
Sustainable
Food Technology

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

3:
05

:5
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Nano-hydroxyap
aDepartment of Fish Processing Technology,

Studies, Kerala, India. E-mail: drabhilash@
bSophisticated Test and Instrumentation C

Technology, Kerala, India
cSchool of Industrial Fisheries, Cochin Univ

India
dDepartment of Food Science & Technology,

Cite this: Sustainable Food Technol.,
2025, 3, 227

Received 11th September 2024
Accepted 7th November 2024

DOI: 10.1039/d4fb00264d

rsc.li/susfoodtech

© 2025 The Author(s). Published by
atite (n-HAP) from Pangasius bone
side streams and its application as a reinforcing
agent in biodegradable food packaging films

Oshin Kawduji Thool,a Abhilash Sasidharan, *a Bindu M. Krishna,b Sarasan Sabu,c

Muhammed Navafd and Kappat Valiyapeediyekkal Sunoojd

The bone side streams from catfish (Pangasianodon hypophthalmus) were used to produce nano-

hydroxyapatite (n-HAP) by a calcination method. Bones were de-proteinized and calcined at 500, 700,

and 900 °C at 2, 4, and 9 h, pulverized and cooled. Inductively coupled plasma (ICP-OES), Fourier

Transform Infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and Transmission Electron Microscopy

(TEM) were used to characterize the trace elements, functional groups, phase formation, and

morphology of n-HAP, respectively. Using ICP-OES, an atomic ratio of 1.56 Ca/P was found in catfish

bone calcined at 900 °C for 9 h. The FTIR spectra of the sample calcined to the same degree were

matched with the standard hydroxyapatite FTIR spectrum. A high crystallinity of 99.5% was confirmed by

XRD measurements as the calcination temperature and duration were increased. TEM analysis revealed

that the n-HAP crystals have an average size of 71.38 nm. Cassava starch–n-HAP reinforced composite

films were prepared with varying n-HAP concentrations which resulted in minor variations in the film

thickness ranging from 0.05 to 0.16 mm. The control film exhibited a tensile strength (TS) value of

12.5 MPa while the maximum TS value of 16.10 MPa was exhibited by the sample with 0.8% n-HAP. The

lowest elongation at break value was reported for the control film (1.55%) and the maximum (6.87%) was

reported for the sample with 0.4% n-HAP. The film incorporating 0.8% n-HAP showed the highest seal

strength while the water vapor transmission rate (WVTR) of the composite films reduced from 3.59 ×

10−1 g Pa−1 m−1 s−1 to 1.67 × 10−1 g Pa−1 m−1 s−1 as n-HAP concentration increased. The film

incorporating 0.4% n-HAP showed identical WVTR values to those of the film with 0.8% n-HAP. These

results showed that the n-HAP-incorporating films exhibited better mechanical and barrier properties

compared to the control film.
Sustainability spotlight

In the quest for sustainable materials and practices, researchers and industry leaders are turning to innovative solutions that address both environmental
concerns and practical needs. One such breakthrough is the development of nano-hydroxyapatite (n-HAP) derived from Pangasius bone side streams,
a byproduct of sh processing. Nano-hydroxyapatite (n-HAP) is a bioceramic material that mimics the natural bone mineral component hydroxyapatite (HAP). It
possesses excellent mechanical properties, biocompatibility, and biodegradability. One of the most promising applications of n-HAP is in the realm of
biodegradable food packaging lms. The incorporation of n-HAP into these lms provides several benets. Research has shown that adding n-HAP to starch-
based lms enhances their tensile strength and elongation properties, making them suitable for various food packaging applications. As more sh processing
facilities adopt this practice, the availability of n-HAP could increase, leading to more widespread use in packaging and other sustainable materials. Addi-
tionally, ongoing research aims to further optimize the performance of n-HAP in different types of biodegradable polymers and explore new applications.
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1 Introduction

