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Abstract In this current study, collagen protein extracted from eggshell membrane and calcium

carbonate (a main component of eggshell) are used as additive to enhance the stability and hardness

of the zirconia crystals. Five different samples are prepared by adding membrane containing egg-

shell content as, 1 g, 2 g, 3 g, 4 g and 5 g in aqueous zirconium oxychloride sol. Phase purity is con-

firmed by XRD and FTIR. Phase pure and dense particles divulges the high hardness (�1389 HV)

and fracture toughness (12.89 MPa m1/2). FESEM analysis illustrates the formation of dense, well

separated, non-agglomerated and spherical nanoparticles at 5 g of eggshell content. Eggshell works

as a surfactant and stabilizer for formation of phase pure tetragonal spherical nanoparticles.

Biodegradation study of optimized tetragonal zirconia (t-ZrO2 )in phosphate buffered saline

(PBS) presents that minor change in weight and hardness after 72 h of immersion. Antioxidant

study shows the 96% of radical scavenging activity (RSA). In vitro bio-mineralization study shows

the formation of new bone after 5 weeks. After 5 weeks all pores were filled and minerals were

deposited on the surface of the scaffolds. SEM images confirms that eggshell-zirconia composite

form new bone. So eggshell addition results in formation of phase pure t-ZrO2 nanoparticles with
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well-defined boundaries which exhibit higher hardness, fracture toughness, stability and enhanced

antioxidant properties.

� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oxides present outstanding structural, mechanical and biocompatible

properties (Shadianlou et al., 2022; Bapat et al., 2022). Zirconium

oxide/zirconia is widely studied oxide for biological applications.

Apart from its exceptional mechanical qualities, zirconia also possesses

beneficial biological characteristics such as low corrosion potential,

lower toxicity, as well as little bacterial adherence. Although since

1970s, a vast amount of biomedical research has focused on ways to

employ zirconia in medicine and dentistry, notably in stress-bearing

positions in which its strength equals that of several alloys (Chen

and Moussi, 2016). But main problem arises related to zirconia is its

stability and density. Monoclinic (m), cubic (c), as well as tetragonal

(t) crystalline phases of zirconia significantly depend on ambient tem-

perature (Limbu, 2022). In monoclinic geometry, which is found in

natural deposits, is the most durable at normal temperature under

standard pressure. At 1170 �C, the monoclinic phase transforms into

a tetragonal phase, with a 4–5% volume shrinking. At 2370 �C, the
tetragonal phase shrinks even further plus becomes cubic (Cho et al.,

2023).

Zirconia’s biomedical applications, mechanical strength, as well as

low corrosion potential has made it a popular choice for dentistry fill-

ing and bone implantations, especially when aesthetics are important.

Through use of zirconia in dentistry was originally mentioned in the

1970s (Cranin and Schnitman, 1975). In 2008, zirconia is being used

for the first time as just an endosseous dental implant (Hoffmann

et al., 2008).

For the production of ZrO2, literature investigations reveal two

major synthesis techniques. (a) Traditional sol–gel procedures (Bagbi

et al., 2016) and (b) precipitation techniques (Fedorenko et al.,

2022). Because the characteristics of nanostructures might change from

3D to 2D or 1D, an appropriate synthesizing process is crucial for

characterizing them (Mahmood and Afzal, 2013). Chemical solution-

based approaches offer a vast range of additives to be incorporated

into the host to improve structural as well as mechanical properties.

The endurance as well as interaction with organic compounds found

in body fluids, including such, is critical. In current study, eggshell is

added into zirconia as egg-shell is a bio-ceramic produced at ambient

temperature and having fastest calcifying process. Chicken eggshell

composed of 6 g of mineral. Mainly, chicken eggshell composed of

96% of CaCO3, 2% of organic matrix, Mg, P and some traces of other

elements (Hincke et al., 2012). Specific composition of chicken eggshell

is given in Table 1. Eggshell membrane (ESM) contain a fibrous pro-

tein known as collagen confirms that organic matrix derived from

(ESM) is not rigid. It is expected that when ESM is added in nanoma-

terial results in macro pores (Tsai et al., 2006). The main role of ESM

protein is to form new bone and cartilage formation that assist mole-

cules to bond with body (Rasheed et al., 2019). A zirconia scaffold can
chicken eggshell.

