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hs of precipitated calcium
carbonate from discarded eggshells: effects of
polyelectrolyte and salt concentration

Mohammad Hossein Azarian a and Wimonlak Sutapun *ab

Biowaste eggshells are a valuable source of calcium carbonate suitable for various applications. In this study,

spherical vaterite and calcite calcium carbonate polymorphs have been synthesised from discarded

eggshells by the precipitation technique at ambient temperature. The influence of initial salt

concentration with different polyelectrolytes such as ethylene glycol (EG), polyethylene glycol (PEG, 600

and 6000), and poly(sodium 4-styrenesulfonate) (PSS) at various w/v% concentrations on the polymorph

crystal formation of precipitated calcium carbonate (PCC) particles was studied. The results indicated

that PCC crystals with spherical, star-shaped and yarn shaped morphologies can be obtained based on

the concentration of calcium ions and the presence of different polyelectrolyte solution. At low salt

molar concentration, PEG-6000 and PSS polyelectrolytes were found to promote the formation of

spherical vaterite calcium carbonate particles with particle mean diameters of 5.05 mm and 2.17 mm,

respectively. Furthermore, silver nanoparticles were also loaded into the PCC particles in situ, and the

surface area significantly increased from 2.2813 m2 g�1 in untreated ground eggshells to 30.4632 m2 g�1

in PCC particles in the presence of PSS and silver colloid solution. The EDS mapping revealed the

average wt% of silver atoms loaded in PCC particles in the presence of PSS polyelectrolyte was lower

(1.44 wt%) than in the presence of PEG-6000 (4.27 wt%) due to the silver encapsulation possibility during

the core–shell formation, as confirmed by SEM images. The silver nanoparticle-loaded PCC particles in

this study can be incorporated into the polymer matrix and employed for antimicrobial food packaging

or wound dressing application.
Introduction

Humans discard a massive quantity of biogenic waste into
nature daily, even though this waste is recyclable and consid-
ered a valuable source of inorganic and organic compounds.
Eggshell biogenic waste, of which thousands of tonnes are
disposed daily, contains more than 97 wt% calcium carbonate
crystals with potential usage in various advanced material
applications. The outer layer of the eggshell comprises calcite
calcium carbonate, while the inner layer consists of an organic
protein membrane.1 Although the discarded eggshells alone are
not toxic or dangerous for the environment, the decomposition
of their organic membrane in landlls enables the eggshells to
be colonised by various pathogens such as Escherichia coli and
Salmonella.2 Consequently, the European Union (EU) regula-
tions categorised and considered industrial eggshells as
hazardous biogenic waste.3 Due to environmental concerns
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coupled with the abundance of eggshells as a widely available
renewable source of biobased calcium carbonate, it is essential
to develop and optimise new methods for reusing and reproc-
essing eggshells accordingly. The repurposed eggshells can be
employed in advanced material applications, including water
treatment, bio-llers, and reinforcements in polymer compos-
ites, energy applications, and pharmaceutical, biomedical, and
drug delivery applications.

Calcium carbonate exists naturally in three primary anhy-
drous polymorphs of calcite, vaterite, and aragonite. For
instance, calcite in eggshells, vaterite in sh otoliths and
aragonite in mollusc shells.4–7 The application of eggshell
particles processed by simple mechanochemical methods has
been extensively studied so far in different elds such as ller in
polymers,8–10 wastewater purication,11–13 drug delivery and
biomedical application.14,15 The mechanochemical methods
refer to the process of obtaining microparticles by applying
mechanical energy at ambient temperature, such as grinding,
ball milling, or mortar and pestle techniques. The disadvantage
of the mechanochemical methods is obtaining impure irregular
calcium carbonate particles with minimal control on crystal
polymorphs formation, size, and morphology during the
process. However, the calcite polymorph calcium carbonate
RSC Adv., 2022, 12, 14729–14739 | 14729
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derived from eggshell can be converted to other polymorphs
structures or precipitated to precisely control the size and
morphology by techniques such as carbonation,16–20 hydro-
thermal,21,22 and wet precipitation technique.23,24 In the precip-
itation technique proposed in this research, the eggshell wastes
are digested in acid rst and precipitated in highly controlled
conditions. The advantage of this technique is the possibility of
controlling the size and obtaining pure calcium carbonate,
since the eggshell membrane residues are not digestible in
nitric acid and can be easily removed by simple ltration.

