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Abstract
Hydroxyapatite Nano Rods (HAp-NR) was synthesized from Perna viridis shell bio-waste by chemical precipitation method 
followed by annealing with addition of poly vinyl alcohol (PVA). The formation of HAp-NR was confirmed by FTIR and 
XRD analysis. SEM and TEM images confirms rod like structure of HAp and the EDX studies have confirmed the presence 
of Ca, P and O with Ca/P ratio = 1.61 in HAp-NR. Removal of uranium (VI) from aqueous solution by batch adsorption 
experiments was investigated using HAp-NR. The influence of pH, contact time, initial U(VI) concentration, temperature and 
ionic strength on adsorption of U(VI) onto HAp-NR were carried out. The adsorption of U(VI) onto HAp-NR was confirmed 
by EDS elemental mapping, FTIR, and XRD studies. Kinetics of adsorption followed the Elovich model and the adsorption 
process reached equilibrium within 90 min. Adsorption isotherm data agreed well with the Langmuir isotherm model and 
HAp-NR exhibits maximum experimental adsorption capacity of 293.6 mg g−1 at 298 K. Temperature dependent adsorp-
tion studies reveals the endothermic nature of U(VI) adsorption onto HAp-NR. The adsorbent can be reused by leaching the 
adsorbed U(VI) by equilibrating with 0.05 M Na2CO3. Hence, the present study reveals that HAp-NR derived from Perna 
viridis shell bio-waste could be a potential simplistic nanomaterial for environmental remediation.
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Introduction

Humans rely on the maritime environment for a variety of 
economic reasons, including the supply of food, medicine, 
and various raw materials. In the recent years, marine-
derived biomolecules (proteins, natural compounds, etc.) are 
gaining wide attention in medicine and engineering fields. 

Marine environments are home to many exotic biological 
species that may inspire the designing of biomimetic materi-
als such as bioceramics [1]. Hydroxyapatite (HAp), one of 
the bioactive ceramics has gained wide attention in recent 
years due to its potential applications in several fields such 
as bioceramic industry, medical, pharmaceutical, and also 
in the environmental pollution control [2].

HAp is chemically represented as Ca10(PO4)6(OH)2. It 
can be obtained from both chemical and natural sources 
[3–7]. The Ca/P ratio of stoichiometric hydroxyapatite is 
usually conveyed as 1.67, while Ca/P ratio of non-stoichi-
ometric calcium deficient hydroxyapatite is below 1.67. 
Compared to synthetic HAp, natural HAp is non-stoi-
chiometric since it contains trace amounts of Na+, Zn2+, 
Mg2+, K+, Si2+, Ba2+, F− and CO3

2−. Hydroxyl being the 
end member of the hydroxyapatite complex is replaceable 
by carbonate, chloride or fluoride ions. Thus, calcium 
deficient non-stoichiometric HAps derived from natural 
sources has shown to be a better adsorbent for the purifica-
tion of aqueous solutions containing metal cations, anions 
and organic pollutants due to presence of exchangeable 
cation, hydroxyl ions and phosphate chelating group [8, 
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9]. Currently studies were focused on the use of bio-based 
sources such as coral, egg shells, fish bones, and seashells 
for the preparation of HAp. Among the above sources, 
seashell wastes are considered as the potential materials 
due to their availability and rich calcium content (> 95wt% 
CaCO3). Seashell wastes were also utilized in chemical 
synthesis to produce novel functional materials for envi-
ronmental remediation applications [10].

The present work aims to use Perna viridis sea shell 
natural bio waste for synthesis of HAp and study its 
adsorption potential for removal of U(VI) from aqueous 
medium. U(VI) is a natural radioactive elements present on 
the earth crust. Development of nuclear energy technology 
has resulted in the release of U(VI) into the environment 
both by the front end and back end of nuclear fuel cycle. 
The formation of various hydrolysed U(VI) species such 
as (UO2)3(OH)5