Chemical composition (wt%)

96.87

0.77

0.53

0.53

0.39

0.22

to CaO and CO2.
integrate collagen to add mechanical support without impacting other

qualities. Within six months of surgery, Katsube et al. (Katsube et al.,

2000) discovered that the locations repaired with chondrocytes grown

in collagen gel had superior histology scores. Kaizawa et al. (Kaizawa

et al., 2019) isolated collagen from human tendons and processed it

into hydrogels. The findings demonstrated that, in comparison to the

control group, collagen helps to repair the bones. Hydrogels made of

chitosan and collagen have also been shown biocompatibility, aid in

bone conduction, and encourage bone growth. Alginate/collagen gels

were created by Jin et al. (Jin and Kim, 2018) to maintain the cartilage

phenotype and stop cartilage differentiation. The findings demon-

strated that cells multiplied over time in all gels, with the composite

gel exhibiting the highest levels of proliferation. Using an in situ min-

eralization approach, Takallu et al. (Takallu et al., 2019) produced

dense hydroxyapatite (HA) particles in collagen solution. The findings

showed that HA particles filled in the gaps in the collagen network

and, through their interactions, raised the crosslinking density of the

scaffolds, decreasing their ability to swell. Additionally, HA micro-

spheres with a finer structure have advanced quickly. Collagen/chi-

tosan composite scaffolds were created by Kafi et al. (Kafi et al.,

2019) to boost hMSC adhesion and proliferation while enhancing

mechanical strength. In literature, different additives have used for

synthesis of stabilized zirconia but relatively high temperatures

(Bashir et al., 2018; Okada et al., 2019). It is worth mentioning here,

eggshell is first time used to stabilize zirconia. Parera (Parera, 1992)

reported that zirconia catalyst was prepared by using ZrClO2 salt. This

prepared ZrO2 was heated at various temperatures. Pure t-ZrO2 was

obtained at 893 K. Sohen at el. (Son et al., 2001) depicted that zirco-

nium sulfate to synthesize zirconia. t-ZrO2 remained stabilized at cal-

cination temperature of 500 �C. In literature, t-ZrO2 stability was

obtained at temperature > 500 �C (Siddiqui et al., 2012). You et al.

(You et al., 2012) delineated the synthesis of ultrathin films using ZrCl4
by sol gel method with dispersion of zirconium halide in 1-octanol sol-

vent. Amorphous structure was obtained after calcination at 600 �C.
Bhowmick et al. (Bhowmick et al., 2017) reported chitosan, polyethy-

lene glycol and hydroxyapatite added zirconia macropores for bone

implantations. They concluded that addition of organic additives

enhances the mechanical strength, antimicrobial property and cyto-

compatibility of zirconia. Bagbi et al. (Bagbi et al., 2016) reported

the spherical gelatin A added zirconia nanoparticles and obtained

monoclinic phase with crystallite size �10.3 nm.

Here, different eggshell content is utilized to stabilize t-ZrO2 . The

goal of this research is to achieve novel zirconia for dentistry and bone

implantation purpose. Effect of eggshell content on zirconia structural,

morphological, mechanical antioxidant biodegradation and mineral-

ization of hydroxyapatite is studied. It is worth mentioning here that

for eggshell is used as additive for stabilization of t-ZrO2. Eggshell with

membrane will provide two major components of bone Ca and colla-

gen which play main role for new bone and cartilage formation.

2. Experimental details

2.1. 1 Materials and methods

Zirconium oxychloride octa-hydrate, ZrOCl2�8H2O (Sigma

Aldrich) and de-ionized (DI) water were used as starting mate-
rial. Eggshells with membrane were used as organic additive.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 Complete transformation of tetragonal to monoclinic due

to water penetration (Arrow show the nature of stress).
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2.1.1. Eggshell powder

White chicken eggshells with membrane were dried in oven at

50 �C. Dried shells were grinded and powdered. Eggshells were
used as additive because they mainly consists of calcium com-
posites which are essential component for bones. Along with

calcium membrane contains protein (collagen) which helps to
absorb calcium in the body.

2.1.2. Synthesis of zirconia

32.25 g of ZrOCl2�8H2O was dissolved in 500 ml DI and stirred
at room temperature. When ZrOCl2�8H2O reacts with DI
water, hydrochloric acid and Zr (OH)4 are produced [Eq.

(1)]. As HCl have high boiling temperature so it evaporates.
Its boiling temperature is about �85.05 �C which makes it
volatile at room temperature. It is earlier reported before for-

mation of tetragonal ZrO2, Zr(OH)4 forms, an amorphous
phase called metastable phase (Tyagi et al., 2006; Zientara
et al., 2013). In sol–gel process, pH, molarity and choice of
precursor play an important rule for phase stabilization.

Molarity of the sol was optimized earlier (Riaz et al., 2015)
for formation of stabilized zirconia. ZrOCl2�8H2O contains 2
oxy-bridges which prefer fabrication of ZrO2.

ZrOCl2:8H2Oþ 2H2O ! Zr OHð Þ4 þ 7H2Oþ 2HCl ð1Þ
1, 2, 3 4, and 5 g of eggshell powder was added per 100 ml

sol. During synthesis of zirconia nanoparticles eggshells
attached with zirconium. When organics are present over the

surface of particles the chance of hydrostatic strains is lesser.
They may coat the surface of particles and repelled water
molecules. Adsorption or absorption of water molecules

mainly cause the transformation of tetragonal zirconia to
monoclinic zirconia or instability in phase purity. Presence of
OH water molecules results in slightly larger volume. These
nanoparticles were synthesized without any further heating.