Moreover, the desired polymorph crystal structures of
vaterite, aragonite, or calcite can be induced by tuning the
precipitation reaction conditions. Calcium carbonate of various
polymorphs with different physical properties, such as
morphology and surface area, make it benecial for multiple
applications. In a study published by Lin et al., oyster shells
were digested in hydrochloric acid to obtain calcium chloride,
which further reacted with sodium carbonate to precipitate the
vaterite calcium carbonate particles.25 The vaterite calcium
carbonate is extensively used as a vehicle for encapsulation of
drugs or nanoparticles carriers due to its spherical structures.
In another study published by our group,26 discarded eggshell
particles were digested in hydrochloric acid, and a mixture of
calcite and vaterite particles were obtained aer reaction with
sodium carbonate. However, no polyelectrolyte was used in
those previous studies to stabilise the precipitated particles. To
the best of our knowledge, there is scarcely any report in the
literature regarding the precipitation of calcium carbonate from
discarded eggshell biogenic wastes particles in the presence of
different polyelectrolytes for silver nanoparticle carriers. Dul-
gosz et al. reported the preparation of PCC particles from
synthetic calcium nitrate solution in the presence of silver
colloid and poly(sodium 4-styrene sulfonate) (PSS) as poly-
electrolyte solution.27 The authors found that the obtained
spherical microparticles of calcium carbonates served as
carriers for silver nanoparticles (50 nm) and enabled sustained
release.

Despite the vast numbers of published research in the
literature devoted to precipitation and synthesis of various
polymorphs of calcium carbonate, they mostly used synthetic
salts as starting materials, such as calcium chloride or calcium
nitrate. For instance, Trushina et al. have reported the precipi-
tation of vaterite calcium carbonate by mixing CaCl2 and
Na2CO3 water solutions with equivalent molar concentrations
ranging from 0.1–1 M.28 In another study published by Xu et al.
PCC obtained from synthetic origins with different phases and
morphologies in the presence of polyethylene glycol (PEG) with
different molecular weight and concentrations.29 The results
showed that aragonite polymorphs were the only phase in the
absence of PEG, while calcite polymorphs dominated using PEG
as the polyelectrolyte. The authors concluded that PEG could
effectively control the growth of PCC crystals under experi-
mental conditions.

The polyelectrolytes can promote vaterite formation and
block its conversion to other polymorphs by creating three-
dimensional networks of intermolecular bonded molecules
around the calcium nuclei and delaying the growth rate to more
14730 | RSC Adv., 2022, 12, 14729–14739
stable calcite polymorph.30,31 Several studies revealed the effects
of various polyelectrolytes with different molecular weights and
proportions on the morphology, polymorphs, and size of
precipitated calcium carbonate particles synthesised from
synthetic salts origin.29,32,33 In the present research, non-ionic
polyelectrolyte (EG and PEG, 600 and PEG 6000) and ionic
polyelectrolyte (PSS) effects on vaterite crystal formation in
different salt molar concentrations were systematically studied.

The present work explores the feasibility of using discarded
eggshells as a primary source to obtain PCC particles with
controlled size and morphology. The calcium nitrate salt solu-
tion was obtained from the digestion of discarded eggshells in
nitric acid. The effects of various polyelectrolytes with different
concentrations on PCC morphology and crystal structures were
studied and characterised by scanning electron microscopy
(SEM), X-ray diffraction (XRD), attenuated total reection (ATR),
and Raman spectroscopy. The results were discussed and
compared with ground eggshell particles in the absence of
polyelectrolytes. Furthermore, to illustrate the possibility of
PCC particles as nanoparticles carriers, the optimal PCC parti-
cles were loaded with silver nanoparticles. Finally, the obtained
particles were characterised by Brunauer, Emmett, and Teller
(BET) and atomic force microscopy (AFM) analysis. The current
research presents a signicant advance over the existing liter-
ature in terms of using discarded eggshells as a source of
calcium which is cost-effective and contributes to reducing
environmental pollution.
Experimental details
Materials

All chemicals were of analytical grade and used without further
purication. Chicken eggshell wastes were obtained from
a local bakery shop near Suranaree University of Technology
(SUT) in Thailand, Nakhon Ratchasima. The eggshells were
washed with water and boiled for 6 h at 100 �C to remove the
eggshell membranes and organic residues. The eggshells were
ground to a ne powder aer drying at 60 �C for 24 h. Silver
nitrate (99.0%, ACS reagent), sodium carbonate (powder,
99.5%, ACS reagent), ethylene glycol, polyethylene glycol
(average Mw 600 and 6000 g mol�1) (99.0%, ACS reagent).
Sodium carboxymethyl cellulose (CMC, average Mw 90 000 g
mol�1, powder) and poly(sodium 4-styrene sulfonate) (PSS,
average Mw 70 000 g mol�1, powder) were obtained from Sigma
Aldrich. Nitric acid 65% (Grade AR, Mw ¼ 63.01 g mol�1) was
purchased from ANaPURE.
Precipitation of calcium carbonate from aqueous solution

Eggshell calcium carbonate particles were precipitated by rapid
mixing of calcium nitrate solution and sodium carbonate
solution in the presence and absence of polyelectrolyte solution.
The calcium nitrate solution is primarily obtained by digestion
of 50 g ground eggshell particles with 2M of nitric acid solution.
Aer digestion, the calcium nitrate solution was ltered to
remove the undigested materials like organic membrane or
eggshell brown pigments. The pH was adjusted to neutral by
© 2022 The Author(s). Published by the Royal Society of Chemistry
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adding 0.1 M sodium hydroxide. Aerwards, an equivalent
molar ratio of a sodium carbonate solution was prepared in DI
water. Then polyelectrolyte powder with desired concentration
was added to the sodium carbonate solution and stirred until
fully dissolved. Equivalent volumes of calcium nitrate and
sodium carbonate water solutions (with equivalent molarity
taken in the range of 0.03–0.5 M) were mixed rapidly under
vigorous stirring for 30 s at ambient temperature (25 �C). The
suspension was centrifuged at 5000 rpm for 5min to remove the
polyelectrolyte solution. The obtained particles were further
washed and centrifuged three times again. The precipitated
calcium carbonate particles were dried under a vacuum at 40 �C
overnight.