Nowadays, more and more sh is processed once it is caught
instead of being sold whole. A large number of byproducts are
produced during the further processing of sh to create llets,
which are oen the primary product of sh. These byproducts
maymake up asmuch as 70% of the weight of the sh.1 A variety
of procedures are involved in the post-harvest preparation of
llets, but they all entail the removal of the backbone, guts,
Sustainable Food Technol., 2025, 3, 227–238 | 227
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head, ns, and skin.2,3 Furthermore, large volumes of cut-offs
are produced during automated lleting, and these and other
byproducts indicate the potential for more effective use with the
goals of circular utilisation and value-addition. The majority of
the sh side streams produced now are used to produce
underappreciated goods like biodiesel, fertiliser, and animal
feed.4,5 Biopolymers from organic waste and seafood side
streams have attained considerable attention recently owing to
their biodegradability, biocompatibility, low toxicity, and
renewable properties.6 The non-biodegradable nature of
conventional petroleum plastics has raised serious environ-
mental concerns worldwide, and this in turn has created an
increasing need for replacing synthetic materials with eco-
friendly and biodegradable substitutes.7 Hydroxyapatite is
a natural bio-ceramic material that constitutes about 60% of
bone tissue.8 Its composition is comparable to that of human
hard tissues, teeth, and bones.9 In recent times, the inclination
for production of hydroxyapatite in nano form has more pref-
erence due to its biocompatible nature, enhanced surface area
and resemblance to natural apatite.10

The nano form of hydroxyapatite (n-HAP) has found
numerous applications in the elds of drug delivery, dental
implant coatings, and bone tissue engineering,11,12 among
others. Hydroxyapatite could be isolated from natural sources
like eggshells, coral reefs, sh, poultry, and mammalian bones.
Mammalian and poultry bone side streams are widely used for
collagen preparation.13 sh bone is, in particular, of interest as
an average seafood processing operation generates around 15%
of bone side stream.14

Bones from shes such as carp (Cyprinus carpio), Atlantic
salmon (Salmo salar), tilapia (Oreochromis niloticus),15 rohu
(Labeo rohita),16 swordsh (Xiphias gladius), tuna (Thunnus
thynnus),17 seer sh (Scomberomorus commersonii),18 and catsh
(Pangasianodon hypophthalmus)19 have been utilized to produce
n-HAP using a calcination method with promising results.
Pangasius catsh (Pangasius hypophthalmus) is among the most
cultured sh species of the world and is in huge demand among
seafood customers.20 Pangasius bone waste has been utilized in
a few studies for the production of n-Hap using the thermal
calcination technique.21,22

Various methods have been used for the production of n-
HAP, including wet-chemical precipitation, solvothermal,
solid-state reaction, sol–gel, emulsion, and micro-emulsion
methods.23–25 Calcination is another process employed for n-
HAP extraction involving heating at higher temperatures for
longer periods making it one of the less complicated methods.26

Hydroxyapatite prepared through calcination has been reported
to have a Ca/P ratio of 1.654 which is closer to the quality ratio of
pure hydroxyapatite of 1.667.22

Hydroxyapatite used in food packaging has garnered atten-
tion due to its bioactivity, non-toxicity, and potential to enhance
mechanical properties, barrier properties, and antimicrobial
activity in packaging materials. It can also improve barrier
properties against oxygen and moisture. A study by Zhang et al.
indicated that n-HAP reinforced polyvinyl alcohol (PVA) lms
had signicantly reduced oxygen permeability, which is crucial
for extending the shelf life of packaged foods.27 Researchers are
228 | Sustainable Food Technol., 2025, 3, 227–238
increasingly focusing on the biodegradability of n-HAP-based
packaging. A study by Hadi et al. emphasized that n-HAP can
be incorporated into biodegradable polymers, promoting
a sustainable approach to food packaging while maintaining
functionality.28 Studies have shown that incorporating n-HAP
into polymers like polyethylene (PE) and polylactic acid (PLA)
improves tensile strength and exibility. For instance, Zhang
et al. demonstrated that n-HAP-lled PLA lms exhibited a 30%
increase in tensile strength compared to pure PLA.27 Hydroxy-
apatite presents a promising alternative to other nanomaterials
in food packaging due to its unique combination of mechanical
reinforcement, barrier properties, biodegradability, and anti-
microbial activity. Other nano-materials used for reinforcing
packaging are silver nanoparticles (AgNPs),29 zinc oxide nano-
particles (ZnO),30 clay nanocomposites,31 etc. Research by Guido
et al. indicated that AgNPs have superior antimicrobial prop-
erties.32 Similarly, a study by Akram et al. demonstrated that
ZnO nanocomposites effectively reduce the microbial load on
food surfaces, while n-HAP provides better mechanical rein-
forcement without compromising on exibility.33 Clay-infused
packaging lms reduced gas permeability signicantly, while
n-HAP combined improved mechanical strength with antimi-
crobial functionality, making it a more versatile option.34 These
kinds of materials like AgNPs and ZnO offer strong antimicro-
bial effects, which may raise safety and environmental
concerns.35 In contrast, n-HAP's biocompatibility and effec-
tiveness in enhancing both the structural and functional attri-
butes of food packaging make it a valuable addition to the
eld.36

