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Abstract 

Transitioning to a resource-efficient and sustainable circular economy is vital for 

tackling climate- and environmental-related challenges. This study demonstrates a 

closed-loop strategy for upcycling agricultural biowaste eggshells. Water- 

insoluble proteins were extracted from both shell membranes and shell fragments 

by boiling in water using protein denaturants. The ground eggshells also were 

used to prepare calcium acetate (Ca(CH
3
COO)

2
) and to treat Scots pine (Pinus 

sylvestris L.) sapwood. Mineralisation of the wood was achieved by performing a 

two-step impregnation process using aqueous solutions of ammonium dihydrogen 

phosphate (NH
4
H

2
PO

4
) and Ca(CH

3
COO)

2
 salts. Morphological studies revealed 

the relatively low saturation of wood matrix with mineral, with cell lumina mostly 

unfilled, while elemental mapping confirmed homogeneous distribution of Ca and P 

within the wood matrix. Powder X-ray diffraction (XRD) analysis revealed that wood 

treatment resulted in the in-situ co-precipitation of low-crystallinity hydroxyapatite 

(Ca
10

(PO
4
)

6
(OH)

2
), and spectroscopic analysis indicated carbonate substitution within 

the Ca
10

(PO
4
)

6
(OH)

2
 crystal lattice, suggesting the formation of carbonated hydroxy-

apatite (Ca
10-x

(PO
4
)

6-x
(CO

3
)

x
(OH)

2-x-2y
(CO

3
)

y
). Microscale combustion calorimeter 

(MCC) and cone calorimeter (CC) measurements of mineralised wood revealed a 

reduction in the total heat release (THR) compared with untreated wood, indicating 
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potential for further optimisation of wood modification process. Results suggest 

that the proposed aqueous solution-based processing approach for converting an 

abundant resource, chicken eggshells, into value-added products has potential for 

new technology and bioeconomy development and represents a promising pathway 

towards improved sustainability.

1  Introduction

Effective agricultural waste management is essential for environmental sustainability 
and economic viability [1–3]. Chicken eggshells, classified as animal by-products 
under EU legislation, are designated as hazardous waste and require costly disposal 
[4,5]. Mismanagement of this waste leads to environmental hazards, including mal-
odour, microbial proliferation, contamination of soil and water, as well as the release 
of greenhouse gases into the atmosphere. According to future market insights (FMI), 
the global egg and egg products market was valued at USD 15.1 billion in 2025 and 
is projected to reach USD 32.6 billion by 2036 [6]. Based on FMI forecasts, eggshell 
waste, which constitutes approximately 11% of an egg’s weight, represents a growing 
environmental challenge [4,7]. Thus, developing strategies to upcycle eggshell bio-
waste into valuable materials is crucial for advancing resource-efficient and sustain-
able economies [8,9].

Chicken eggshell is a highly structured composite material having both inorganic 
and organic fractions [10,11]. The inorganic phase constitutes 95% of the shell, 
while the remaining 5% consists of organic matrix, including eggshell membrane, 
and water [11]. Organic matter in the eggshell matrix and the eggshell membranes 
could be a valuable source of proteins, which have high value in themselves [12–14]. 
These bioactive molecules exhibit interesting characteristics, e.g., moisture retention 
and biodegradability, and thus have potential use in clinical, cosmetic, nutraceutical 
and nanotechnology fields [13,15,16]. Fundamentally, the organic phase of eggshell 
matrix consists of extractable proteins, which have been studied extensively and 
many of them have been identified, and insoluble (non-extractable) proteins, which 
have been studied less [12–14]. Literature shows that extraction and analysis of 
insoluble eggshell matrix proteins is still a critical technical challenge for biotechnol-
ogy, as it is laborious and time-consuming. From the technological side, extraction 
procedures must balance purity, desired yield, cost-effectiveness and environmental 
impact, [13,16,17] and complexity of the eggshell matrix, formation of insoluble pro-
tein aggregates, and protein chemical stability are factors influencing the extractabil-
ity and analysis of these proteins.

With respect to the inorganic phase, eggshell is a compelling source of calcium, 
as the calcified zone consists of about 94% of calcium carbonate (CaCO

3
) in the form 

of mineral calcite [11,18]. Calcite can serve as a precursor for calcium phosphates 
(CaPs), a group of materials used in the field of bone tissue engineering, as they are 
not harmful or toxic to the living body [19,20]. Hydroxyapatite (Ca

10
(PO

4
)

6
(OH)

2
, HAP) 

along with calcium-deficient hydroxyapatite (CDHA), tricalcium phosphate (TCP), and 

Funding: This study was financially supported 
by the Brandforsk Foundation in the form of a 
grant awarded to EG and MF (321-006 (2022)). 
This study was also financially supported 
by the Slovak Research and Development 
Agency in the form of a grant awarded to JM 
(APVV-24-0143). Additional financial support 
was provided by VEGA in the form of a grant 
awarded to JM (1/0755/25). The funders had 
no role in study design, data collection and 
analysis, decision to publish, or preparation of 
the manuscript.

Competing interests: The authors have 
declared that no competing interests exist.



PLOS One | https://doi.org/10.1371/journal.pone.0351943  June 25, 2026 3 / 16

biphasic calcium phosphate (BCP), are the most frequently investigated synthetic CaPs [20,21]. Such minerals, due to 
their high hardness and compressive strength, high melting points, and chemical inertness, are excellent candidates to be 
considered as reinforcement material, e.g., for wood protection against fire.