As high temperature lack or absence of eggshell coating to zir-
conia results in absorption of water, which leads to filling of
oxygen vacancies explain by Kroger–Vink equation [Eq. (2)]

can be written for the reaction between water and zirconia
(Redfern et al., 2001). This occupancy of oxygen vacancy
states leads to higher content of monoclinic zirconia

(Chevalier et al., 2009). This mechanism is explained by Chev-
lier’s model [Fig. 1].

H2Oþ V��
0 þOx

0 $ZrO2
2OH�

O ð2Þ
The above mixtures were stirred at room temperature.

Meanwhile, 2 M of NaOH was added dropwise to obtain
pH 9. pH of the starting sol for formation of t-ZrO2 is opti-
mized earlier (Sanaullah et al., 2021). At various pH levels,

Denkewicz et al. model’s (Denkewicz et al., 1990) to generate
crystalline zirconia. It claims that Zr+ and OH– ions play a
major role in controlling zirconia’s crystallization. t-ZrO2 is
usually produced when was designed OH– ions are present in

higher concentrations. Mineralizer additions, such as NaOH
and NH3, are crucial for determining phase content and parti-
cle size. The crystallization process can be used to understand

the impact of the mineralizer and pH. Nucleation and grain
development are the two main stages of the crystallization pro-
cess. Tetramer complex [Zr4(OH)8(H2O)16]

8+ is created when

ZrOCl2�8H2O is combined with DI water [Eq. (3)]. This tetra-
mer comprises of 16 nearby water molecules and 8 hydroxo

bridges (OH) (Firth et al., 2021). A specific amount of H+ ions
from the nearby water would be released when the pH of the
sol changes to basic tetramer.

Zr4ðOHÞ8ðH2OÞ16
� �8þ ! Zr4ðOHÞ8þXðH2OÞ16�X

� �ð8�XÞ

þ XHþ ð3Þ
The aforementioned equation clearly shows that zirconia

sol has an H+ or larger concentration of OH– ion shortage
at basic pH levels. According to Liu et al. (Liu et al., 1998),
incorporation of Na+ (which comes from NaOH) into

surface-vacant sites also aids in the creation of t-ZrO2.
All mixtures were then properly washed with DI water and

dried at 60 �C. Fig. 2 depicts a schematic illustration of
eggshell-mediated zirconia. This is the first study on the direct

synthesis of zirconia utilizing eggshells addition. Eqs. (4)–(6)
can be used to explain a potential growth mechanism and
the impact of eggshell content on the crystal structure.

ZrðOHÞ4 þ 7H2Oþ 2HCl ! ZrðOHÞ4
� �

sol
þ 7H2O ð4Þ

ZrðOHÞ4
� �

sol
þ 7H2O !StirringþEggshellsþmembrane

Zr4þ

þ 4OH�ð Þ þ 7H2O ð5Þ
With removal of OH ions

Zr4þ þO2� ! ZrO2 ð6Þ
2.2. Characterizations

X-ray diffractometer (XRD) was utilized to examine zirconia

nanoparticles at varying eggshell content. The scanning range
was 20 to 70�, with 0.05� intervals. Using a confocal Raman
spectrometer, the further phase change and confirmation were

carried out. Scanning electron microscopy (SEM) and field
emission scanning electron microscopy (FE-SEM) were used
to investigate the morphology of zirconia at various eggshell

contents and magnifications. Vickers nano-indenter was first
used to examine the models’ toughness in order to make an
analysis. Thermo-Fisher ESCLAB performed the XPS.



Fig. 2 Schematic representation of eggshell added zirconia nanostructures.

4 S. Akram et al.
2.2.1. Biodegradation study

The degradation study of eggshell added zirconia was carried
out in phosphate buffered saline (PBS) with major constituent

lysozyme. Lysozyme mainly responsible for in-vivo degrada-
tion of scaffolds. Eggshell added zirconia nanoparticles were
soaked in 10 mg/L of PBS for five different intervals 12, 24,
36, 48 and 72 h. Zirconia nanostructures with eggshell added

were inspected for degradation both before and after soaking
in PBS. DI water was used to clean zirconia nanostructures,
and after soaking, they were separated. Samples were dried

for 48 h after separation to get rid of any remaining water.
The formula found in Eq. (7) (Yoshioka et al., 2008) was used
to calculate the weight loss of thoroughly

cleaned nanostructures:

Weightloss %ð Þ ¼ W1�W2

W1
� 100 ð7Þ

where,
W1 = Weight before soaking.

W2 = Weight after soaking.