Starch-based materials have gained attention as potential
choices for packaging lm due to their abundance, renew-
ability, biodegradability, compatibility with additives, and lm-
forming ability; however, native starch lm has certain draw-
backs like poor barrier and mechanical properties. There has
been a recent surge in interest in exploiting cassava starch's
economic potential for a variety of uses as it is non-toxic, stable,
biocompatible, and biodegradable.37 It has been demonstrated
that adding nanosized llers to the polymer matrix will improve
the physical and barrier properties of starch-based and other
polymer-based biodegradable packaging.38 Even though n-HAP
studies are mostly concentrated on bone tissue engineering,39

many researchers17 have also attempted its application as
a reinforcing agent in biodegradable food packaging. n-HAP is
found to be biocompatible with enhanced surface area resem-
bling natural apatite.40 Yao et al. used n-HAP and poly(butylene
adipate-co-butylene terephthalate) (PBAT) as llers in hydroxy-
apatite, PBAT, and polylactide (PLA) based composite lms.41

The study demonstrated the capacity of n-HAP to increase the
crystallinity of the composite lms and regulate the barrier
properties.

This present study aims to optimize the preparation of n-
HAP from the bone side stream from one of the most
common aquaculture species, the Pangasius catsh (Pangasius
hypophthalmus) using the thermal calcination method and
characterize its properties such as purity, crystallinity, and
particle size. This study further investigates a novel application
of n-HAP (as a reinforcing agent in cassava starch-based edible
© 2025 The Author(s). Published by the Royal Society of Chemistry
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heat-sealable lm) including its mechanical and barrier prop-
erties for its suitability as a biodegradable environmentally
friendly food packaging material.

2 Materials and methods
2.1 Raw materials

Pangasius catsh frames were collected from the Thoppumpady
Fish Harbor, Cochin, India, and transported to the laboratory
under chilled conditions (4 ± 2 °C) in an insulated container
with ice. The frames were washed thoroughly in potable water at
room temperature to remove the adhering tissue, blood, and
mucus. The washed bones were dried and packed in poly-
ethylene pouches and stored in a freezer (−18 °C) until further
processing. For preparing the edible lm, cassava starch (Urban
Platter, India), glycerol (Food Grade, Viveka Essence Mart,
India), and 5% acetic acid (Food Grade, UMS Food Products,
India) were used. Analytical grade acetone and sodium
hydroxide (NaOH) were purchased from Merck Ltd. (Mumbai,
India).

2.2 Preparation of nano-hydroxyapatite (n-HAP) from
Pangasius bone side streams

2.2.1 Pre-treatment. The chemical composition of the
shbone was determined by using the association of official
analytical chemists AOAC 18th edition (2005).42 The pre-
treatment was performed as per the method suggested by
Venkatesan et al.17 The cleaned and stored sh bones were
initially boiled in distilled water for 3 h and later drained and
again boiled in distilled water (2 g/100 ml H2O) with 10 ml
acetone and 2% NaOH for 1 h. The bones were then washed free
of chemicals and dried in a laboratory oven (Kemi, India) at 60 °
C for 24 h and stored under dry conditions for further
treatment.

2.2.2 Thermal calcination process. The pre-treated sh
bone samples were subjected to thermal calcination at three
Fig. 1 Process of preparation of nano-hydroxyapatite from Pangasius c

© 2025 The Author(s). Published by the Royal Society of Chemistry
different temperatures of 500, 700, and 900 °C with time
combinations of 2, 4, and 9 h for each temperature with
a heating rate of 5 °C min−1 under ambient conditions in an
electric muffle furnace (Nabertherm, Germany). The tempera-
ture and time combination for producing n-HAP in this study
were selected based on the previous observations made on
different shes. The hydroxyapatite with a Ca/P ratio of about
1.69–1.72 was successfully extracted from snakehead sh
(Channa striata) bone with a calcination temperature of 600 °C
for 5 hours.43 Higher temperatures produce hydroxyapatite that
is more pure and has a higher degree of crystallinity. According
to the ndings, a sample of black tilapia sh bones that had
been calcined at 900 °C had greater intensity than that calcined
at 700 °C, with a Ca/P ratio of 1.56.44 The samples were cooled to
room temperature and then pulverized into a ne powder using
a lab pulverizer (RETSCH-GmbH-Germany). The obtained
product size and microstructure were conrmed by trans-
mission electron microscopy (TEM) (JEOL-JEM210FEG Ger-
many) analysis. Fig. 1 systematically demonstrates the
preparation of nano-hydroxyapatite from Pangasius catsh
bones.