+, UO2(OH)+, and (UO2)2(CO3)3
2− [11, 12] 

in aqueous medium results in easy migration of U(VI) 
into the aqueous environment. The elevated level of U(VI) 
in aqueous medium can cause devastating damage to liv-
ing organisms through bio-magnification [13]. Hence it 
is highly important to continuously monitor the level of 
U(VI) and its removal from aqueous environment. The 
removal of uranium from the environment has been suc-
cessfully accomplished using a variety of methods and 
strategies. Chemical precipitation [14], solidification 
[15], ion exchange [16], photocatalytic degradation/oxi-
dation [17, 18], membrane separation [19], and solid phase 
extraction [20] are the prominent approaches. Solid phase 
extraction is perceived to be an economical process for 
uranium pre-concentration and extraction [19, 21]. For the 
efficient extraction of U(VI), adsorbents with phosphate 
functional moieties are preferred due to the presence of 
hard donor atoms (“O”) which can readily form strong 
complexes with U(VI). Since, HAp has phosphate func-
tional group along with labile calcium and hydroxyl ions 
it can be employed as a strong sorbent for uranium decon-
tamination from aqueous medium. Few recent studies with 
HAp and its composite materials have been reported for 
U(VI) removal. However, the reported HAps were synthe-
sized using calcium chemical precursor [22–30].

The present work discusses the synthesis of HAp from 
Perna viridis sea shell natural bio waste by chemical pre-
cipitation method. The amorphous HAp obtained was 
annealed with addition of PVA polymer to get rod like 
nanohydroxyapatite (nHAp). PVA polymer addition dur-
ing annealing could have modified the exterior surface 
of the HAp nanoparticles thereby improving the stability 
and mechanical properties of the materials [31]. Thus, the 
obtained rod like nanohydroxyapatite (nHAp) have been 
used for removal of U(VI) ions from aqueous medium and 
the results are discussed in detail.

Materials and methods

Materials

The biowaste (species: Perna viridis) were collected from 
different sites of Vellar Estuary at Parangipet (Lat: 11º20′ 
25.55″ N, Long: 79º45′ 38.62″ E), Tamilnadu, India. 
Detailed sampling information was given in our previous 
article [32]. The collected shells were first washed with nor-
mal water many times later the meat and algae in the shells 
were removed by soaking them in hot water for 30 min and 
then cleaned with running water. Finally, the obtained shells 
were dried in a hot air oven at 100 °C for 3 h. Diammonium 
hydrogen phosphate ((NH4)2HPO4, Nitric acid (HNO3), 
Sodium hydroxide (NaOH), Poly vinyl alcohol (PVA, Mw: 
115,000), and acetone of analytical grade were purchased 
from Merck. UO2(NO3)2·6H2O (98%) was purchased from 
SRL. U(VI) stock solution was prepared by dissolving 
211 mg of UO2(NO3)2·6H2O in 100 mL of 0.1 mol  L−1 
HNO3 solution.

Synthesis of rod‑like nanohydroxyapatite (HAp‑NR)

The cleaned and dried Perna viridis sea shell bio waste 
were crushed using agate mortar to get powdered CaCO3 
and then calcined at 900 °C for 3 h to get CaO. About 2 g 
of CaO was dissolved by adding 10 mL of concentrated 
HNO3 and evaporated to dryness to get Ca(NO3)2 crystal. 
The aqueous solution of Ca(NO3)2 was prepared by adding 
50 mL of deionized water into Ca(NO3)2 crystal. A white 
milky precipitate was obtained by slowly adding 0.06 M of 
(NH4)2HPO4 to the above solution (pH of the solution main-
tained at 9). The precipitate was centrifuged for settling and 
re-dispersed in deioniozed water and again centrifuged. This 
process is repeated several times to remove any excess NH4

+ 
and NO3

− ions. Finally, the precipitate was allowed for dry-
ing at 100 °C for 3 h in a hot air oven. The resultant powder 
sample obtained was mixed with PVA polymer and calcined 
in an air atmosphere at 900 °C for 3 h using an electrical 
furnace. The synthesis procedure is shown in Fig. 1.