2.2.2. Antioxidant study

The antioxidant study is very important for bio-materials and

implants. Phase pure t-ZrO2 prepared at 5 g of eggshell content
was analyzed for radical scavenging ability. DPPH (1, 1,
diphenyl-2-picryl hydrazyl) assay to study the antioxidant

properties of prepared samples. The main mechanism involve
in antioxidant phenomenon is de-colorization (purple to pale
yellow) due to neutralization process. The optimized nanopar-

ticles were added in DPPH and methanol solution. The whole
mixture was placed in dark room at 37 �C for 30 min. The
measurements were confirmed by de-colorization and by mea-
suring absorbance peak at � 517 nm. The percentage scaveng-

ing activity was measured by using Eq. (8) (Goujon et al.,
2021);

Freeraddicalscavengingactivity %ð Þ

¼ ABlank � ASample

ABlank

� 100 ð8Þ
2.2.3. In-Vitro bio-mineralization study

In vitro study of bio-mineralization of the eggshell added zir-
conia was carried out through SBF (simulated body fluids)

studies. For this purpose, the sample was designed in the shape
of disc (13 mm diameter) by using hydraulic press and SBF
was prepared according to the proposed strategy by Kokubo

et al. (Kokubo et al., 1990). Sterilized plastic containers were
used to keep SBF solutions and standard incubator was uti-
lized for incubation at temperature 37 �C with proper shaking

at 40 rpm. The specimens were kept completely immersed in
SBF throughout the study and SEM analysis was performed
after 1, 2, 3, 4, and 5 days.

3. Results and discussion

3.1. Structural study

The current study is carried out to compare different eggshell

content on zirconia stabilization. Dried eggshell powder is
added into zirconia sols and dried at relatively low tempera-
ture. Fig. 3 depicts the XRD patterns of eggshell added zirco-
nia aided by sol–gel method.
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The peaks are corresponding to (111), (002), (112), (311)
and (222) planes of t-ZrO2 [JCPDS card no. 17–923. Samples
synthesized at relatively low eggshell content (1 g and 2 g) exhi-

bit amorphous nature as shown in Fig. 3a and b. Samples show
hump around 30� gives an indication of t-ZrO2. Tyagi et al.
(Tyagi et al., 2006) observed same result at 300 �C but here

we obtained under as-synthesized conditions. This is known
as metastable state of zirconia. As eggshell content increases
up to 3 g sharp peaks are observed corresponding to t-ZrO2.

Further increase in eggshell content up to 5 g characteristic
peak becomes sharp which means eggshell content enhances
the t-ZrO2 growth. The main reason behind this crystallinity
and phase purity is eggshell content cause rapid heating during

synthesis and strengthening the tetragonal phase.
The XRD data of eggshell added zirconia further elabo-

rated by Gaussian fitting. Different parameters such as Full

width and half maximum (FWHM), center gravity and Area
IntgP are calculated. For 1 g and 2 g of eggshell content
(Fig. 4a and b) amorphous or humps are observed with

FWHM for at 2h = 30.26486� is 1.14813 and 2h = 30.859�
is 2.8533 respectively. Further increase in eggshell content to
3 g, a slight shifting in angles has been observed and intense

tetragonal characteristic peak is observed at 2h = 30.10972�.
FWHM observed for 3 g is 1.06187 (Fig. 4c). The intensity
of tetragonal characteristic peak increases up to 5 g at 2h =
30.1096�. When comparing eggshell contents of 1 g and 2 g,

FWHM decreases while a phase change is seen. The FWHM
diminishes once the tetragonal concentration reaches 100%,
confirming the crystallinity of the t t-ZrO2. In addition to dis-

playing typical peaks, Gaussian fitting also displays the Area
IntgP of each peak. The areas of the tetragonal characteristic
peaks at 3 g, 4 g, and 5 g of eggshell content are 42.95479,

49.86866, and 53.13974, respectively. This indicates that the
tetragonal content becomes stronger as eggshell content in-
creases. The crystallite size was determined using Scherrer’s

formula given in Eq. (9) (Cullity, 1956);

Dhkl ¼ 0:9k
ðFWHMÞCosh ð9Þ
Fig. 3 XRD patterns of zirconia at different eggshell content (a)

1 g, (b) 2 g, (c) 3 g, (d) 4 g and (e) 5 g.
d ¼ 1

D2
ð10Þ

where,
Dhkl = Crystallite size.
k = 1.5406 Å.

Crystallite size contain two different regions as shown in
Fig. 5a. As metastable phase transforms to t-ZrO2 crystallite
size decreases. When the eggshell content reaches 3 g, the crys-

tallite size increases. Suitable eggshell content works as surfac-
tant and stops further phase transformation. In fact,
stabilization of phase occurs with higher content. After stabi-
lization a slight increase in crystallite size has observed which

is due to nuclei emergences. Dislocation density was calculated
by using Eq. (10). Few dislocation lines have been observed for
eggshell added zirconia.

For phases of zirconia unit cell volume have strongly
impact. Slight shrinkage in volume causes this transformation.
Unit cell volume of ZrO2 nanostructures is determined using

Eq. (11), (Cullity, 1956) and are plotted in Fig. 5b.