2.3 Characterization of n-HAP

2.3.1 Mineral composition analysis. The mineral compo-
sition of the n-HAP produced by thermal calcination at three
different temperatures of 500, 700, and 900 °C with time
combinations of 2, 4, and 9 h was analyzed using inductively
coupled plasma optical emission spectroscopy (ICP-OES) (ICP-
OES 7000 series, Thermo Scientic, USA). To 1 g of sample,
10 ml of concentrated nitric acid (HNO3) and 5 ml of concen-
trated perchloric acid (HCLO4) (2 : 1) were added and digested at
70 °C. The digested sample was ltered and transferred to
a 25 ml standard ask and made up using Milli-Q water. The
samples were then analyzed simultaneously with a blank. The
results were further utilized to calculate the stoichiometric ratio
(Ca/P) of the developed n-HAP.45
atfish bones.

Sustainable Food Technol., 2025, 3, 227–238 | 229
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2.3.2 Fourier-transform infrared spectroscopic (FT-IR)
analysis. A Fourier transform infrared spectroscopy system
(Shimadzu IR Prestige-21, Japan) equipped with a universal
attenuated total reectance (UATR) accessory was used to study
the various functional groups present in n-HAP. The spectra
were recorded in the frequency range between 4000 cm−1 and
600 cm−1 at a resolution of 4 cm−1. The internal reection
crystal made of zinc selenide had a 45° angle of incidence to the
IR beam and collected the signals in 32 scans at a resolution of
4 cm−1 against a background spectrum recorded from the clean,
empty cell at 25 °C. The data is analyzed using the program FT-
IR spectrum soware. The functional group distributions of n-
HAP samples were identied based on the peak values in the
region of IR radiation.

2.3.3 X-ray diffraction (XRD) analysis. X-ray powder
diffraction (XRD) was used to investigate the crystalline char-
acteristics of the synthesized n-HAP powders. The XRD pattern
of the nal n-HAP particles was obtained with Cu-Ka radiation
(l = 0.15406 nm) using a diffractometer (Bruker Avance 370).
The XRD patterns were recorded in a 2q range of 20° to 60°. The
current and voltage were set to 40 mV and 40 mA and the data
were collected. Hydroxyapatite typically exhibits characteristic
diffraction peaks that correspond to its crystalline lattice.

2.3.4 Transmission electron microscopy (TEM) analysis.
The morphology and microstructure of n-HAP were examined
by using a transmission electron microscope (JEOL-JEM210FEG
Germany) equipped with a slow digital scan camera, with
a point resolution of 0.23 nm and lattice resolution of 0.14 nm,
using an accelerating voltage of 200 kV.
2.4 Preparation of biodegradable lm

Edible lms were prepared using cassava starch and n-HAP by
the solvent casting method with slight modications.46 As an
Table 1 The proximate composition of Pangasius fish bonea

Parameter (%) Raw bone Boiled and cleaned bone

Moisture 51.2 � 0.56 35.78 � 0.13
Protein 30.3 � 1.32 4.2 � 0.41
Lipid 13 � 0.34 3.8 � 0.82
Ash 4.1 � 0.52 55.1 � 0.02

a Values are indicated as mean ± standard deviation (n = 3).

Table 2 Yield and CA/P ratio of n-HAP powder obtained after calcinatio

n-HAP yield (%)

Calcination temperature °C 2 h 4 h

500 66.58 � 0.12 64.30 � 0.23
700 73.90 � 0.42 60.32 � 0.26
900 56.68 � 0.29 52.00 � 0.51

a Values are presented as the mean ± standard deviations (n = 3).

230 | Sustainable Food Technol., 2025, 3, 227–238
inexpensive raw material, starch is a biodegradable natural
polymer for creating new advancements for the packaging
sector because of its great ability to create inexpensive, gluten-
free biodegradable lm.47 The control lm was prepared with
about 12 g of cassava starch powder (PMW, India) mixed with
100 ml distilled water and gelatinized at 90 °C for 30 minutes
with continuous mechanical stirring. Following that, 1.5 ml
glycerol and 1 ml of 5% acetic acid were added, and the mixture
was stirred at 700 rpm at 70 °C for 15 minutes using a magnetic
stirrer (AN-MSH-680, India). 50 ml of this gelatinized mixture
was poured and spread using a glass rod onto an area of 17 cm2

marked on an acrylic sheet and was allowed to dry at 45 °C for
48 hours. For the experimental lms, n-HAP powder with the
stoichiometric ratio (Ca/P) closest to the standard ratio (1.67)
was selected and incorporated into the starch matrix at 4
different concentrations of 0.2%, 0.4%, 0.6% and 0.8%.