Characterization

Infrared spectrum was recorded using KBr discs by Perkin 
Elmer FTIR spectrometer in the range of 4000–400 cm−1 
with a resolution of ± 1.0 cm–1 in transmittance mode. X-ray 
diffraction (XRD) patterns of the powdered samples were 
obtained using an X’pert PRO diffractometer. CuKα radia-
tion (λ = 1.54060 A˚) source was used to record the samples 
at room temperature with the range from 20º to 60º. The 
scanning electron microscopy (SEM) images was acquired 
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using a CARL ZEISS-SIGMA-300 operated at an acceler-
ating voltage of 0.3 to 30 kV, with a resolution of 15 nm 
(1 kV) at high vacuum mode (HV). Mapping with Energy 
–Dispersive –X ray (EDX) measurement was carried out 
using BRUKER at 129 eV. Transmission electron micro-
scope (TEM) images were obtained from Jeol/JEM 2100, 
Source: LaB6make, Resolution: Point: 0.23 nm.

U(VI) adsorption studies

Application of HAp-NR for the removal of U(VI) from 
wastewater was studied by batch adsorption technique. All 
the adsorption experiments were carried out at ambient con-
ditions using a borosilicate glass bottle of 60 ml capacity 
with a lid under the agitation of 170 rpm. Equilibration of 
10 ml of 20 ppm U(VI) solution with 50 mg of HAp-NR was 
performed to know the adsorption properties of the HAp-NR 
adsorbent. After three hours of equilibration, phase separa-
tion was done by centrifugation. The amount of U(VI) left 
out in the supernatant after phase separation was estimated 
using Arsenazo III solution by UV visible spectrophotomet-
ric (Perkin Lamda 35 spectrophotometer) method by meas-
uring the absorbance at 655 nm [33].

The amount and percentage of U(VI) adasorbed on HAp-
NR are calculated according to the Eqs. (1) and (2).

where qe is the adsorption capacity of HAp-NR in mg g−1 
of U(VI), C0 and Ce (mg L−1) are the initial and equilibrium 

(1)qe =

(

Co − Ce

)

m
⋅ V

(2)% Removal =

(

Co − Ce

)

C0

⋅ 100

concentration of U(VI) respectively, V (L) is the volume of 
the solution in litre and m is the weight of the adsorbent (g).

Results and discussion

FTIR studies

Figure 2 shows the FTIR spectra of synthesized HAp-NR 
at 900 °C. The absorption bands located at 3433 cm−1(ʋ4) 
correspond to the stretching vibration of the hydroxyl groups 
(OH−). The band at 961 cm−1(ʋ1) is attributed to the sym-
metric stretching mode of phosphate group. The doublet 
found at 1091 and 1047 cm−1(ʋ3) corresponds to the asym-
metric stretching, and a doublet at 605 and 566 cm−1(ʋ4) 
is the bending modes of phosphate group. Presence of the 
above mentioned characteristics bands indicate that the 
derived product is HAp. [34, 35].

In addition to the OH− and PO4
3− peaks, some peaks are 

observed at 1457 and 876 cm−1. These observed peaks are 
due to the presence of B type carbonate (CO3

2−) [36] which 
could be because of the partial replacement of phosphate 
(PO4

3−) ions by CO3
2− [37].

XRD characterization

Figure 3 shows typical diffraction peaks at 2θ = 25.83°, 
28.73°, 31.8°, 32.19°, 32.52°, 34.37°, 39.57°, 41.83°, 46.74°, 
47.67°, 49.53°, 53.61° and 64.08° which corresponds to (h 
k l) of (002), (210), (211), (112), (300), (202), (310), (311), 
(222), (312), (123), (004) and (304) of the HAp-NR respec-
tively. These diffraction patterns correspond to the hexago-
nal phase of HAp (a = b ≠ c) with phase group of P63/m and 
unit cell constant a = b = 9.4180 and c = 6.8840 A˚, which 