VTetragonal ¼ a2c ð11Þ
Unit cell of zirconia nanostructures prepared by eggshells

additives shows a drastic decrease with eggshell addition. Lit-
erature suggests that 3 to 5% decrement in volume causes

phase transformation. Inset of Fig. 5b inset shows the varia-
tion in X-ray density. Higher X-ray density (�5.98 g/cm3)
has been perceived eggshell added zirconia samples. X-ray den-

sity is employed to calculate the porosity of the samples. Cal-
culations revealed that relatively lower porosity has been
observed in phase pure t-ZrO2 [Fig. 5c]. X-ray density and
porosity of ZrO2 nanostructures was determined by Eqs. (12)

and (13) (Cullity, 1956).

q ¼ 1:66042RA
V

ð12Þ

Where a, b, and c are lattice quantities, and A is the sum of
all atoms’ atomic weights in a unit cell.

Porosityð%Þ ¼ 1� qobserved

qTheoretical

� 100 ð13Þ

2D structures for sample synthesized at 3 g of eggshell con-
tent is shown in Fig. 6. Fig. 6 shows the coordination of 2
cations. Each cation is now coordinated by two interpenetrat-

ing tetrahedra, an inner slightly compressed tetrahedron, and
an outer elongated tetrahedron (Limbu, 2022). The bond
length of Zr-O is 2.0932 Å and they are bonded covalently.

3.2. FTIR analysis

Functional group analysis of pure eggshell is illustrated in

Fig. 7. FTIR spectrum of eggshell consists of four main
groups: OAH, NAH, CAO and CAOAC. OAH bonds nor-
mally forms from alcohol and hydrogen group observed at

1630 cm-1. NAH bond comes from amides present in fibers
of eggshell. Two strong bonds observed at 887 cm�1 and
1400 cm�1 are CAO stretching from calcium carbonate which
is major content in eggshell (Tizo et al., 2018). Another weak

band observed around 1087 cm-1 representing the starching
from sodium alginate (Lakouraj et al., 2014).

Fig. 7 represents the FTIR analysis of eggshell added zirco-

nia. At lower eggshell content (1 g) one distinct band at



Fig. 4 Corresponding XRD fitted diagram of eggshell added zirconia (a) 1 g, (b) 2 g, (c) 3 g, (d) 4 g and (e) 5 g.
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610 cm�1 is observed pertained to m-ZrO2 [Fig. 7a]. Another

weak band with a peak at 750 cm�1 is also assigned to Zr-O
vibrations of t-ZrO2 (Lee et al., 2023). The band
at � 887 cm –1correlate to the CAO vibration (Ren et al.,

2023). 2 g of eggshell content causes vibration of m-ZrO2

weakened. A similar observation was reported by Chen et al.
(Chen et al., 2005) for mixed phases of zirconia nanostruc-
tures. As eggshell content increases up to 3 g a clear band

was observed at 460 cm�1 which is assigned to t-ZrO2

[Fig. 7c). For this sample, no peak related to m-ZrO2 is
observed which further confirms the phase purity of t-ZrO2.

Wh further increase in additive content t-ZrO2 bands
strengthen which is in good agreement to XRD data. When

an organic additive is used during synthesis, carbon related
bands are found in the region of 1000–1200 cm-1. The band
at 1130 cm�1 is therefore attributed to CAC stretching vibra-

tions. The presence of ‘‘carboxylates,” which include contribu-
tions from the vibrations of aromatic and aliphatic
carboxylates, is being revealed by this spectral band. The pre-
cise absorption for each carbohydrate is determined in the

range from 1000 to 1200 cm�1 (Adina et al., 2010;
Jayakumar et al., 2011; Almulaiky et al., 2021). Stretching
vibrations occur between 1400 and 1600 cm-1 C‚C (aromatic

ring). Although there are two or three aromatic ring bands in



Fig. 5 (a) Crystallite size, (b) Unit cell volume (c) Porosity of eggshell added zirconia. Inset (a) shows the dislocation lines/m2 and inset

(b) X-rays density with eggshell content.

Fig. 6 2D structures of zirconium oxide nanopowder at eggshell

content 5 g.
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this region, the strongest one was found at about 1400 cm�1.
According to the literature (Majid et al., 2022; Tantala et al.,

2019), the band at around 1400 cm�1 is attributed to an aro-
matic ring, which comes from an organic ingredient called egg-
shell. The OH bonds bending and stretching vibrations

brought on by absorbed water molecules are responsible for
the bands seen at 1630 and 3400 cm�1 (Barkat et al., 2022;
Xiao et al., 2019).

3.3. RAMAN analysis

Figure 8 (a-b) represents the RAMAN spectra of eggshell
added zirconia. There is no sharp peak of monoclinic phase

in all samples. However, at relatively low content of eggshell
added zirconia (1 g and 2 g) a hump or trace at 332 cm�1

are corresponding to Bg mode of monoclinic zirconia (Bhujel

et al., 2021). The intensity of this trace decreases with eggshell
content. A broad peak at 642 cm�1 along with two character-
istic tetragonal peaks are observed, even at low eggshell con-



Fig. 7 FTIR of (a) Egg shell and eggshell added zirconia for (b)

1 g, (c) 2 g, (d) 3 g, (e) 4 g and (f) 5 g.

