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Managing large volumes of food waste is a growing challenge. Eggshells (ESs) are an abundant and
widespread waste that represent an interesting source for Ca-based materials. To fulfil the cradle-to-
cradle sustainability concept, the final products need to be materials that can either degrade or serve as
nutrients in soil. ES can be converted into different Ca precursors to obtain hydroxyapatite (Hap)
nanoparticles, a promising solid fertilizer that can promote a controlled release of nutrients. Most of the
reported procedures involve a high-temperature calcination step to obtain CaO, a process that is
energy-intensive and CO, emitting. We propose an alternative by dissolving ES in an ascorbic acid

solution, a green, non-toxic, and cost-effective reagent. Composition, crystallinity and morphology of
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Accepted 14th November 2025 the obtained product were compared to those of Hap obtained with commercial reagents and by

dissolving ES in nitric acid. Nutrient release behaviour was evaluated through ICP-OES, demonstrating

DOI: 10.1035/d55u00577a the material's potential for agricultural applications. This method offers a low-impact, circular approach

rsc.li/rscsus to waste valorisation, promoting the conversion of food waste into high-value functional materials.

Sustainability spotlight

This study deals with a sustainable route for the synthesis of hydroxyapatite via a low-temperature aqueous method using calcium-rich eggshell waste and
ascorbic acid as a green reagent. By means of this process, the need for high-temperature calcination can be avoided, significantly reducing the energy input. The
obtained hydroxyapatite is tailored for application as a slow-release fertilizer, enhancing phosphorus bioavailability while minimizing nutrient leaching. This
biowaste valorisation aligns with the principles of both green chemistry and circular economy, directly supporting the following UN Sustainable Development
Goals: SDG 12 (Responsible Consumption and Production), SDG 2 (Zero Hunger), SDG 13 (Climate Action) and SDG 14 (Life Below Water) by promoting resource

efficiency, sustainable agriculture, and reduced carbon footprint.

Introduction

The management of large amounts of food waste presents
a significant challenge. Circular economy aims at minimizing
waste and promotes continuous reuse of materials as resources
to produce value-added products, addressing sustainability and
pollution concerns.' Eggshells (ESs) are a common and wide-
spread waste. In 2023, world eggs production reached 97
million tons, a 40% increase compared to 2010. In the past 30
years, world eggs production has increased by 150% with the
most remarkable growth observed in Asia. Asia was the main
producer of hen eggs in 2023, accounting for 64% of the global
production, followed by the Americas (20%), Europe (12%),
Africa (4%) and Oceania (0.4%).” ES has been ranked as the 15th
major food industry pollution problem by the Environmental
Protection Agency and is considered as hazardous waste
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(category 3) in the European Union.* ES accounts for approxi-
mately 11% of an egg's weight, resulting in 7.2 million tons of
ES waste produced annually: this waste is typically disposed of
in landfills, where it generates unpleasant odours and promotes
microbial growth.* ES is composed of calcium carbonate
(~94%), calcium phosphate (~1%), magnesium carbonate
(~1%) and organic matter (~4%) and can be converted into
different Ca precursors.’® Recovering ES waste to produce high-
value goods is a valuable recycling strategy. A range of possible
applications has been proposed, such as the use of ES-derived
materials for the removal of toxic metals from contaminated
water and soil,*® the substitution of lime in cement produc-
tion,' the production of polymer" and metal composites and
the synthesis of biomaterials as hydroxyapatite (Hap).* Most of
the literature studies involve a preliminary thermal treatment (T
= 700 °C) to convert ES into Ca0.">** This step is highly energy-
intensive and generates a significant amount of CO, due to the
decomposition of calcium carbonate. A recent life cycle
assessment study indicates that the calcination step is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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responsible for around 99% of the overall environmental
impact in the valorisation of ES as a calcium source.*