Fig. 1   Scheme of hydroxyapatite Nano-Rod (HAp-NR) synthesis from Perna viridis(PV) sea shell bio-waste
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are in well agreement with JCPDS: 09–0432 and previous 
reports [38–40]. Moreover, there is no additional peak found 
other than HAp. It is a clear indication that the present XRD 
patterns solely represent the formation of HAp. The average 
crystallite size of the synthesized HAp-NR nanoparticles is 
calculated by Debye- Scherrer's formula as follows (Eq. 3) 
[41]

where ‘d’ is the average crystallite size (in nm), wavelength 
(λ) = 1.54056 Å for CuKα radiation, β denotes the full width 
at half maximum (FWHM in radian) of peak and θ is Bragg 
angle in radian. The average crystallite size of HAp-NR is 
41.50 nm. It is important to note that the steric hindrance 
caused by PVA polymer added during annealing results in 
a controlled nucleation rate of nanoparticles that decreases 
the crystallite size [37, 42]

Microstructure analysis of HAp‑NR by SEM and TEM

The surface morphology of HAp-NR was analyzed by SEM 
(Fig. 4a). The morphology of HAp-NR clearly shows a rod 
like structure. The addition of PVA polymer results in for-
mation of rod-like HAp through nucleation, surface-regu-
lation, growth, oriented attachment and Ostwald ripening 
mechanism [37, 43, 44]

TEM images and SAED pattern of HAp-NR are shown 
in Fig. 4b and c. TEM image clearly display rough rod like 
structure of HAp-NR. SAED pattern indicates the presence 
of polycrystalline nature of HAp-NR with an inter-planar 
distance of 0.41 nm (Fig. 4c). Figure 4d shows the EDX 
spectrum of HAp-NR and it confirms the presence of Ca, P 
and O elements with Ca/P ratio = 1.61 which is very close 
to theoretical ratio of 1.67.

Uranium uptake by HAp‑NR adsorbent

Effect of pH on U(VI) speciation and its adsorption 
onto HAp‑NR

The synthesized HAp-NR was used as an adsorbent for 
uptake of uranium from aqueous solutions. U(VI) adsorp-
tion onto HAp-NRs is highly influenced by the pH of the 
solution. Figure 5 depicts the percentage of sorption of 
U(VI) onto HAp-NR as a function of equilibrium pH. At 
acidic conditions, i.e., pH below 4, the presence of H+ ions 
in the solution significantly compete with UO2

2+ species 
suppressing the sorption of U(VI) onto HAp-NR. Hence, 
the minimum sorption (< 75%) of U(VI) was observed 
at acidic pH. The maximum sorption of U(VI) on HAp-
NR was found to occur at a pH range of 5–7. U(VI) exists 

(3)d =
0.89�

�Cos�

Fig. 2   FTIR spectrum of HAP-NR and U(VI) adsorbed HAp-NR

Fig. 3   XRD Pattern of HAp-NR and U(VI) adsorbed HAp-NR
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as linear dioxo cation, UO2
2+ at pH ≤ 2.5 and it undergo 

hydrolysis beyond pH 3. An appreciable amount of mono-
nuclear UO2OH+ species is present between pH 5 and 7. The 
decrease in H+ ion concentrations and favorable interaction 
of UO2OH+ species with HAp-NR resulting in maximum 
sorption at a pH range of 5–7 [11, 12]. The results show that 
maximum of ~ 97% of U(VI) adsorbed on HAp-NR at pH 6. 
The formation of dinuclear species both cationic and anionic 
dinuclear species such as (UO2)3(OH)5

+, (UO2)2(OH)2
2+, 

(UO2)4(OH)7
+, (UO2)2CO3(OH)3

−, (UO2)3(OH)7
− and 

(UO2)2(CO3)3
4− increases from pH 6. The electrostatic 

repulsion of anionic dinuclear U(VI) species with the sur-
face of HAp-NR adsorbent results in decrease of U(VI) sorp-
tion onto HAp-NR at pH > 6.