Precipitation of calcium carbonate in silver colloid

0.01 M solution of silver nitrate was prepared in 5 mL of DI
water. Alternatively, 85 mg CMC was dissolved in 20 mL of DI
water. The silver colloid was obtained by adding silver nitrate
solution to the CMC solution under stirring. Besides, 7 w/v% of
PEG-6000 and 1.5 w/v% of PSS solution was prepared separately
in sodium carbonate solution with a desired molar concentra-
tion equivalent to calcium nitrate molar concentration. The
prepared sodium carbonate solution and digested eggshell
solution (calcium nitrate) were simultaneously added to the
silver colloid suspension at ambient temperature and stirred for
30 s. The suspension was centrifuged at 5000 rpm for 5 min to
remove polyelectrolyte, excess silver, and unreacted silver
nitrate solution. The obtained particles were further washed
and centrifuged three times again. The synthesised silver/
calcium carbonate particles were dried under a vacuum at
40 �C overnight.

Characterisation

The morphology and size of PCC particles were observed
through Field Emission Scanning Electron Microscope (FE-
SEM) (JEOL JSM 7800F Tokyo, Japan) coupled with energy
dispersive X-ray spectroscopy (EDX). The samples were coated
with gold before SEM measurements. The statistical image
processing was performed in three stages: (1) the particle
dimensions were measured through Digi Mizer soware (Media
Cybernetics, Rockville, MD, USA), (2) size distribution (PSD)
determination using soware Minitab 17.2.0 (Minitab Ltd.,
Coventry, UK) to obtain mean diameter (Dm) and their respec-
tive histograms, and (3) the elemental composition of the PCC
particles by ESD in the mapping mode.

The structural phase study of the PCC particles was carried
out by powder X-ray diffraction (XRD) analyser in 2q range of 5–
80� using XRD (Model: Bruker D8 ADVANCE, MA, US) at the
voltage of 40 kV, a current of 40 mA, and Cu Ka (1.5606 Å)
radiation source. Attenuated total reection (ATR) spectra of
PCC particles were recorded from Bruker Tensor 27 spectro-
photometer at ambient temperature. The samples were scanned
over the wavenumbers ranging from 4000 to 650 cm�1 with
a resolution of 4 cm�1. All the spectra were collected aer an
average of 16 scans for each specimen. The Raman spectra were
collected on Bruker VERTEX 70/FT-Raman Module RAM II
© 2022 The Author(s). Published by the Royal Society of Chemistry
spectrometer with OPUS soware controls equipped with an
Nd:YAG laser (1064 nm) as excitation source, over 60–2000 cm�1

at 10% laser power and 100 seconds scan time. The three-
dimensional images and root mean square values (Sq) was
measured using an Atomic Force Microscope (AFM) Park
Systems AFM XE 120, Korea. The PCC particles were dispersed
in water/PSS solution and coated on a glass slide by drop-
casting method, and the surface was analysed by a non-
contact mode with a scan area of 40 � 40 mm2.

Furthermore, the three-dimensional images and root mean
square (RMS) roughness were obtained from XEI-Image Pro-
cessing and Analysis soware. The Brunauer, Emmett, and
Teller (BET) surface area measurements and porosity analysis
were carried out by Micromeritics 3Flex BET analyser. All
samples were degassed at 40 �C for 24 h in a vacuum before the
examination.

Results and discussion
Inuence of salt molar concentration

The calcium carbonates were precipitated without poly-
electrolytes with two different salt ions concentrations. The
morphology and chemical structures of ground ESP and PCC
from calcium nitrate (obtained from the digestion of eggshells)
and sodium carbonate with equivalent molar concentrations as
high as 0.5 M and as low as 0.03 M are shown in Fig. 1. Fig. 1A
indicates that the untreated ground eggshell particles (ESP) do
not contain any specic morphology patterns and size homo-
geneity. However, Fig. 1B shows that the PCC particles from
0.5 M salt concentration are aggregated sphere particles of
which multimolecular colloids with relatively spherical shapes
were formed. Moreover, some cubic particles are observed due
to the partial formation of calcite polymorph structures. Based
on XRD results shown in Fig. 1E, the ngerprint of ESP shows
distinct peaks at two theta values of 23.17�, 29.52�, 36.09�,
39.53�, 43.28�, 47.28�, and 48.65� conrming the complete
calcite polymorph crystal structures, corresponding well with
JCPDS# 47-1743 databases for calcite calcium carbonate.
However, with PCC from 0.5M salt concentration (Fig. 1E-a), the
additional new XRD peaks appear at 2 theta of 21.07�, 25.05�,
27.20�, 32.94�, 43.33�, 50.15�, and 57.53�, corresponding to the
presence and formation of vaterite polymorph crystal
structure.34