2.5 Determination of thickness and mechanical properties
of the lms

The thickness of the lms was determined using a digital
micrometer (Model, DC 516, Reed Instruments Ltd., USA). The
average of 5 measurements was reported as the mean value. The
mechanical properties of the lms were measured with
a Universal Testing Machine (EZLX Shimadzu, Japan). The lms
were cut into strips of dimensions 150 mm × 25 mm and were
kept for 48 h at 23 °C with 53% relative humidity for condi-
tioning before analysis in accordance with ASTM D882.48

2.5.1 Tensile strength and elongation at break. The tensile
strength of the lms was determined according to ASTMD882.48

A 1 kN load cell was used with initial grip separation with
crosshead speeds of 50 mm s−1 and 1 mm s−1. Elongation at
break (EB) is a mechanical attribute that indicates the exibility
and elongation potential before the lm starts to break. Elon-
gation at break of the lms was determined according to ASTM
D882.48. The following equation is used for calculating the value
of elongation at break.

% elongation ¼ ðL2 � L1Þ
L1

� 100

L1 – original length, L2 – length at the time of the break.
2.5.2 Young's modulus. Young's modulus (YM) is

a dimension of stiffness of the lm when attempted to stretch
vertically by a tensile force. A low YM value demonstrates that
a lm has a high elasticity or low stiffness value.49 It is deter-
mined by the elastic slope of the stress–strain graph, which
na

CA/P ratio

9 h 2 h 4 h 9 h

74.5 � 0.31 1.3 � 0.27 1.4 � 0.39 1.40 � 0.34
68.62 � 0.43 1.34 � 0.51 1.4 � 0.29 1.31 � 0.33
67.22 � 0.34 1.33 � 0.2 1.3 � 0.22 1.56 � 0.15

© 2025 The Author(s). Published by the Royal Society of Chemistry
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indicates a material's relative stiffness. The ratio of the stress
value to the matching strain value is used for the calculation.
This will lead to a proportionality constant called Young's
modulus (E), or the modulus of elasticity.50

E ¼ s

3

where E is the Young's modulus of the material, s is the stress
applied to the material, and 3 is the strain corresponding to
applied stress in the material.

2.5.3 Seal strength. Seal strength (SS) could be portrayed as
the force required for peeling off two thermally fused layers of
polymers. In the food packaging industry, heat sealing is widely
used to combine polymer lms. The procedure of heat sealing is
one where the polymer lms are melted at high temperatures
and then subjected to pressure thus increasing the interface
between hydrogen bonds at the bonding surface accordingly
combining two lms into one.22,51,52 The seal strength of the lm
was determined using a universal testing machine (EZLX Shi-
madzu, Japan) and trapezium soware according to ASTM F88
standards. The individual lms were heat sealed using a heat
sealing machine (Sevana, India) with a 2 mm seal thickness and
impulse heating time of 2 seconds. Each leg of the sealed lm
sample was clamped to the instrument and vertically xed in
the pulling direction. The distance between the clamps was 50
mm. The seal strength was calculated as follows:

Seal strength = peak force/film width

2.5.4 Water vapor transmission rate (WVTR). The water
vapor transmission rate (WVTR) of the lms was determined
gravimetrically at 25 ± 1 °C using the ASTM E96 method.53 A
container with silica gel was closed with a sample of the
experimental lm rmly xed on top. Then the container was
placed in a desiccator over a saturated salt solution of potas-
sium iodide (KI) having a known relative humidity of 63.2% RH.
The lms were weighed daily for 5 days in an analytical balance.
The WVTR of the lm was determined as follows:

WVTR = G/[t × A]

where WVTR has units of g Pa−1 m−1 s−1.
The term G/t was calculated by linear regression from the

points of weight gain and time, over a constant rate period. A is
the area of the exposed lms. All the tests were conducted in
triplicate.
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3 Results and discussion
3.1 Proximate composition

The chemical composition of the shbone is presented in Table
1. The raw bone has a moisture content, protein, lipid, and ash
content of 57.2 ± 0.56%, 30.3 ± 1.32%, 13 ± 0.34%, and 4.1 ±