Fig. 9 Hardness and fracture toughness of eggshell added

zirconia.

8 S. Akram et al.
tent. RAMAN analysis further confirms the metatability of t-

ZrO2 (transformation stage to phase pure t-ZrO2). As eggshell
content reaches to 3 g, monoclinic phase diminished and phase
pure t-ZrO2 is confirmed by presence of 3 distinguished peaks

at 146 cm�1 and 264 cm�1 and 642 cm�1. It can be depicted
from Fig. 8b the intensity of tetragonal RAMAN bands
Fig. 8 RAMAN spectra of gelatin added zir

Table 2 Phase fractional ratio and Hardness (HV) of eggshell adde

Eggshell content

(g)

t:m Hardness Vickers(HV) at constant load (5 N)

1 11:89 860 ± 5

2 95:05 1165 ± 5
increases with eggshell content which further confirms that
strengthening of t-ZrO2.

RAMAN spectra can used to calculate phase fraction by

following Eq. (14) (Guo et al., 2018; Clarke and Adar, 1982;
Bashir et al., 2022).

Vt ¼ 0:97½It 146ð Þ þ It 264ð Þ þ It 642ð Þ�
0:97 It 146ð Þ þ It 264ð Þ þ It 642ð Þ½ � þ 0:97½Im 332ð Þ þ It 264ð Þ þ It 642ð Þ�

ð14Þ

where,
conia (a) 1 g and 2 g, (b) 3 g, 4 g and 5 g.

d ZrO2.

and time (10S) Fracture Toughness (MPa.m
1/

2)

Zirconia Phase

7.650 ± 2 Metastable

zirconia

10.23 ± 2 Metastable

zirconia



Fig. 10 SEM images of eggshell added zirconia at different eggshell content (a) 3 g, (b) Magnified view at 3 g, (c) 4 g, (d) Magnified view

at 4 g, (e) 5 g, and (f) Magnified view at 5 g.
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It = Intensity of t-ZrO2.
Im = Intensity of m-ZrO2.

The proportion of tetragonal phase in eggshell added zirco-
nia is 11%, 95%, 100%, 100% and 100% for 1 g, 2 g, 3 g, 4 g
and 5 g eggshell added zirconia [Table 2].

3.4. Hardness and fracture toughness

As mentioned earlier, eggshell are added in zirconia with aim-
ing strengthen and stabilizing it. Hardness of the samples were

perceived by Vickers-Nano-Indenter. Hardness of the samples
is correlated with density. As density of the samples increases
[Inset Fig. 5b] hardness shows a steep increase. Maximum

hardness � 1389 has been achieved after obatining phase pure
t-ZrO2. Zirconia with different phases poses different value of
hardness and fracture toughness. As eggshell contents chan-
ged, so densities of the prepared samples. This had to do with

the intricate microstructure. The microstructure of the samples
prepared at 5 g and 3 g had fewer pores than that of prepared
at 1 g. Samples prepared with 1 g which had a more pro-

nounced presence of the monoclinic phase and high porosity.
This came about as a result of the altered density and



Fig. 11 FE-SEM images of eggshell added zirconia (a) 5 g, (b)

Magnified view at 5 g.

Fig. 12 XPS spectrum of 5 g egg shell added zirconia.
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microstructure. Higher density and finer grains were made pos-
sible by the presence of eggshell content.

Table 2 summarizes the results of hardness in HV. Facture

toughness of the samples is calculated using crack length
formed during indentation. Ten measurements were done to
satisfy the standard JIS R 1607 (JIS R, 1607). For fracture

toughness calculations usually three techniques are used (1)
Palmqvist cracks, (2) half-penny crack and (3) curve-fitting.
The selection of technique is based on c/a ratio suggested by
most cited article (Jenkins and Snyder, 1996). Generally, it is
assumed that if c/a less than 2 Palmqvist model is employed
(Moradkhani et al., 2013; Ponton and Rawlings, 1989).

The fracture toughness, KIc (MPa m1/2), was calculated

using the equation given by Niihara et al. (Niihara et al.,
1982) for the Palmqvist cracks.

KIc ¼ 9:052� 10�3H3=5E3=5d:c�1=2 ð15Þ
where

H = Hardness (MPa).
E = Young’s modulus (210,000 MPa).
d = Average diagonal line length of the indentation.

c = Average length of the Palmqvist cracks.
Different crack length leads to different fracture toughness.

The values are summarized in Table 2 and plotted in Fig. 9.
Hardness of the samples and fracture toughness show the three

distinct regions is according to XRD analysis. Maximum frac-
ture toughness is observed at 5 g of eggshell content. Gener-
ally, grain size and density are influencing parameters for

hardness and hence for fracture toughness. Phase purity,
non-agglomerated structure, low porosity and high density
results in high value of hardness. Comparatively low value of

fracture toughness is due to phase transformation, as can be
seen in Fig. 3. Regarding fracture toughness, it was demon-
strated that the eggshell addition improves fracture toughness.