To achieve the cradle-to-cradle sustainability concept, final
products should be degradable materials or serve as nutrients
for soil." Given the rapid growth of the global population, it is
projected that agricultural production must increase by 70% by
2050 to meet the rising demand for food. In recent years, due to
limitations in expanding cultivated land, the focus has shifted
towards enhancing crop yields per unit area. Chemical fertil-
izers offer several benefits, including low cost, ease of use and
increased revenue. However, to sustain current levels of agri-
cultural output, the prolonged and large-scale application of
various fertilizers has led to significant environmental issues
worldwide. Notably, plants employ less than half of the fertil-
izers applied, contributing to these environmental challenges.
In recent years, Hap nanoparticles have been proposed as
a solid fertilizer to promote the slow release of phosphorus
nutrients.” The practical use of Hap as a solid fertilizer is still
limited due to the low solubility in neutral and alkaline envi-
ronments. Hap is a calcium phosphate mineral with a crystal-
line structure formed by tetrahedral arrangements of phosphate
ions linked by calcium ions. Hap has the chemical formula
Cas(PO,);(OH), generally indicated as Ca;o(PO4)s(OH), to
emphasize that there are two units in the cell.’* Hap has been
mostly employed in biomedical applications as it exhibits
structural similarities to human bones and teeth. Stoichio-
metric Hap has a Ca/P ratio of 1.67, but natural Hap is non-
stoichiometric as it contains trace elements such as Na*, Zn*",
Mg>*, K', Si**, Ba**, F~ and CO;>"."?

Various methods have been so far proposed to synthesize
Hap from ES, including mechanochemical, wet precipitation,
hydrothermal and sol-gel.> Most of these studies involve
a calcination step to convert ES into CaO, and only a few studies
reported the direct synthesis of Hap from ES using acidic
solution. Ibrahim et al. obtained Hap, after dissolving ES in
HNO,." For the valorization of duck ES, Tangboriboon et al.
employed H;PO,, but the co-precipitation of different products,
such as CaO, CaCO;, Ca3(PO,), and CaHPO,-2(H,0), is
observed.'® The study of Bernalte et al. involved milder condi-
tions, by reacting calcite waste (or ES) with a solution of
(NH,4),HPO,, but Hap is obtained after calcination at 500 °C.°
Hamidivadigh and Javadpour reported the formation of Hap,
using acetic acid to dissolve ES.* In all these studies, the
formation of a stoichiometric amount of CO, that is only
partially trapped in Hap as carbonate ions that substitute
hydroxyl or phosphate groups in Hap crystals is reported.

Wet precipitation is one of the common Hap synthetic
methods, presenting low cost, low operating temperature, not
requiring organic solvent and enabling the control of the
morphology and the dimensions of the particles.* In this study,
the Hap-containing composite, tailored for soil improvement,
was synthesized by the wet precipitation method, using ES as
the Ca precursor, by dissolving it with a medium strength acid
and avoiding thermal treatments and CO, emission, in
a prospective of circular economy and energy saving. Our
proposed procedure also permits addition of an additional
nutrient to the final product, using potassium hydroxide to
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obtain Hap. To reduce environmental impact, we use a non-
toxic and cost-effective reagent, ascorbic acid (HAsc). Its acidity
is sufficient to promote carbonate dissolution (pK, = 4.17),
while its reducing properties help to trap the produced CO, in
the form of oxalate ions.”® Calcium oxalate is reported to play
a beneficial role in soil by contributing to the regulation of soil
pH, as well as by increasing the availability of nutrients and
favouring the weathering of soil minerals.*** Additionally, it is
degraded by a variety of plants, bacteria and fungi.”

The proposed synthesis of Hap from ES, carried out without
any thermal treatment and using a non-toxic, low-impact
reagent, aligns well with the green chemistry paradigm. In
particular, this approach adheres to several key principles out-
lined by Anastas and Warner, such as waste prevention (prin-
ciple 1), the use of less hazardous chemical syntheses (principle
3), energy efficiency (principle 6), the use of renewable feed-
stocks (principle 7), and design for degradation (principle 10).>*
To support the sustainability assessment of the developed
process, the use of Green Chemistry Metrics (GCM) represents
an effective and complementary alternative to life cycle assess-
ment, especially for the laboratory scale process. DeVierno
Kreuder et al*® proposed that the 12 principles of green
chemistry can be categorized into improved resource use,
increased energy efficiency, and reduced human and environ-
mental hazard. Principle-specific scores were determined to
assess the performance of the alternative process with respect to
individual green chemistry principles and associated cate-
gories. This approach, based on standardized and readily
available data, enables a quantitative and comparative analysis
of chemical processes in terms of efficiency, safety, and envi-
ronmental impact, while remaining transparent, flexible, and
easily communicable. Therefore, applying GCM to the
described process can provide an objective evaluation of its
value within a circular economy and green chemistry
framework.>

Experimental
Materials and methods

All chemicals are commercial products of reagent-grade purity
and were used without any further purification. ESs were
sourced from commercial hen eggs. Prior to use, ESs were
washed with tap water, air-dried and then the inner membrane
was manually removed. Then, ESs were crushed using an agate
mortar and pestle. All products and the employed ESs have been
characterised by Powder X-ray Diffraction (PXRD), Attenuated
Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spec-
troscopy and Field Emission Scanning Electron Microscopy
(FESEM). Specific surface areas (SSA) were evaluated. Details of
the employed reagents (including characterization of ES) and of
the procedures are described in the SI.