0.52%, respectively, while that of boiled and cleaned bones was
35.78 ± 0.13%, 4.2 ± 0.41%, 3.8 ± 0.82%, and 55.01 ± 0.02%,
respectively. Similar observations were reported in catsh
frames where washing, cleaning, and further processing
© 2025 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2025, 3, 227–238 | 231
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signicantly reducedmoisture and lipid contents and increased
ash percentage.54,55 The considerable reduction in protein is due
to the deproteinization steps of boiling and treatment with
alkali.55

3.2 Yield and mineral composition of n-HAP

The yield of n-HAP powder obtained aer calcination is depic-
ted in Table 2. An average n-HAP yield of 52 to 74.5% was re-
ported aer calcination. Many studies have reported a similar
observation of a reduction in weight with an increase in calci-
nation temperature of around 30 to 40% for sintered sh bone
and are described as a result of the decomposition of organic
bone components such as fat, collagen, and protein until the
major portion remaining is the mineral constituents.56,57

The mineral prole analysis is depicted in Table 3. As
observed by many researchers in sh bone-derived hydroxyap-
atite,58,59 Ca and P were found in higher amounts followed by Fe,
Zn, K, and Mn. The stoichiometric ratio (Ca/P) of the extracted
n-HAP samples was found to be 1.3 at a calcination temperature
of 500 °C for 2 h while it was 1.56 at 900 °C for 9 h, indicating
that the n-HAP extracted was non-stoichiometric, which is
attributed to the presence of trace amounts of anions and
cations integrated into its atomic structure.60,61. The Ca/P molar
ratio of stoichiometric hydroxyapatite is reported to be 1.67.62 In
this study, a Ca/P ratio close to that of standard hydroxyapatite
(1.56) was reported for the sample calcined at a time–temper-
ature combination of 900 °C for 9 h. A similar Ca/P ratio of 1.58
was reported by Akpan et al., with Pangasius catsh bones which
were calcined at a temperature of 900 °C for 2 h.22

3.3 FTIR analysis of n-HAP

The FTIR spectra of n-HAP (Fig. 2) showed absorption peaks at
565.6 cm−1, 599.38 cm−1, and 961.4–1025.3 cm−1, indicating
Fig. 2 FT-IR vibrational bands of extracted N-HAp (900 °C-9 h).

232 | Sustainable Food Technol., 2025, 3, 227–238
the bending and stretching vibrations of PO4
3−, respectively.

The peaks at 873 cm−1 and 1410 cm−1 indicate the bending
mode and stretching vibrations of CO3

2− respectively. This
indicates the purity of n-HAP, and it means the collagen and
other organic compounds present in the sh bones have been
removed by the treatment. Similar absorption peaks were also
observed in the FTIR spectra of hydroxyapatite obtained from
white-mouth croaker sh.63. The bone powder of Pangasius sp.
was found to contain carbonate and phosphate based on the FT-
IR analysis. The carbonate ion presence was indicated by the
peaks at 1411.74 as well as the phosphate ion by the strong
peaks at 1014.98.19
3.4 X-ray diffraction (XRD) analysis of n-HAP

Fig. 3 shows the XRD spectra of n-HAP obtained from catsh
bones. The n-HAP exhibits an extremely narrow diffractogram
upon calcination, indicating high crystallinity. The XRD results
showed the highest intensity peak of the (300) plane, which
corresponds to the peak at 32.5°. The positions and intensities
of these peaks can vary depending on factors such as crystal-
linity, purity, and any structural substituents within the
hydroxyapatite lattice. The catsh bones calcined at 900 °C
exhibit the presence of a main phase of hydroxyapatite together
with other minerals that include calcium phosphate, tetracal-
cium phosphate, tricalcium phosphate, and a-phase calcium
phosphate.22 Sunil et al. reported that if the calcium phosphate
is lacking in calcium, it is usually converted to tricalcium
phosphate at high temperatures (above 650 °C).64 The crystal-
linity of the n-HAP obtained from catsh bone powder is 95.5%,
indicating the structural properties of hydroxyapatite. This
result is in agreement with Akpan et al., who observed that
higher crystallinity of 99.9% was found at 900 °C from the same
species.22
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray diffraction pattern (XRD) image of n-HAP (900 °C-9 h).
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3.5 Transmission electron microscopy (TEM) analysis of n-
HAP