Therefore, the XRD results can conrm the coexistence of
vaterite and calcite polymorphs aer the precipitation of
calcium carbonate particles. However, the intensities of vaterite
peaks are relatively lower in 0.03M (Fig. 1E-b) salt concentration
than 0.5 M (Fig. 1E-a), indicating the lower formation of vaterite
polymorphs. As shown in Fig. 1D, at a lower salt molar
concentration (0.03 M), different morphologies and crystal
structures were obtained with non-aggregated spherical and
cubic particles with a slightly larger size as compared to 0.5 M
salt concentration. According to the ATR-IR results, as shown in
Fig. 1F, the ESP spectra possess four fundamental vibrational
modes of carbonate ions at 1410 cm�1 assigned to asymmetric
stretching (nas), at 1074 cm

�1 attributed to symmetric stretching
(ns), at 872 cm�1 assigned to out-of-plane bending (das), and at
RSC Adv., 2022, 12, 14729–14739 | 14731
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Fig. 1 ESP (untreated ground eggshell powders) and PCC particles without polyelectrolytes, (A) SEMmicro image of ESP, (B) SEMmicro image of
PCC from 0.5 M concentration, (C) higher magnification of image (A), (D) SEM micro image of PCC from 0.03 M concentration, (E) XRD
fingerprints, (F) ATR spectra, and (G) Raman spectra of ESP, (a) PCC from 0.5 M concentration and (b) PCC from 0.03 M concentration.
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713 cm�1 ascribed to in-plane bending (ds) vibrations. The
symmetric stretching band is relatively weak as it is an infrared-
forbidden isolated carbonate ion.35 As shown in Fig. 1F-a, the in-
plane bending band at 713 cm�1 dispersed aer precipitation of
calcium carbonate from 0.5 M salt concentration, and the new
band appeared at 744 cm�1 due to the polymorphs trans-
formation from calcite to vaterite structure. In Fig. 1F-b,
however, the intensity of the band at 744 cm�1 relatively
decreased, comparing to that band from ESP spectrum.
Furthermore, the asymmetric stretching vibration band at
1410 cm�1 becomes broader aer precipitation with both 0.5
and 0.03 M salts concentration, indicating the transformation
of calcite to vaterite polymorph structures.

The Raman spectra of ESP (Fig. 1G-ESP) demonstrate a strong
peak at 1085 cm�1 due to symmetric stretching of C–O bonds.
This peak was the weak forbidden band in ATR-IR spectroscopy,
which is Raman active, relatively strong, and distinctive. On the
other hand, the in-plane bending at 715 cm�1 is weaker than the
ATR-IR mode and represents the calcite polymorphs. These two
bands are called “internal modes” due to their vibrations
between the C and O of carbonate ions.36 Furthermore, the
Raman spectrum of ESP calcium carbonates contains “lattice
modes” in the range of 100 cm�1 to 300 cm�1 derived from
vibrations among calcium carbonatemolecules in the lattice. The
sharp and distinct peaks in lattice mode are characteristics of
calcite polymorph structure. Raman spectroscopy considers
a robust analysis for identifying a mixture of calcium carbonate
polymorphs due to its excellent differentiation determined by
each polymorphs structure.37 As shown in Fig. 1G-a, with
precipitation of calcium carbonate from 0.5M salt concentration,
the symmetric stretching of C–O band at 1087 cm�1 becomes
broader and in-plane bending of calcite calcium carbonate
vibration at 715 cm�1 disappears. This is accompanied by
14732 | RSC Adv., 2022, 12, 14729–14739
broadening the “lattice modes” peaks, indicating the formation
of vaterite calcium carbonate polymorphs.

On the other hand, Fig. 1G-b shows the insignicant change
of calcite characteristic peaks, indicating the coexistence of
both calcite and vaterite polymorphs mixture. The polymorphs
aggregation in higher salt concentrations might be due to the
increased numbers of ions available during the polymorph
nucleation, leading to the growing crystals instead of forming
new nuclei. Therefore, the aggregation would be tentatively
higher with more ions in the solution, by which polyelectrolytes
would prevent, accordingly.
Inuence of polyelectrolytes in high salt concentration