Synthetic procedures

Hap from commercial reagents (Hap-1) was synthesized
according to a reported wet precipitation method®® and
described in detail in the SI.

RSC Sustainability, 2026, 4, 262-268 | 263
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To synthesize 0.001 mol of Hap using ES, 0.01 mol of CaCO;
(1 g of ES powder) and 0.006 mol of H;PO, were used. Hap-2 was
synthesized after dissolving ES in HNOj; solution (20 ml, 0.02
mol). The solution was magnetically stirred until ES powder was
fully dissolved (150 min). Hap-3 was synthesized after di-
ssolving ES powder in HAsc solution. HAsc (0.03 mol) was di-
ssolved in 40 ml of water, and ES powder was gradually added,
enhancing CO, capture with subsequent production of oxalate
ions (according to the general reaction scheme reported in the
SI). The solution was magnetically stirred until ES powder was
fully dissolved (4 h). The next steps were conducted identically
for both samples. The resulting solutions were basified to pH =
11 by adding a 2 M KOH solution (~20 ml). Subsequently,
H;PO,, diluted in 20 ml of distilled water, was added dropwise
under continuous stirring. During the reaction, the pH was
controlled and maintained above 10.5 by addition of ammonia
solution, if necessary. The suspension was stirred for a further 2
h and then allowed to stand overnight. The final product was
filtered under suction and dried in air.

The overall yield in weight is 0.98 g for Hap-2, and 1.90 g for
Hap-3. In the latter case, it is not possible to calculate % yield
due to the co-presence of calcium oxalate and other organic
residues in the final product.

An overview of the synthesized samples is provided in
Table 1.

GCM approach

The GCM approach was applied to each of the synthesized
samples (Hap-1, Hap-2, and Hap-3) and to a literature product,*
obtained through the wet-precipitation method and involving
the calcination step (indicated as Hap-4 in Table 1). Principle-
specific scores were determined, following the equations re-
ported by DeVierno Kreuder et al.*® These scores were used to
determine the category rank for the three categories: improved
resource use (principles 1-2-7-8-9-11), increased energy effi-
ciency (principle 6), and reduced human and environmental
hazard (principles 3-4-5-10-12). A lower category rank indicates
a greener process.

Ion release study

To evaluate the release of ions from the matrix, 0.21 g of each
sample were suspended in 10 ml of D. I. water. Every 24 h, the
solid was separated by centrifugation (8000 rpm, 5 min) and the
same volume of fresh water was re-added. The released Ca, K,
and P ions were quantified by inductively coupled plasma
optical emission spectroscopy (ICP-OES).
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Results and discussion

Data of characterization techniques (as discussed below) indi-
cate that Hap-based materials can be successfully obtained
using ES powder as the Ca source. The proposed synthetic
procedure, that avoids any thermal treatment, involved at first
the dissolution of ES powder in an acid solution (HNO; or
HAsc). Then the solution was basified using KOH and Hap was
obtained via wet precipitation using H;PO,. Some differences
can be noted in the synthesis according to the employed acid. In
fact, when ES powder is dissolved in HNOj; solution, the
production of both bubbles and foam was observed due to
a strong CO, release. Part of the released gas formed carbonate
ions that partially substitute phosphate ions in the lattice of the
final product: in fact, c-Hap is obtained. On the other hand,
dissolution in HAsc solution generates a minimal amount of
bubbles and foam, thanks to the formation of oxalate ions. This
represents an advantage in terms of the scalability of the
process. Due to the low solubility of Ca oxalate, this co-product
starts to precipitate before Hap and so could be possibly sepa-
rated. Various experimental trials were conducted to optimize
the synthesis conditions, in particular to minimize the quantity
of employed acid and dissolution time. Multiple syntheses were
performed for Hap-2 and Hap-3, and reproducible results in
terms of the obtained product and yield were obtained.

