The adsorption
isotherm of Langmuir and Freundlich models of Pb (II) ions are

so shown in Fig 11. The experimental data were fitted based on
Langmuir isotherm and Freundlich models to explain the
adsorption performances of heavy weight metal ions
theadsorbents

on

The Langmuir and Freundlichequations can be expressed by the

ss linearized form as: >
c._1.c N
9. O 0O,
logC,
logg, =logK, + @

Where C,and g.are the equilibrium concentration (mgL™) and
amount of adsorption at equilibrium (mg g'). Q, and b is

e Langmuir related the theoretical monolayer
adsorption efficiency(mg g') and energy ofadsorption(L. mg™)
respectively.

constants to
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Freundlich isotherm for (a) and (b) hydroxyapatite nanorods, (c) and (d) hydroxyapatite nanospheres.

The linear plots of C/q.vsC, suggest the applicability of the
Langmuir isotherms. Values of Q, and b were determined from
the slope and intercepts of the plots. The values of
Q,andbindicate the maximum adsorption corresponds to a
saturated monolayer of adsorbate ions on adsorbent surface. The
fitted parameters from the experimental data with both Langmuir
and Freundlich isotherms were presented in Table 1. The
maximum adsorption efficiency (Q,) observed based on
Langmuir model were 714.14 and 526.31 mg/g for the Pb (II)
ions for the nanorods and nanospheres of n-HAp respectively.The
constants and correlation coefficients of Pb (II) ions on n-HAp
nanorods and nanospheres were compared and reported in
Table.1 for comparison. It shows the nanorods have maximum
adsorption capacity due to the high specific surface area
(SSA).The Freundlich isotherm undertakes heterogeneous
adsorption due to the diversity of adsorption sites. The
FreundlichconstantsKandnwere calculated from the linear plot of
log g.vs log C, and were presented in Table 1. The values of the
adsorption isotherm constants n and R? indicate the experimental
values are well fitted with the Freundlich model. So it confirms
the adsorption of Pb (II) ions from aqueous solution by n-HAp
and in particular n-HAp nanorods shows good heterogeneous
adsorption capacity than the nanospheres. The Pb(II) adsorption

capacity of the HAp nanorods was higher than that of the
reported values as presented inTable 2.

Pb(IT) Adsorption Mechanism:

The synthesized n-HAp nanorods and nanosphere shows good
adsorption capability of Pb (II) ions from aqueous solutions. The
adsorption mechanism depends on three factors such as surface
adsorption, cation substitution and precipitations. The maximum
adsorption of Pb (II) ions was achieved at acidic condition.

The present experimental result shows the maximum removal
percentage of 97.5 and 90.5 % for n-HAp nanrods and
nanospheres with a pH of 4. The ion exchange mechanism
between Pb (II) and HAp can be described as follows: >+

2 _
Ca (PO) (OH) +14H — 10Ca +6HPO +2HO (5)
10 4°6 2 2 4 2

2 _
s 10Pb +6HPO +2HO — Pb (PO)(OH) +14H (6)
2 4 2 10 4°6 2

The pH is the most important parameters for the adsorption of Pb
(II) ions from waste water.

This journal is © The Royal Society of Chemistry [year]
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Table 1 Langmuir and Freundlich constants and correlation coefficients for adsorption of Pb (II) on HAp nanorods and nanospheres.

2

2

Metal Ions Langmuir Freundlich
0y (mg &) b B I(f(mgl-l/nLI/n <) » B
Pb (II) on HAp Nanorods 714.14 0.2551 0.8316 161.96 1.7438 0.9841
Pb (II) on HAp Nanospheres 526.31 0.1921 0.9718 98.83 1.8898 0.9849
Table 2 Summary of the Maximum Pb (II) removal capacities by different adsorbents
S.No Adsorbent Adsorption Capacity mg g”! Reference
1 Power activated carbon 20.7 38
2 Fly ash 15.08 39
3 Lichen (Cladoniafurcata) 12.3 40
4 Melocannabaccifera charcoal 10.66 41
5 Coir (Coco nucifera) 18.9 42
6 Nanorods NiO and Ni(OH), 32 and28 43
Dandelion-like NiO and Ni(OH, 26 and 33
7 Ca-deficient HAp 19.96 44
8 Ni@C composite nanostructures 21.4 45
9 HAP Sphere 526.31 Present Study
10 HAP Rod 714.14 Present Study

s The effect of pH on adsorption was carried out with the range of
pH from 2 to 10. The HAp was easily dissolved and releases
maximum calcium and phosphate ions in the range of 41 and 62
mg/L and also consumes H* ions with a pH of 3 to 4.% During the
adsorption process, dissolution and re-precipitation takes place.
The equation 5 expresses the dissolution of the HAp
nanoparticles to the solution containing different initial
concentrations of Pb (II) ions of 10 to 50 mg/L at different pH
values.The decrease in the pH interestingly improves the
adsorption capacity due to the maximum release of phosphate
ions from the hydroxyapatite nanoparticles and the maximum Pb
(II) ions interact withphosphate ions at pH 4. Further, the
concentration of calcium and phosphate ions increases with an
increased contact time and the rapid adsorption observed within
first 5 min andfurther it reach a small increase and reaches a
saturated equilibrium time at 70 min. Most of the calcium and
phosphate ions from the n-HAp were released at 60 min.*®

In the case of n-HAp nanorods and nanospheres show an
equilibrium time of 70 and 80 min respectively. Equation
6,describes the precipitation of Pb (II) in the 6H,PO,4 solution
s andform a new phase of hydroxypyromorphite, (Pb;y (PO4)s (OH)
,) and releases H*and it was confirmed by several reports.’*
3745The maximum Pb (II) adsorption capacity (Q,) of HAp
nanorods andnanospheres were of 714.14and 526.31mg g’
respectively. However, at every initial Pb (II) concentration are in
the ranging from 20 to 100 mg/L.The adsorption capacity of
nanorods is slightly higher than the nanospheres due to the high
specific surface area and high pore size distributions that provide
large number of adsorption sites. Therefore, the large number of

@

35

60

adsorption sites relatively increases the adsorption of Pb (II) ions
on the HAp nanorods.

4. CONCLUSIONS

In summary, the nanorods and nanospheres of HAp were
prepared by hydrothermal process by suitably adjusting the
concentrations of soft templates CTAB and PEG. The CTAB
promotes the nucleation growth on facial c-axis and the
hydrothermal reaction temperature influences the crystallinity and
controls the size and shape of the HAp nanorods. The possible
formation mechanism explains the role of PEG concentration on
the formation of spindle, rice and spherical like morphologies of
n-HAp. Finally, the nanospheres were combined to form the
chain like morphology with PEG as only surfactant. The strong
electrostatic interaction between Pb(I) and n-HAP at various pH,
contact time and adsorbate concentration pays an vital role in
adsorption mechanism. The maximum adsorptions capacities
were found to be 714.14 and 526.31mg g 'respectively for the n-
HAp nanorods and on nanospheres respectively. The pseudo-
second order kinetic model was fit rather that the first order.
Langmuir and Freundlich adsorptions models were applied to
describe the equilibrium isotherms. These nanorods and

s nanospheres of n-HAP could achieve the a rapid removal of

Pb(Il) removal. These HAp nanorod and nanosphere have
promising and excellent adsorption capacity and thereby it can be
used in environmental remediation process.

10|Journal Name, [year], [vol], oo—oo
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Graphical abstract

Nanostructured hydroxyapatite with tunable morphologies were prepared by suitably

adjusting the surfactants and used as an adsorbent for Pb (II) from the waste water.
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