PCC crystals with different morphologies are obtained in the
presence of EG, PEG-600, PEG-6000, and PSS. The morphology
of PCC particles obtained from 0.5 M salt solution with the
addition of 2 w/v% PEG-600 is shown in Fig. 2A. Irregular PCC
particles can be seen with intermediate cubic and spherical
shapes. In contrast, as shown in Fig. 2B, in the presence of
higher molecular weight PEG-6000, lamellar calcite calcium
carbonate was obtained together with framboids vaterite
calcium carbonate crystals. The formation of lamellar calcium
carbonate was also reported by Liu et al. reported precipitation
from calcium chloride and sodium carbonate solution in the
presence of polysaccharides obtained from sticky rice.38 As
shown in Fig. 2C, non-uniform aggregated particles were
observed using EG. However, spherical yarn shape PCC particles
were observed by switching from EG to anionic PSS poly-
electrolyte. A similar yarn-ball-like morphology of calcium
carbonate has been reported by the precipitation method from
carbide lime sludge waste and ammonium chloride as starting
materials to obtain biobased calcium chloride solution.39
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) SEM image of PCC from 0.5 M salt concentration and 2 w/v% PEG-600, (B) SEM image of PCC from 0.5 M concentration and 2 w/v%
PEG-6000, (C) SEM image of PCC from 0.5 M concentration and 2 w/v% EG, (D) SEM image of PCC from 0.5 M concentration and 1.5 w/v% PSS,
(E) XRD fingerprints, (F) ATR spectra and (G) Raman spectra of (a) PCC in presence of 2 w/v% PEG-600, (b) PCC in presence of 2 w/v% PEG-6000,
(c) PCC in presence of 2 w/v% EG and (d) PCC in presence of 1.5 w/v% PSS.
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The various PCC crystal morphologies are derived from the
high concentration of calcium ions and their interaction with
different polyelectrolyte molecular chains. Aer mixing the
calcium and carbonate ions in the polyelectrolyte solution,
amorphous calcium carbonate (ACC) is quickly formed as
a kinetic product.40 The intermolecular interactions such as
electrostatic or van der Waals forces among ACC and the
hydroxyl groups of the polyelectrolyte chains control the growth
of metaphase vaterite or calcite polymorph formation. Based on
the XRD results shown in Fig. 2A, calcite is a preferred poly-
morph in the presence of a lower molecular weight PEG, PEG-
600. However, vaterite is a preferred polymorph using EG and
PEG-6000. The intensity of the most characteristic peak of
calcite polymorph at 2q of 29.52�, observed in Fig. 2E-b, was
slightly lower (in the presence of PEG-6000). Despite the vaterite
predominance, the calcite polymorph also coexists with vaterite
polymorph. The result is in accordance with the morphology
image shown in Fig. 2B. Unlike non-ionic polyelectrolytes, the
inclusion of anionic PSS resulted in calcite polymorph exclu-
sively in high salt molar concentration (Fig. 2E-d). As shown in
Fig. 2F-b and G-b, the appearance of both in-plane bending
bands at 713 cm�1 and 744 cm�1 in ATR spectra and absorption
at 157 cm�1 in Raman spectra indicate the coexistence of
vaterite and calcite formation in the presence of PEG-6000.
Those results suggest that PEG with higher molecular weight
has a higher impact on the shape and stabilisation of vaterite
formation during the precipitation process from high salt molar
concentration. The reason might be due to the larger chains
entanglement of PEG-6000 than PEG-600, which resulted in
a more corporative link to calcium ions nucleation. Therefore,
the effect of higher percentage of EG and PEG on formation of
PCC polymorph was presented in the following section.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Inuence of higher polyelectrolyte proportion in high salt
concentration

The concentration of polyelectrolytes was increased to study
their higher proportion effects on formation of PCC poly-
morph. As shown in Fig. 3A, sphere-shaped complex aggre-
gated vaterite calcium carbonate was observed as well as cubic
calcium carbonate in the presence of 4 w/v% of EG. However,
with 4 w/v% of PEG-6000, the individual spherical particles
were observed in the scan area (Fig. 3B). Further increasing the
concentration of PEG-6000 to 7 w/v%, the star-shaped vaterite
calcium carbonate was observed. The formation of star-shaped
vaterite PCC particles might be due to the aggregation of
vaterite polymorphs on a common nucleus in the nucleation
processes.41 The aspect of star-shaped PCC particles is their
higher surface area than spherical or cubic particles. The star-
shaped vaterite of calcium carbonate was also reported by
Trushina et al.28 Based on SEM results, it can be concluded
that PEG has a better inuence on morphology of PCC than EG
in terms of spherical star-shaped vaterite formation. This
might be related to a 3D chain entanglement formation of PEG
with more spatial functional groups to effectively stabilise the
PCC particles. However, the moving feasibility of calcium and
carbonate ions was affected by their high salt concentration in
the presence of a more viscous polyelectrolyte. Hence, indi-
vidually primary PCC particles were not observed. According to
the XRD results shown in Fig. 3D, all three sample mixtures
gave rise to a mixture of calcite and vaterite polymorph
structures. However, as can be also observed in Fig. 3D, the
intensity of the peaks related to calcite are lower than that
related vaterite PCC particles. Therefore, vaterite is the domi-
nant polymorph in the presence of 7 w/v% PEG-6000. The
RSC Adv., 2022, 12, 14729–14739 | 14733
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Fig. 3 (A) SEM image of PCC from 0.5 M salt concentration and 4 w/v% EG, (B) SEM image of PCC from 0.5 M salt concentration and 4 w/v%
PEG-6000, (C) SEM image of PCC with 0.5 M salt concentration and 7 w/v% PEG-6000. (D) XRD fingerprints, (E) ATR spectra and (F) Raman
spectra of (a) PCC in presence of 4 w/v% EG, (b) PCC in presence of 4 w/v% PEG-6000, (c) PCC in presence of 7 w/v% PEG-6000.
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crystalline polymorph structure of PCC particles was also
investigated by ATR and Raman spectroscopy (Fig. 3E and F).
From the ATR, the in-plane bending at 745 cm�1 in all three
samples attributed to the characteristic peaks for the vaterite
phase. Furthermore, from Raman spectra, the presence of
a broad lattice peak in the range of 100 cm�1 to 300 cm�1