Moreover, it is interesting to note that there is small porosity
observed in microstructures which helps to reduce crack for-
mation. Absence of crack is one of the cause of strengthening
the material.

The connection between porosity and hardness can be
understand by following Eq. (16) (Poole, 2004):

HV ¼ Hv ¼ Hoe
�bP ð16Þ

where,
Ho = Hardness of material.
b = Constant.

P = Porosity.
Above Eq. (16) confirms that porosity and density are basic

parameters to decide the strength of a material. Low porosity

and smaller crystallite size causes high HV values as shown in
Table 2. Hardness of the samples improves with decrease in
phase purity and crystallite size as observed in XRD data

(Figs. 3 and 5a).
Fig. 13 Zeta Potential of 5 g egg shell added zirconia.



Table 3 Variation in Hardness and weight loss of eggshell

added zirconia after Biodegradation test.

Time intervals (h) Weight loss (%) Hardness (HV)

12 0.95 ± 0.1 1375 ± 5

24 1.25 ± 0.1 1335 ± 5

36 1.56 ± 0.1 1305 ± 5

48 2.7 ± 0.2 1283 ± 5

72 6.29 ± 0.1 1250 ± 5

Fig. 15 SEM images of the mineralization of the eggshell added

zirconia scaffolds after (a) 1 week (b) 5 weeks.

Stabilization of zirconia nanoparticles by collagen protein 11
3.5. Morphological study

Fig. 10(a and b) shows that SEM images for 3 g of eggshell
content. Images reveal some content of porosity and particle
agglomeration. Comparing Fig. 10a and 10c, it is observable

that by increasing eggshell content, the contribution of parti-
cles was effectively constant, and the dispersion is good. Sam-
ple prepared at 4 g of eggshell content reveals the high density

is consistent with earlier calculation [Fig. 5-inset]. The size of
the nanostructures and phase fraction depends upon the syn-
thesis route. Almost spherical nanoparticles are achieved with

size ranges 40– 50 nm. The porosity of the samples decreases
and reaching a minimum value at 5 g of eggshell content
[Fig. 10 e and f] is consistent with XRD data calculations

[Fig. 5]. Some content of porosity is yet available which is
required for scaffold to form bonding with body tissues.

In Fig. 10f, some content of agglomeration and intercon-
nected nanostructures have been observed. The formation of

nanoparticles in the crystalline structure is due to the presence
of hydroxyl ions formed during sol–gel synthesis (Yes�il Acar
et al., 2022). Nanoparticle morphology further analyzed by

FE-SEM as shown in Fig. 11 a and b. FE-SEM images further
confirms the size and well dispersed spherical formation of zir-
conia nanoparticles. Eggshell works as a surfactant along with

body compatible properties and prevents the agglomeration
phenomenon which is one of the cause of monoclinic (less
strength) phase. As discussed earlier [Fig. 1], cracks formation
Fig. 14 Antioxidant study of zirconia nanoparticles at different

concentrations.
caused by water molecules adsorption. Water adsorption is the
cause of volume expansion and stresses. These stresses ulti-
mately result in monoclinic phase. Presence of surfactant (eg-

gshell) coats the surface and reduces the water adsorption.

3.6. XPS study

Further evidence of t-ZrO2 was obtained by XPS spectrum of
eggshell added zirconia Fig. 12 shows the XPS spectrum for 5 g
of eggshell content. The sample exhibited two main t-ZrO2

peaks at 182 eV and 184 eV in the Zr3d XP spectrum pertain-
ing to Zr3d5/2 and Zr3d3/2 in Zr–O, respectively (Zhu et al.,
2018).

3.7. Zeta potential

The major challenge for the bio-applications of metal oxide
nanoparticles is their stability issue in aqueous medium. Usu-

ally nanomaterials in powder form are used in biological appli-
cations, especially in toxicological studies which require highly
dispersible materials for in vitro as well as in vivo experiments.

Moreover, stable and highly dispersible nanoparticles gives
better and versatile interface, which further helps in better
interaction with biomaterials.
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The stability criteria of ZrO2 nanoparticles prepared at 5 g
of eggshell content is calculated for zeta potential range
+30 mV to �30 mV. Fig. 13 depicts zeta potential distribu-

tions of ZrO2nanoparticles illuminated by 1,064 nm in distilled
water solution. The zeta potential value of distilled water solu-
tion is 54.12 mV, which indicates the stable nanoparticles with

very less agglomeration in the solution.