Kinetics of adsorption

The practical application of an adsorbent depends on the 
kinetics of adsorbate sorption on the adsorbent surface. The 
kinetics of U(VI) sorption onto the HAp-NR adsorbents 
were investigated over the period of 1–180 min. Typically, 

Fig. 4   a SEM image, b TEM images and, c SAD Pattern, d EDX spectrum of HAP-NR

Fig. 5   Effect of pH on uranium adsorption onto HAp-NR
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0.1 g of the adsorbent was dispersed in 25 mL of millipore 
water and then equilibrated with 25 ml of 100 ppm U(VI) 
solution which was pre-adjusted to a pH of 6. At periodic 
time intervals, the concentration of U(VI) in the superna-
tant of the solution was determined. The kinetics of U(VI) 
adsorption onto HAp-NR in terms of adsorption capacities 
(qt) and percentage of adsorption are shown in the Fig. 6. 
The kinetics experiment illustrates that the sorption process 
takes place gradually and then it attains equilibrium within 
90 min. After 90 min of equilibration, percentage of U(VI) 
sorption remains constant due to saturation of active sites 
of the adsorbent.

Four kinetic models, pseudo-first-order, pseudo-second-
order, Elovich and intra-particle diffusion kinetic models 
were used to fit the experimental data of U(VI) adsorption 
on the HAp-NR (Fig. 7a–d). The equation of these four 
kinetics models in the linear form is given in Eqs. (4)–(7), 
respectively.

The kinetic parameters and the regression coefficients (R) 
for above four models of the adsorption process were calcu-
lated from the corresponding linear plots and listed in Table 1. 
The experimental kinetic data has strong correlation with 
Elovich kinetic model and the value of regression coefficients 

(4)Pseudo − first order ln
(

qe − qt
)

= lnqe − k1t

(5)Pseudo - second order
t

qt
=

1

k2q
2
e

+
t

qe

(6)Elovich qt =
1

β
ln (αβ) +

1

β
ln t

(7)Intra particle diffusion models qt = kit
0.5 + c

(R) is better compared to other kinetic models (Table 1). The 
Elovich kinetic model has been applied satisfactorily to chem-
isorption data and it is often valid for heterogeneous adsorp-
tion systems [45]. The present experimental data suggests 
that the adsorption of U(VI) onto HAp-NR was controlled by 
chemisorption. The Elovich kinetic parameters such as ini-
tial velocity (α) and desorption constant (β) were estimated 
by a linear plot of qt against lnt (Fig. 7c). The parameters α 
and β calculated from the intercept and the slope of the lines 
are found to be 14.2 mg/g min and 0.009 g/mg respectively. 
The moderate velocity and low desorption constant strongly 
suggest the most favorable sorption of U(VI) onto HAp-NR 
adsorbent.

Adsorption capacity of HAp‑NR

The maximum U(VI) sorption capacity (qm) of HAp-NR was 
investigated by equilibrating 0.05 g of HAp-NR with various 
concentrations of U(VI) between 50 mg L−1 and 500 mg L−1 
for a contact time of 1 h. Figure 8 clearly shows that, the equi-
librium adsorption capacity (qe) increased with increase in 
initial U(VI) concentration and reached to a maximum value. 
The experimentally determined maximum sorption capacity 
(qm) of HAp-NR was found to be 293.6 mg g−1.

Adsorption isotherms

The initial U(VI) concentration dependent sorption isotherm 
data were fitted with the linear forms of Langmuir and Freun-
dlich isotherm models (Eqs. 8 and 9). These two models were 
commonly employed to describe the interaction between the 
adsorbent and the adsorbate [45].

(8)Langmuir
Ce

qe
=

1

q0b
+

Ce

q0

Fig. 6   Kinetics of uranium adsorption on HAp-NR
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Fig. 7   The linear fit of experimental data of U(VI) adsorption onto HAp-NR according to a pseudo-first-order, b pseudo-second-order, c Elovich 
and d intra-particle kinetic models

Table 1   Kinetic parameters for U(IV) adsorption onto HAp-NR

Kinetic parameters

Pseudo First Order
k1 (min−1) 0.0436
qe (mg g−1) 343.7
R2 0.958
Pseudo Second Order
K2 (min−1) 0.000103
qe (mg g−1) 312.5
R2 0.955
Elovich
α (mg g−1 min−1) 14.2
β (g mg−1) 0.009
R2 0.975
Intra-particle diffusion
ki (mg g−1min1/2) 37.62
c (mg g−1) − 72.8
R2 0.912