The average size of the n-HAP crystals heated at 900 °C was
measured to be 71.38 nm. Fig. 4 depicts the transmission
electronmicroscopy image of n-HAP at different scale bars of (a)
100 nm, (b) 50 nm, and (c) 2 nm, and (d) selected area electron
diffraction, indicating the crystalline characteristics of n-HAP
with a regular spacing and looks like sharp polycrystalline.
The nanostructure of n-HAP determined from TEM agrees with
Pon-On et al., proving the nanostructure of n-HAP with a latex
fringe range of 0.27 nm.65 Similarly, HAP particles from catsh
have a size of 50–70 nm with high porosity and quite good
uniformity was observed.66
3.6 Film thickness and mechanical properties of the n-HAP
incorporating cassava starch biodegradable lm

Results of the evaluation of lm thickness and mechanical
properties of the cassava starch biodegradable lm prepared
with various concentrations of the n-HAP sample calcined at
900 °C for 9 h with the closest Ca/P ratio (1.57) to the standard
ratio are depicted in Table 4.

3.6.1 Film thickness. It was observed that the addition of n-
HAP caused slight variations in the lm thickness which ranged
from 0.05 to 0.16 mm, when compared to the control. Such
alterations in thickness are credited to the interface between the
polymeric components within the lm matrix. Aer the lm
formation, these components generate conversion in the
segment–segment and segment–chain interactions, particularly
between the hydrophilic groups of the polymeric components,
decreasing the segment–chain interaction.67,68 Similarly, Hadi
et al. observed that a slight variation in thickness is seen, which
may improve the free volume between the starch chains and
thicken the lm by raising the concentration of hydroxyapa-
tite.69 Besides, augmented emulsion viscosity and non-
homogeneous allotment of the solids per cm2 of drying
© 2025 The Author(s). Published by the Royal Society of Chemistry
surface are also indicated as the reason behind this change in
nal thickness.70

3.6.2 Tensile strength. The control lm exhibited a TS
value of 12.5 MPa while the maximum TS value of 16.10 MPa
was exhibited by the sample with 0.8% n-HAP. It was observed
that the addition of n-HAP caused a considerable increase in the
lm's tensile strength. Miculescu et al. reported that for
gelatinized starch, a very low amount of hydroxyapatite particles
(0.05%) could increase the strength and bioactivity.71 The
results are in accordance with Upadhyay et al.,72 who reported
that increasing the content of hydroxyapatite improves tensile
strength.67

3.6.3 Elongation at break. The lowest EB values were re-
ported for the control lm (CNT) (1.55%) and the maximum
(6.87%) was reported for the sample with 0.4% n-HAP (B) fol-
lowed by the sample with 0.2% n-HAP (6.8%) (A). The results are
comparable with those of Okuda et al., who reported that the
percentage of elongation at break of hydroxyapatite-
incorporated cassava starch lms was in the range of 1.7–
4.3%, which indicated that the phosphate groups from
hydroxyapatite and starch made the composite less fragile.46 Yu
et al. also reported that the elongation at break decreased
gradually with the increasing amount of hydroxyapatite.73 The
EB values gradually decreased when the concentration of n-HAP
was increased from 0.4% to 0.8% which could be attributed to
the brittleness and stiffness of n-HAP. The statistical evaluation
showed that all the values were signicantly different (p# 0.05.)

3.6.4 Young's modulus. The study showed that the value of
the YM increased from 6.30 to 11.34 MPa as the percentages of
n-HAP increased. A lm with 0.8% n-HAP has the highest YM
(11.34 MPa). Similar results were reported by Okuda et al. that
the YM values of the cassava starch-hydroxyapatite composites
increased with an increase in n-HAP.44 Miculescu etal.71 also
made similar observations in this regard stating that when
a ceramic phase is added to a composite, the YM increases while
Sustainable Food Technol., 2025, 3, 227–238 | 233
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Fig. 4 Transmission electron microscopy (TEM) image of n-HAP (900 °C-9 h) at different scale bars.