The results of PXRD, reported in Fig. S1-S3, indicate the
formation of crystalline products. The analyses of the di-
ffractogram of Hap-3 indicate the formation of Hap (ICDD-PDF
01-084-1998) and the co-presence of two crystalline forms of
calcium oxalate (CaOx). In detail, the peaks at 14.3, 32.2 and
20.1° are attributable to dihydrate CaOx (weddellite, ICDD-PDF
00-017-0541), while signals at 14.9, 24.4 and 30.1° indicate the
formation of the monohydrate phase (whewellite, ICDD-PDF 00-
014-0769). If compared to Hap-1, Hap-3 exhibits a reduced
crystallinity of the Hap phase and a reduced dimension of the
crystallite. In turn, Hap-2 exhibits a pattern consistent with the
formation of carbonated-substituted Hap (c-Hap, ICDD-PDF 00-
019-0272), as suggested by the position of the peak at 32.2°, and
Hap, as indicated by a strong peak at 31.8° and an additional
peak at 10.8°.

In the ATR-FTIR spectra (see Fig. 1), the characteristic signals
of PO,*~ groups can be identified for all samples. In detail, the
intense bands at 1087 and 1021 cm ™, attributed to the asym-
metric stretching modes of P-O, a signal at 963 cm ™" attributed
to the symmetric stretching mode and the corresponding
bending mode at 602 and 560 cm ' can be singled out.? In
comparison to Hap-1, samples obtained from the acid disso-
lution of ES powder seem to present a higher degree of

Table 1 Overview of the synthesized samples and the literature sample used for comparison in the GCM approach

Sample Ca source ES treatment Composition

Hap-1 Ca(OH), — Hap

Hap-2 ES Dissolution in HNO; solution Hap + c-Hap

Hap-3 ES Dissolution in HAsc solution Hap + CaOx-H,0 + CaOx-2H,0
Hap-4 (ref. 27) ES Calcinated at 900 °C c-Hap
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Fig.1 ATR-FTIR spectrum of Hap-1 (black line), Hap-2 (blue line) and
Hap-3 (red line).

hydration. As evident in Fig. 1, the spectral component char-
acteristic of free hydroxyl groups, located at 3570 cm™’, is
overlapped by a broad band, centred at 3400 cm™ ", character-
istic of water molecules/OH groups interacting via hydrogen
bonding. The corresponding bending mode of this group is
observed at 1630-1640 cm '.** Other spectral features are
observed for all samples: components located at 1487, 1405 and
873 cm ! are attributable to the asymmetric stretching mode
and to the out-of-plane bending mode of surface carbonate
species.** In the spectrum of Hap-2, some other bands are
observed at 1450 and 830 cm ™", indicative of a B-type substi-
tution of PO,>~ by CO;>~ in the crystalline lattice of Hap.?> A
peak at 1355 cm™ ' is also evident, and can be attributed to
asymmetric stretching mode of residual nitrate groups.*
Moreover, in the spectrum of Hap-3, the characteristic spectral
component of oxalate ions is observed at 1595, 1318 and 783
ecm ™' (C-O modes).** Other bands are also evident at 1723 and
757 em™ %, and can be attributed to the presence of ascorbate-
related species.’® The presence of an organic fraction in Hap-3
was confirmed by TGA (see Fig. S4). Increasing the T, two weight
loss steps were observed: the first in the 25-200 °C range,

A

Fig. 2 SEM images of Hap-1 (A), Hap-2 (B) and Hap-3 (C) samples.
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corresponding to water loss, and the second in the 300-500 °C
range, associated to the decomposition of the organic fraction.*®
This second step was not observed in the TGA of Hap-1.

FESEM images of Hap-1 and Hap-2 (See Fig. 2) reveal the
formation of aggregated nanoparticles with average dimension
below 200 nm, predominantly exhibiting a needle-like
morphology, mostly elongated along a specific crystallographic
direction, as expected for Hap materials. In fact, both samples
present a quite large SSA, 122 and 164 m* g~ %, respectively. The
particles also appear homogeneous in both shape and size. In
contrast, in the case of Hap-3, the nanoparticles are predomi-
nantly round-shaped and not only aggregated but also show
a tendency to coalesce. This feature could be correlated to the
co-presence of oxalate phases. These results are consistent with
the low value of SSA of Hap-3 (17 m*> g ).