Fig. 8   Effect of initial U(VI) concentration on the sorption capacity 
of HAp-NR
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where qo (mg g−1) and b (L  mg−1) are the Langmuir sorp-
tion capacity and energy, respectively. KF (mg1−n Ln g−1) and 
n are empirical Freundlich constants which represents the 
extent of adsorption and the degree of nonlinearity respec-
tively. The Langmuir and Freundlich isotherm fit for U(VI) 
adsorption onto HAp-NR are shown in Fig. 9a and b and 
the parameters obtained are given in Table 2. It is observed 
that Langmuir model fits the sorption data fairly better than 
the Freundlich model. The above findings illustrates that 
U(VI) is uniformly adsorbed on the surface of HAp-NR. 
Therefore, the adsorption process is mainly predominated 
by chemisorption.

Mechanism of U(VI) adsorption on HAp‑NR 
adsorbent

HAp-NR is composed of Ca10(PO4)6(OH)2 and it is expected 
that the adsorption of U(VI) on HAp-NR mainly occurs via 
ion exchange of U(VI) species with Ca2+ ions and the compl-
exation with phosphate chelating groups [46]. The U(VI) spe-
cies substitutions in hydroxyapatite lattices is complex, there 
may be an unequal distribution of U(VI) species in the HAp 
due to presence of various hydrolysed U(VI) species (UO2

2+, 
UO2(OH)+) in the aqueous medium. The charge compensa-
tion mechanism plays a significant role during U(VI) species 
substitution on the Ca2+ ions site of HAp-NR. The (VI) spe-
cies substitution on the Ca2+ ions site and complexation with 
phosphate chelating groups of HAp-NR is shown in Fig. 10. 
The presence of U(VI) species on the surface of HAp-NR was 
confirmed by FTIR, XRD and SEM–EDS. FTIR spectrum 
for U(VI) species adsorbed on HAp-NR adsorbent is shown 

(9)Freundlich ln qe = lnKF +
1

n
lnCe

in Fig. 2. FTIR spectrum shows a significant shift in the 
vibrational peaks at 1047 cm−1 to 1032 cm−1 corresponding 
to –P = O stretching of HAp-NR after adsorption of uranium 
strongly indicates that phosphate groups are complexing with 
U(VI) species. In addition to HAp vibrational peaks, the new 
peaks at 726, 935 and 495 cm−1 are observed corresponding 
to stretching vibrational peaks of O=U=O and U–O respec-
tively [47]. Moreover, a very broad vibrational peak centered 
at 3438 cm−1 clearly indicates the adsorption of hydrolysed 
UO2(OH)+ species on the surface of HAp-NR adsorbent. XRD 
pattern of U(VI) adsorbed HAp-NR reveals that there is no 
additional peak found other than HAp however a significant 
decrease in peak intensity of diffraction pattern and increased 
background in the XRD spectrum (Fig. 3) indicates surface 
modification in HAp-NR adsorbent [47]. That is adsorption 
of U(VI) species on the surface of HAp-NR leads to observ-
able changes in the XRD spectrum of U(VI)-HAp-NR. The 
adsorption of U(VI) species and resultant surface modifica-
tion of HAp-NR was also confirmed by SEM–EDS analy-
sis. The surface of the HAp-NR rods was relatively smooth 
with abundant pore structures before adsorption (Fig. 5). 
After U(VI) adsorption (Fig. 11), the HAp-NR rods surface 

Fig. 9   a Langmuir and b Freundlich isotherm plot for the removal of U(VI) by HAp-NR (T = 25 °C, pH 6.0, shaking time 180 min, amount of 
nHAp 0.05 g)

Table 2   Adsorption Isotherm 
parameters for U(VI) adsorption 
on HAp-NR

Isotherm Parameters Values

Langmuir
qo (mg g−1) 384.6
B 0.017
R2 0.948
Freundlich
KF (mg g−1) 037.0
n 2.495
R2 0.713
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Fig. 10   Sorption of U(VI) onto 
HAp-NR by ion-exchange and 
chelation

Fig. 11   a SEM, b EDS elemen-
tal analysis and Elemental map-
pings for c Ca, d P, e O, and f 
U(VI) from the U(VI) adsorbed 
HAp-NR adsorbent