indicated the vaterite polymorph structure of calcium
carbonates for all samples.

Inuence of polyelectrolytes in low salt concentration

In this section, calcium carbonates were precipitated from
lower initial calcium nitrate and sodium carbonate molar
concentrations. The morphology results obtained from 0.03 M
concentration in the presence of 7 w/v% PEG-6000 and 1.5 w/v%
PSS indicated the PCC particles formation with porous surface
structure and spherical shapes. This is shown how signicant it
is to adjust the salt molar concentration besides polyelectrolyte
(MW and concentration), in order to make control of the
stability, polymorph's structure, and size of PCC particles. The
smaller PCC particles with relatively lower average diameter
were obtained in the presence of PSS polyelectrolyte compared
to PEG-6000 due to the more efficient complexation of calcium
ions by the anionic groups of PSS.42 The particle size distribu-
tion (PSD) can be measured by counting the number of PCC
particles to determine diameters with respect to size ranges.
Particle diameters vs. percentages are plotted as histograms and
shown in Fig. 4. The histogram of PCC particles in the presence
of PEG-6000 shows that the maximum PSD is in the range of
4.5–6 mm with a mean diameter (Dm) of 5.05 � 0.87 mm.
However, lower values of max PSD (1.9–2.4 mm) and Dm were
14734 | RSC Adv., 2022, 12, 14729–14739
observed for PCC particles obtained with presence of PSS
compared to PCC particles obtained with the presence of PEG-
6000. The observed reduction in particle size upon precipita-
tion in the presence of PSS is most likely related to the anionic
nature of PSS, resulting in increased surface tension of the
calcium carbonate at the initial stage of growth and thus giving
rise to smaller particles.

Based on the XRD results shown in Fig. 4G, only calcite
polymorph exists in PCC in the presence of PEG-6000. More-
over, the existence of calcite polymorph was conrmed by the
presence and absence of in-plane bending at 713 cm�1 and
745 cm�1, respectively as shown in ATR spectrum of Fig. 4H-a.
The “lattice mode” in Raman spectra of Fig. 4I-a also presents
the sharp peaks representing the entire calcite polymorph
structure. However, calcite and vaterite coexistence polymorphs
were conrmed by XRD in the presence of PSS. Based on the
core–shell formation of PCC particles, there would be a possi-
bility of having core as vaterite stabilised by PSS and growing
shell as calcite, which grows aerwards. The phase of two
polymorphs' core–shell formation can be observed in the higher
magnication of the SEM image in Fig. 4E. The obtained
information conrmed the role of salt molar concentration to
decrease the size of spherical PCC particles with vaterite-calcite
polymorph's structure using PSS or increase the size of spher-
ical PCC with calcite polymorph dominant structure using PEG-
6000.

Loading of silver nanoparticles on vaterite calcium carbonate

Spherical calcium carbonate particles can be employed as drug
or nanoparticles carriers due to their high biocompatibility
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) SEM image of PCC from 0.03 M salt concentration and 7 w/v% PEG-6000, (B) 30 000� of SEM image (A), (C) particle size distribution
of PCC from0.03M salt concentration and 7 w/v% PEG-6000, (D) SEMmicro-image of PCC particles fromwith 0.03M salt concentration and 1.5
w/v% PSS, (E) 30 000�magnification of SEM image (D), (F) particle size distribution of PCC from 0.03 M salt concentration and 1.5 w/v% PSS. (G)
XRD fingerprints, (H) ATR spectra and (I) Raman spectra of (a) PCC in presence of 7 w/v% PEG-6000 and (b) PCC in presence of 1.5 w/v% PSS.
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and biodegradability. The precipitation of calcium carbonate
in a silver colloid can lead to loading the silver nanoparticles
in calcium carbonate particles in situ while the crystals grow.
The role of CMC polyelectrolyte was rst as a reducing agent to
reduce the Ag+ to silver nanoparticles (Ag0) and secondly as
a stabilizer to stabilize the Ag0 nanoparticles aer their
formation and prevent their agglomeration in silver colloid
solution before in situ precipitation of calcium carbonate. The
SEM analysis was performed to observe the morphological
characteristics of the PCC particles and silver nanoparticles
with different polyelectrolytes. As illustrated in Fig. 5A,
spherical PCC particles were deposited by silver nanoparticles.