Table 4 Mechanical properties and WVTR of the n-HAP incorporating cassava starch biodegradable filma

Thickness
(mm)

Tensile strength
(MPa)

Elongation at
break (%)

Young's
modulus (MPa)

Seal strength
(N mm−1)

WVTR
(g Pa−1 m−1 s−1)

Control 0.05 � 0.001a 12.50 � 0.74a 1.55 � 0.10a 6.30 � 0.93a 0.67 � 0.20a 3.84 � 0.65c

A 0.2% 0.05 � 0.01a 12.99 � 0.87a 6.80 � 0.60a 6.41 � 1.01a 2.36 � 0.72b 3.77 � 0.22c

B 0.4% 0.06 � 0.01a 13.69 � 1.22ab 6.87 � 0.42a 8.30 � 1.45ab 2.00 � 0.22b 2.40 � 0.10b

C 0.6% 0.15 � 0.03b 13.69 � 2.36ab 2.54 � 1.63b 8.63 � 3.37ab 1.31 � 0.13a 1.62 � 0.05a

D 0.8% 0.16 � 0.02b 16.10 � 1.86b 2.10 � 1.22b 11.34 � 1.88b 2.65 � 0.12b 2.08 � 0.18ab

a Values are expressed as the mean ± standard deviation (n = 3). Different letters in the same column indicate signicant differences (p # 0.05).

234 | Sustainable Food Technol., 2025, 3, 227–238 © 2025 The Author(s). Published by the Royal Society of Chemistry
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the ductility of the material decreases, as observed in compos-
ites made of hydroxyapatite and starch.66

3.6.5 Seal strength. It was observed that the seal strength of
the starch–n-HAP composite increased signicantly compared
to that of the control. This could be due to the intermolecular
bond between starch and n-HAP particles, which can reduce the
moisture content. The lm incorporating 0.8% n-HAP showed
the highest seal strength. The increase in seal strength at lower
concentrations of n-HAP (0.2% and 0.4%) could be due to the
reinforcement effect provided by the nano-hydroxyapatite
particles, which might enhance the lm's mechanical proper-
ties by providing better cross-linking or ller effects.74 The drop
at 0.6% may indicate agglomeration of n-HAP particles, which
could cause structural imperfections or weak points in the lm,
leading to reduced seal strength.75 The recovery of seal strength
at 0.8% might be attributed to a better distribution of n-HAP at
higher concentrations or a critical concentration where the
particles are sufficiently dispersed to again reinforce the lm
structure.76

3.6.6 Water vapor transmission rate (WVTR). In the study
(Table 4) it was observed that the WVTR of composite lms
reduced as n-HAP concentration increased. The control lm
showed the highest value (3.84 ± 0.65) and was signicantly
different from n-HAP incorporating lms (p < 0.05). The lm
incorporating 0.2% n-HAP was not signicantly different from
the control lm (3.77 ± 0.22) as the lm had low n-HAP
concentration. The lm incorporating 0.4% n-HAP showed
identical values to that of the lm incorporating 0.8% n-HAP. A
percentage reduction of 42% in WVTR was observed between
the control and the lm sample with 0.6% n-HAP. A similar
percentage (34%) reduction was observed by Gupta et al., with
2.5% n-HAP incorporated in the polylactic acid lm.77 Notably,
the water vapour barrier was greatly enhanced when n-HAP was
added to the edible bio-lm. It is believed that the presence of n-
HAP contributed to the tightening of the network structure and
the decrease of porosity and space in the lm matrix, which
limited the transport of water vapor.78

4 Conclusion

The study successfully demonstrated that the thermal calcina-
tion method could be utilized for the conversion of the Pan-
gasius catsh bone side stream into nano-sized hydroxyapatite
(n-HAP) with a moderately lower stoichiometric ratio with
standard hydroxyapatite. The calcination of sh bone resulted
in the formation of n-HAP with a Ca/P ratio of 1.56 at 900 °C for
9 h with a crystallinity of 95.5%. In addition to this, the derived
n-HAP showed a nanostructure of 71.38 nm crystals at 900 °C.
The study also demonstrated a novel application of n-HAP as
a structural component of cassava starch-based biodegradable
lm. It was observed that the addition of n-HAP caused a slight
increase in the lm thickness when compared to the control.
The physical properties such as tensile strength (TS), elongation
at break, and seal strength signicantly increased with the
incorporation of n-HAP. Water vapour transmission rate
(WVTR), which is one of the crucial barrier properties consid-
ered for evaluating lms for food packaging applications also
© 2025 The Author(s). Published by the Royal Society of Chemistry
signicantly reduced by n-HAP addition making the lm more
impermeable to moisture. Considering the physical and barrier
properties of the n-HAP incorporating cassava starch lm, an n-
HAP concentration of 0.8% was observed to be ideal for the lm
application. The study demonstrates that addition of n-HAP
could signicantly improve the value of casava starch as a suit-
able material for the development of efficient biodegradable
packaging solutions for the food industry against the plastic
counterparts.
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