To evaluate whether the proposed approach is advantageous
and aligned with the principles of green chemistry,* the GCM
approach was applied to each of the synthesized samples (Hap-1,
Hap-2 and Hap-3). For comparison, the GMC approach* was
applied to HAp obtained by Nuiiez, D. et al.*” using a wet precip-
itation method analogous to our procedure, but involving the
calcination step to transform ES into CaO (Hap-4). The results are
detailed in Table S1. As shown in Fig. 3, the proposed approach,
dissolving ES in HAsc, leads to a significant improvement in
energy efficiency with respect to the process involving calcination.
The higher energy efficiency compared to Hap-1 is related to the

Increased energy efficiency

1l

Hap-1 Hap-2 Hap-4

Hap-3

Fig. 3 Bar graph showing the category ranking of Hap samples for the
category increased energy efficiency.
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Fig. 4 Cumulative wt% of released Ca (A), P (B) and K ions (C) in water from Hap-1 (black), Hap-2 (blue) and Hap-3 (red).

presence of a supplementary synthetic step. For the reduced
human and environmental hazard category, the different
syntheses show comparable values, but as expected, the process
involving HNO; presents a higher risk, involving the use of
a strong acid (see Fig. S5). The results indicate that further studies
are needed to improve the resource use category (see Fig. S5). A
possible approach could consist in the employment of waste-
derived materials. For instance, HAsc can be extracted from
natural sources, as it is abundant in various fruits and vegetables
such as kiwis, citrus fruits, tomatoes, and bell peppers.”” More-
over, as for the basification step, the use of ashes derived from
biomass combustion could be considered as a more sustainable
alternative.

Ion release study

To assess the potential use of the obtained materials for soil
amendments, tests were conducted to evaluate the availability of
nutrients, quantifying the amount of phosphorus, calcium and
potassium ions released in water (in steps of 24 h). The release
profiles of Ca and P ions exhibit similar trends, releasing
a constant amount in every step. In contrast, a great amount of K
ions is released within the first 24 h, after which it becomes very
low (see Fig. 4).

The results show that Hap samples obtained from ES release
higher amounts of nutrients if compared to pure Hap (Hap-1), as
shown in Table 2 (and Tables S2-S4). The results indicate that
Hap-3 is the most promising candidate to be employed as a soil
amendment, being capable of delivering a significant amount of
nutrients. Hap-3 releases three times the amount of %wt of Ca
compared to Hap-1 (pure Hap), and twice the amount compared to
Hap-2. Notably, Hap-3 releases around 70 times more phosphorus
by weight than Hap-1 and around three times more than Hap-2.

Table 2 Quantities of Ca, P and K released in water

Sample Caror (mg) Ca%“® Pror(mg) P%* Kror(mg) K%“
Hap-1 0.20 0.32 0.45 1.4 0.0026 0.45
Hap-2 0.30 0.70 0.44 2.1 6.9 35
Hap-3 1.4 1.2 1.2 8.2 5.3 54

“ wt% of released ion/total.

266 | RSC Sustainability, 2026, 4, 262-268

This behaviour could be related to a locally (i.e., at the
surface) more acidic environment due to the presence of
residual HAsc (and its derivatives) that promotes the dissolu-

tion of the particle, as suggested by previous studies.’*®*’

Conclusions

The various physico-chemical characterization techniques
demonstrated that it is possible to obtain Hap from an
economical and sustainable waste product, such as ES, avoiding
high T treatments. When ESs are dissolved in a strong acid,
such as HNO;, carbonated-Hap is obtained, due to the forma-
tion of a large amount of CO, that is partially trapped in the
solid product. This result is similar to those observed in liter-
ature studies that involved the use of strong and medium
strength acids. We developed a green approach using HAsc,
a non-toxic and cost-effecting reagent that has a dual role: it
dissolves ES and traps the formed CO, in the form of oxalate
ions. To fulfil the circular economy prospective, we tailored the
material for soil amendment applications. Furthermore, as
demonstrated by the GCM approach, the elimination of the
calcination step leads to a significant improvement in terms of
energy efficiency. In the pursuit of a greener approach, efforts
will be made to optimize the synthesis to improve resource use
by increasing the proportion of reagents derived from waste
products. A further perspective involves the search for sustain-
able sources of phosphate species.

Among the synthesized materials, the Hap-containing
composite obtained by dissolution of ES with HAsc (Hap-3) was
identified as a promising candidate for soil amendment appli-
cations. The presence of ascorbate-related species improves the
availability of K, P and Ca nutrients, while the presence of
calcium oxalate may also offer additional benefits by contrib-
uting to soil pH regulation and nutrient availability. Future
studies on nutrient release in soil are necessary to assess both
efficiency and applicability of Hap-3 as a solid fertilizer.
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