Moreover, as shown in Fig. 5B, the spherical silver nano-
particles on the outer layer of PCC particles were observed at
a higher magnication SEM image. However, the silver nano-
particles were not observed on the outer layer of PCC particles
using PSS due to the core–shell structure formation (Fig. 4E) as
well as concurrent the silver nanoparticles encapsulation within
the core–shell structure. This assumption was further proved by
© 2022 The Author(s). Published by the Royal Society of Chemistry
ATR analysis (Fig. 5H). The Ag/O absorption band at 553 cm�1

was observed in PCC particles loaded silver nanoparticles in the
presence of PEG-6000 and not in the presence of PSS. The
absence of Ag/O absorption in PCC particles in PSS presence
could indicate the encapsulation of silver nanoparticles. The
EDS results were also further performed to prove the above
assumption.

Fig. 5D–F show the histogram plots of particle diameters vs.
percentages for PCC loaded silver nanoparticles using PEG-6000
and PSS polyelectrolytes. The histogram of PCC loaded with
silver nanoparticles using PEG-6000 shows that the maximum
PSD is in the range of 3–7 mmwith a mean value Dm of 5.9 � 2.6
mm. The PSD histogram of silver on PCC particles (Fig. 5E)
shows that the maximum PSD of silver nanoparticles is in the
range of 70–240 nm with Dm of 155.6 � 64 nm. The maximum
PSD of PCC particles loaded with silver nanoparticles decreased
signicantly to 1–2 mm with a Dm value of 1.68 � 0.47 mm uti-
lising PSS as polyelectrolyte solution instead of PEG-6000. As
shown in Fig. 5G-a, the XRD analysis indicates the mixture
RSC Adv., 2022, 12, 14729–14739 | 14735
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Fig. 5 (A) SEM image of PCC particles from 0.03 M salt concentration, in presence of 7 w/v% PEG-6000 and 0.01 M silver colloid, (B) 30 000� of
SEM image (A), (C) SEM image of PCC from 0.03 M salt concentration, 1.5 w/v% PSS and 0.01 M silver colloid, (D) particle size distribution of PCC
from 0.03 M salt concentration and 7 w/v% PEG-6000, (E) particle size distribution of silver nanoparticles deposited on PCC from 0.03 M salt
concentration and 7 w/v% PEG-6000, (F) particle size distribution of PCC from 0.03 M salt concentration and 1.5 w/v% PSS. (G) XRD fingerprints
and (H) ATR spectra of (a) PCC particles from of 0.03 M salt concentration, 7 w/v% PEG-6000 and 0.01 M silver colloid and (b) PCC particles from
of 0.03 M salt concentration, 1.5 w/v% PSS and 0.01 M silver colloid.
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formation of vaterite and calcite with dominant vaterite poly-
morphs structures. However, Fig. 5G-b shows that vaterite
polymorph is the sole crystal structure in the presence of PSS
polyelectrolyte.

The proposed precipitation process of calcium carbonate
particles in silver colloid and polyelectrolyte solution is illus-
trated in Fig. 6. Matai et al. have reported the precipitation of
calcite calcium carbonate decorated with silver nanoparticles
obtained from a synthetic salt origin in the presence of seaweed
as a source of polysaccharide and silver colloid and found that
the shapes of PCC particles depend on initial calcium salt molar
concentration.43

Fig. 7 shows the energy-dispersive X-ray spectroscopy
mapping (EDS) images of the PCC particles loaded with silver
nanoparticles utilising PSS and PEG-6000 polyelectrolytes.
The silver nanoparticles have not demonstrated a clear
spherical pattern (Fig. 7D) using PSS polyelectrolyte due to
their possibility of encapsulation during the core–shell
formation based on our previous assumption. In contrast,
silver nanoparticles depicted a clear spherical pattern
(Fig. 7C), indicating their loading at the outer layer of PCC
particles. Furthermore, EDS atomic weight percentage (wt%)
14736 | RSC Adv., 2022, 12, 14729–14739
elemental analysis revealed the average wt% of silver atom
loaded in PCC particles with the presence of PEG-6000 was
higher (4.27 wt%) than in the PCC particles with the presence
of PSS (1.44 wt%).
Surface analysis

Fig. 8A and B show the three-dimensional (3D) AFM topog-
raphy images of PCC particles before and aer loading with
silver nanoparticles in the presence of PSS polyelectrolyte.
AFM images show the spherical shape morphology of the PCC
particles, which are in agreement with SEM images (Fig. 4D
and 5C). The AFM study results demonstrate that loading the
silver nanoparticles decreases the surface roughness of
calcium carbonate particles, and the root mean square value
(RMS) is reduced from 1.69 mm in PCC particles without silver
nanoparticles to 1.12 mm in PCC particles loaded with silver
nanoparticles. The decrease in surface roughness would help
the particles be more stabilised in suspension. In addition,
particles with smoother surfaces feature strong adhesive
forces.44 The nitrogen adsorption–desorption linear
isotherms of untreated ground eggshell particles, PCC in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic illustration of calcium carbonate precipitation in silver colloid, (A) silver colloid, (B) mixture of silver colloid, calcium nitrate, and
sodium carbonate solution, (C) precipitated calcium carbonate loaded silver nanoparticles suspension, and (D) obtained calcium carbonate
loaded silver nanoparticles after centrifuge and drying.