3.8. In-vitro biodegradation study

After achieving phase pure t-ZrO2 biodegradation study was
carried out for and variation in weight and hardness were
examined. Sample synthesized at 5 g of eggshell content was

immersed in phosphate buffered saline (PBS) which is contain-
ing lysozyme for different time intervals (12, 24, 36, 48 and
72 h). Slight decrease in weight and loss has been observed
even after 72 h of immersion. It can be seen that although

hardness of the samples decreases to 1250 HV but it is still suit-
able for bone implantations. The observed values determined
by Eq. (7) are accessible in Table 3.

The outcome demonstrates that scaffold weight steadily
decreased during degradation with an increase in the PBS incu-
bation time. However, biocompatibility of the synthesized egg-

shell added zirconia impede the regular cell functions.
Biocompatibility and degradation rate play an important role
for maintaining the function of bone implantation. A moder-
Fig. 16 Chemical structure formulation and app
ate degradation rate is required for new bone formation. Very
slow degradation rate can impede the formation of new bon
whereas, very high degradation rate cannot support the defect

site. The faster hydrolysis degradation, or weight loss in com-
posite scaffolds is due to higher water molecules absorbed by
scaffolds (Sousa et al., 2008). It is earlier reported for perfect

bone formation degradation rate must be less than 2% per
day (Zeng et al., 2020). Evidently synthesized scaffolds repre-
senting the desired degradation rate for new bone formation.

Usually required size and shape of the scaffolds depends upon
the site where to be implanted. Here well-dispersed and spher-
ical nanoparticles are required to meet the clinical criteria of
bone implants.

3.9. Antioxidant study

Eggshell added zirconia nanoparticles were studied for antiox-

idant activity as shown in Fig. 14. The activity were studied at
10, 20, 50, 75, 100 and 150 mg/mL concentration of zirconia
nanoparticles. The percentage increases with concentration

of zirconia nanoparticles. The addition of nanoparticles coat-
ing the surface and enhances the free scavenging radical activ-
ity (RSA) of zirconia. The reason why the antioxidant

properties of eggshell are enhanced, is due to the encapsulation
phenomenon. Eggshells normally contain polyphenol com-
pounds which naturally enhance the antioxidant properties.
lication schematic of eggshell added zirconia.
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Moreover, eggshells membrane contains collagen proteins an
ideal natural ingredient, well-known to have an antioxidant
activity and proliferation of fibroblast cell

(Chotphruethipong et al., 2021). Eggshell added zirconia
nanoparticles shows 96% of RSA activity which is greater as
compared to literature (Tabassum et al., 2021), which means

eggshell enhances the antioxidant activity. An antioxidant
study carried out by Al-Fahdawi et al. (Al-Fahdawi et al.,
2015) presented that sulfated zirconia shows 55% activity.

Another antioxidant study of green synthesized zirconia
showed the RSA � 85 % at 158.15 mg/mL (Balaji et al., 2017).

3.10. In-vitro bio-mineralization study

In vitro bio-mineralization study was carried out for 5 g of
eggshell added zirconia for 1, 2 3, 4, and 5 weeks in SBF
and were analyzed under SEM. Deposition of hydroxyapatite

on the zirconia nanoparticles surfaces confirms the production
of new bone. After 1 week less mineralization was observed
[Fig. 15a] while after 5 weeks all pores were filled and minerals

were deposited on the surface of the scaffolds [Fig. 15b]. Dif-
ferent studies presented that in-vitro mineralization presence
of apatite layer on the surface of nanoparticles followed by

amount of calcium and phosphorous (Teimouri et al., 2015;
Rasheed et al., 2019). Calcium and phosphorous are extracted
from eggshell which facilitates the formation of apatite layer.
As exposure time increases the thickness of apatite layer

increases and flake like interconnected macromolecules with
size ranges 0.1 cm to 1 cm are observed. The SEM images
revealed that minerals deposition increases with deposition

time. The formation of apatite layer on the surface of zirconia
nanoparticles suggested the good sign of activity. Bargavi et al.
(Bargavi et al., 2020) showed that zirconia reaction with wol-

lastonite form Zr-OH functional groups. These functional
groups act as nucleation sites. They correlate their results with
XRD obtained after mineralization peak intensity increases

with soaking time as observed in present study. Fig. 16 repre-
sents the schematic view of formation mechanism and applica-
tion of egg shell added zirconia.

4. Conclusions

Zirconia nanoparticles were synthesized by sol–gel method at different

eggshell contents (1 g, 2 g, 3 g, 4 g and 5 g). XRD results confirmed the

establishment of a pure ZrO2 tetragonal phase, at 3 g eggshell content.

Further increase in eggshell content resulted in a strengthening phase.

Nanoparticles prepared at 3 g contents revealed the high density and

high value of hardness due to phase purity. FTIR spectra further con-

firmed the phase purity with peaks at 460 and 750 cm�1. SEM and FE-

SEM images confirmed the well-defined, dense and non-agglomerated

spherical nanoparticles. Biodegradation study presented the slight vari-

ation in hardness and weight loss after soaking in PBS. Antioxidant

study revealed the 96% of RSA activity. In-vitro-mineralization study

confirmed the formation of bone.
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