3244	 Journal of Radioanalytical and Nuclear Chemistry (2023) 332:3235–3247

1 3

became relatively rough along with the appearance of irregular 
large particles. The changes observed before and after U(VI) 
adsorption serves as a strong evidence that U(VI) species have 
occupied the active sites and also entered the pores on the 
surface of HAp-NR (Fig. 11f). The elemental analysis reveals 
that about 7.3% weight and 0.68 atomic percentage of U(VI) 
adsorbed onto HAp-NR (Table 3). Hence, FTIR, XRD and 
SED-EDS studies strongly supports the adsorption of U(VI) 
species onto HAp-NR.

Comparison of adsorption capacity of HAp‑NR 
with other relevant reported adsorbent

The experimental maximum sorption capacities of various 
hydroxyapatite materials and its composites for U(VI) uptake 
are given in Table 4 [21–30]. The comparative results on the 
adsorption capacities would provide useful insights on the cri-
terion for the assessment of the adsorbents for practical appli-
cations. The table clearly shows that the sorption capacity of 
rod-like nanohydroxyapatite (HAp-NR) from perna viridis 
(pv) bio-waste shell in the present study is reasonable, and it 
is high compared to many other reported adsorbents.

Thermodynamics study

The determination of thermodynamic parameters is very 
important to know about the spontaneity of a chemical pro-
cess. Thermodynamic parameters such as Gibb’s free energy 
(∆G), enthalpy (∆H) and entropy (∆S) were obtained by car-
rying out adsorption at different temperatures (30 °C to 80 
°C). Enthalpy (∆H) and entropy (∆S) were obtained from 
slope and intercept of the linear plot of lnKd versus 1/T using 
Van’t Hoff Eq. (10) and ∆G was calculated using standard 
thermodynamic Eq. (11). The linear plot of lnKd versus 1/T is 
shown in Fig. 12 and calculated thermodynamic parameters 
are summarized in Table 5.

where R (8.314 J/mol/K) is the ideal gas constant and T (K) 
is the temperature in Kelvin.

(10)lnKd =
ΔSo

R
−

ΔHo

RT

(11)ΔGo = ΔHo − T(ΔSo)

The positive value of ∆H° reveals the endothermic 
nature of the adsorption process and positive value of ∆S 
refers to the increase in randomness during adsorption pro-
cess. Entropy's positive value suggest that entropy increase 
due to the de-solvation of adsorbate species overcome the 
decrease in entropy due to attachment of adsorbate spe-
cies an adsorbent surface which results in overall entropy 
increase for adsorption process. Adsorption of U(VI) spe-
cies involves desolvation of hydration sphere and then 
adsorption on the surface of HAp-NR. The desolvation 
is an endothermic process and thus the increase in solu-
tion temperature favours the adsorption process. Hence, 
the Gibb’s free energy change (∆G) is negative at tem-
perature > 313 K which indicates the adsorption is more 
favourable above 313 K.

Table 3   Elemental analysis of HAp-NR after U(VI) adsorption

Element Weight (%) Atom (%) Error (%)

O K 55.90 77.38 10.40
P K 09.87 07.06 04.65
Ca K 26.93 14.88 02.64
U M 07.30 0.68 04.44

Table 4   Comparison of experimental U(VI) maximum sorption 
capacity of HAp-NR with various adsorbents

Adsorbent Sorption 
capacity 
(mg g−1)

References

HAp-AC-Alginate 18.66 [21]
Porous HAp 111.4 [22]
Carbonated hydroxyapatite 123.8 [23]
HAp microspheres 199 [24]
Al-doped Hap (Al-HAp-5) 222.2 [25]
Magnetically modified hydroxyapatite 310 [26]
HAp@kaolin aerogel 401.6 [27]
HAp-modified ZIF-67 composite 453.1 [28]
Mg/Fe-LDHs@nHAp nanoscale materi-

als
545 [29]

HAp (Microbial synthesis) 1025 [30]
Bio-waste derived HAp NanoRod 293.6 This work

Fig. 12   Effect of temperature on U(VI) adsorption onto HAp-NR
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Effect of ionic strength on U(VI) adsorption