Fig. 7 (A) SEM image of PCC particles from 0.03 M salt concentration, with 7 w/v% PEG-6000 and 0.01 M silver colloid, (B) Ca EDS image
mapping, (C) silver EDS mapping image, (D) SEM image of PCC particles from 0.03 M salt concentration, with 1.5 w/v% PSS and 0.01 M silver
colloid, (E) Ca EDS mapping image and (F) silver mapping image.
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presence of PSS polyelectrolyte with low salt molar concen-
tration and a silver loaded calcium carbonate are shown in
Fig. 8C. Fig. 8C-a shows that the untreated eggshell is non-
porous or macroporous, representing the isotherm type II.45

However, as shown in Fig. 8C-b and c, the adsorption–
desorption behaviour has been changed with precipitation
and indicating mesoporous crystal structures, reecting the
isotherm type IV.46 The Brunauer–Emmett– Teller (BET)
surface area of untreated eggshell calcium carbonate powders
is 2.2813 m2 g�1 with a pore volume of 0.003092 cm3 g�1.
However, aer precipitation of calcium carbonate in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
presence of PSS polyelectrolyte and loading with silver
nanoparticles the BET surface area was increased signicantly
to 13.5841 m2 g�1 and 30.4632 m2 g�1, respectively. Moreover,
the pour volume was also increased to 0.040260 cm3 g�1 and
0.087130 cm3 g�1, respectively. Therefore, it can be concluded
that the precipitation of calcium carbonate in presence of PSS
polyelectrolyte and silver nanoparticles can signicantly
increase the surface area of particles. However, as reported by
Minakshi et al., other treatment methods such as calcination
of chicken eggshells effectively reduced the surface area of
particles.47
RSC Adv., 2022, 12, 14729–14739 | 14737
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Fig. 8 (A) AFM micro-images of PCC particles in PSS, (B) PCC particles loaded with silver nanoparticles in PSS, (C) nitrogen adsorption–
desorption isotherms of (a) untreated ground eggshell particles, (b) PCC particles in PSS, and (c) PCC particles loaded with silver nanoparticles in
PSS.
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Conclusions

Spherical calcium carbonate powders were successfully syn-
thesised from discarded eggshell wastes by precipitation tech-
nique in the presence of different polyelectrolytes. The
experimental results showed that morphologies and polymorphs
structures of PCC particles could be effectively tunned by
changing the experimental parameters such as initial calcium
ions molar concentration, using different polyelectrolytes (non-
ionic or ionic) with different molecular weight, and concentra-
tion of polyelectrolyte solution. The histogram of PCC particles
shows that the maximum particle size distribution in low salt
concentration is in the range of 4.5–6 mm and 1.9–2.4 mm in the
presence of PEG-6000 and PSS polyelectrolytes, respectively.
Moreover, the precipitation technique changed the adsorption–
desorption behaviour from non-porous or macroporous in
untreated eggshell particles to mesoporous crystal structures.

In addition, PCC has also been precipitated in the silver
colloid. Silver nanoparticles were mainly loaded on PCC parti-
cles' outer layer using PEG as polyelectrolyte while mostly
encapsulated within the PCC particles using PSS polyelectrolyte.
Therefore, the PCC particles can be employed as delivery vehi-
cles or encapsulants for nanoparticle loading. It can be
concluded that using discarded eggshells to produce calcium
carbonate particles by precipitation technique effectively
enables the control of PCC's morphology and polymorph
14738 | RSC Adv., 2022, 12, 14729–14739
structure in the presence of different polyelectrolyte solutions.
The obtained silver-loaded PCC particles in this study have the
potential to be incorporated into the polymer matrix lm and
applied for advanced material applications such as antimicro-
bial food packaging or wound dressing.
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2 M. Felipe-Sesé, D. Eliche-Quesada and F. A. Corpas-Iglesias,
Ceram. Int., 2011, 37, 3019–3028.

3 S. Owuamanam and D. Cree, J. Compos. Sci., 2020, 4, 70.
4 M. R. Saeb, M. Ghaffari, H. Rastin, H. A. Khonakdar,
F. Simon, F. Naja, V. Goodarzi, P. P. Vijayan, D. Puglia,
F. H. Asl and K. Formela, RSC Adv., 2017, 7, 2218–2230.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01673g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

12
:4

3:
45

 P
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
5 D. Athanasiadou, W. Jiang, D. Goldbaum, A. Saleem, K. Basu,
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