Ionic strength that is concentration of Ca2+, Na+, K+, Cl−, 
NO3

− and CO3
2− drastically vary depending on the nature 

of surface waters and environment. Hence, we studied the 
influence of ionic strength of aqueous solution on U(VI) 
uptake onto HAp-NR. A stock solution consisting of 1 M 
concentration was prepared by weighing required amount of 
CaCl2, NaCl and KCl salts and together dissolved in 100 mL 
of deionized water. In the total 10 ml of aqueous solution, 
25 mg of HAp-NR, 50 ppm of U(VI) were kept constant 
and varied the electrolyte concentration from 0.001 M to 
0.1 M. Figure 13 shows, as the ionic strength of aqueous 
solution increased, U(VI) uptake on HAp-NR decreases 
gradually. The percentage of U(VI) adsorption on HAp-NR 
from aqueous solution of ionic strength of 0.01 M is about 
87%. However, the concentrations of ions in natural waters 
are far below than 0.01 M [48]. Hence, HAp-NR can be 
adopted as a potential adsorbent for U (VI) adsorption from 
surface waters.

Reusability of HAp‑NR adsorbent

To check the reusability of HAp-NR adsorbent, desorption 
of U(VI) species was performed by equilibrating separately 
with 10 ml of 0.001 M to 0.25 M concentration of hydro-
chloric acid (HCl) and sodium carbonate (Na2CO3) solu-
tions [49]. Figure 14 shows more than 85% and 92% of the 
adsorbed U(VI) species were desorbed using 0.05 M HCl 
and Na2CO3 respectively. Further increase in the concentra-
tion of HCl and and Na2CO3, increased the percentage of 
U(VI) desorption. However, the increasing concentration of 
HCl beyond 0.1 M leads to complete dispersion of HAp-NR 
nanoparticles in the aqueous solution. Those dispersed HAp-
NR nanoparticle were not completely settling during centrif-
ugation even at 6000 rpm. The micro sized HAp-NR might 
have broken into smaller nanoparticles leading to dispersion 
in the aqueous solution. While using Na2CO3 as desorbing 
agent HAp-NR nanoparticles were stable and observed bet-
ter separation of HAp-NR from aqueous solution. Thus, the 
results reveals that desorption of U(VI) should be carried 
out using 0.05 M Na2CO3, so that HAp-NR adsorbent can 
be used several times.

Conclusion

In summary, we synthesized HAp-NR from sea shell bio 
source (Perna viridis) by simple precipitation method. 
Removal of U(VI) from aqueous solution using biowaste-
derived HAp-NR was carried out. The study reveals that 
HAp-NR is a more suitable material for the remediation of 
uranyl ions (UO2

2+) from wastewater due to it exceptional 
sorption capacity (293.6 mg  g−1) and adsorption kinet-
ics (equilibrium reached less than 90 min). The uniform 

Table 5   Thermodynamic 
parameters of U(VI) adsorption 
onto HAp-NR

∆Ho (kJ mol−1) ∆So (kJ mol−1) ∆Go (kJ mol−1)

303 K 313 K 323 K 343 K 353 K

39.54 0.127 1.055 − 0.211 − 1.481 − 4.021 − 5.291

Fig. 13   Effect of ionic strength on U(VI) adsorption onto HAp-NR
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Fig. 14   Desorption of U(VI) from HAp-NR adsorbent
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adsorption of U(VI) onto HAp-NR adsorbent was clearly 
observed in SEM–EDX. The exchangeable Ca2+ cations and 
strong coordinating phosphate functional group present in 
HAp helps in effective adsorption of U(VI) species from 
aqueous medium. The uranyl ions were adsorbed on HAp-
NR via ion exchange and surface complexation mechanism. 
The U(VI) adsorption further increases with increase in 
temperature. In addition, HAp-NR can be used to treat sur-
face waters containing U(VI) species in presence of various 
other ions. Moreover, HAp-NR can be reusable by treating 
with dil. Na2CO3 solution. Thus, the present study clearly 
depicts that HAp-NR could be an efficient nanomaterial for 
environmental remediation.
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