Improving wood reaction to fire is a critical challenge for the modern construction sector. The growing adoption of wood 
in buildings is driven by its favourable properties, environmental benefits, and advancements in mass-timber systems that 
enable faster, safer, and more cost-effective construction [22]. Studies showed that numerous compounds containing the 
elements B, P, Al, and N are effective fire-retardant materials [23,24]. However, the majority of fire retardants currently 
used in industry to treat solid wood are water-soluble, meaning that active ingredients may leach out when the treated 
wood is exposed to moisture [25]. This degradation alters the wood’s fire performance and may compromise occupant 
safety in the event of a fire. Thus, the need for effective fire-retardant treatments that persist through a product’s service 
life is undeniably high.

Wood modification offers a solution to prevent leaching of fire-retardant additives. A crosslinking process, i.e., chemi-
cally joining wood macromolecules to additive compounds via a covalent bond, is an effective way to ‘fixate’ these addi-
tives within the wood structure to enhance its durability. For instance, esterification of wood hydroxyl groups with  
organophosphorus and organoboron compounds has demonstrated improved fire resistance [26]. Similarly, in situ 
polymerisation of furfuryl alcohol blended with ammonium dihydrogen phosphate (NH

4
H

2
PO

4
) has been shown to enhance 

fire retardancy in poplar wood [27]. Improved leaching resistance of fire-retardant modified wood was also demonstrated 
when guanyl-urea phosphate, boric acid (H

3
BO

3
), and melamine formaldehyde were combined [28]. However, regulatory 

concerns over boron-based additives, including H
3
BO

3
 and borax, which are classified as substances of very high concern 

(SVHC), highlight the need for safer alternatives [29].
Wood mineralisation is an alternative treatment that could enhance wood thermal stability. Silica (SiO

2
), [30] calcium 

carbonate (CaCO
3
), [31,32] and struvite (MgNH

4
PO

4
·6H

2
O) [33] have been successfully synthesised within the wood 

matrix. More recently, Scots pine wood was mineralised with brushite (CaHPO
4
·2H

2
O) using NH

4
H

2
PO

4
 as a precursor, 

leading to notable changes in its thermal degradation [34]. Nitrogen phosphate salts are widely recognised as effective fire 
retardants due to their availability, low cost, solubility in water, and minimal toxicity [24]. It is, therefore, advantageous to 
find solutions that allow the fixation of such chemicals within the biopolymeric framework, to develop wood-based com-
posites with enhanced fire-retardant properties and increased resistance to leaching.

Considering the processing of calcium phosphates, coprecipitation from aqueous solutions is the most common synthe-
sis method. This wet-chemistry approach provides a cost-effective means of producing phase-pure materials with con-
trolled crystallinity and particle size. Additionally, synthesis conditions – including precursor selection, solvent composition, 
concentrations, temperature, pH, mixing time, and reaction duration – can be precisely adjusted to tailor material prop-
erties [21,35]. These processing parameters significantly influence the intercalation of inorganic material within the wood 
matrix. Thus, controlling crystallinity, phase composition, and particle size is essential to improving stability and reducing 
mineral leakage from the wood structure.

In this study, we provide conceptual insights for circular and resource-efficient material flows that align with key sustain-
ability goals. It is hypothesised that a relatively simple, scalable and adaptable water-based process can be developed to 
extract insoluble eggshell matrix proteins. Furthermore, it is proposed that the inorganic fraction of eggshells can serve as a 
precursor for producing calcium phosphate (CaP) mineral-reinforced wood, thereby enhancing its fire-retardant properties.

2  Materials and methods

2.1  Extraction of insoluble proteins

Chicken eggs were purchased from a local Tesco supermarket, Edinburgh, UK. Eggs (n = 6) were checked to be crack 
free, washed by brushing their surface, and soaked in distilled water for 24 h. After removing the yolk and white, the 
eggshells were washed again with distilled water and then soaked for several hours (6 eggshells in 1 L of distilled water). 
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Internal eggshell membranes were removed manually by mechanical peeling, and individual shell fragments were ground 
with a pestle in a porcelain mortar. In the following step, 2.33 g of internal membranes and 20.00 g of ground eggshells 
were soaked in 40 mL and 50 mL of 5% acetic acid solution, respectively, and left for 24 h to decalcify. Acetic acid solutions 
were prepared from glacial acetic acid (CH

3
COOH, > 99%, Fisher Chemicals, Fisher Scientific UK, Bishop Meadow Road, 

Loughborough, UK). Solutions were then removed by decanting, and solid residues (membranes and eggshells) were 
centrifuged. These centrifuged residues were then used further to extract insoluble proteins. 1.71 g of ground eggshells 
was soaked in 10 mL of a dissociating and reducing buffer (0.5 M TRIS/HCl, 1% SDS, 10 mM DTT) and 2.04 g of mem-
brane was soaked in 10 mL of buffer and boiled for 40 min in closed conical polypropylene Falcon centrifuge tubes (capac-
ity 50 mL) placed in boiling water in a glass flask on a heating plate. After boiling, the solution was removed, centrifuged, 
and 0.5 mL of the supernatant solution was mixed with 0.5 mL of Laemmli 2x (Sigma, S3401-10VL) buffer. This solution 
was denatured for 5 min in boiling water, then loaded at 10 µL/well and 20 µL/well for sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis (SDS-PAGE) (S1 and S2 Figs). Gels were run at constant voltage (180 V). After sepa-
ration, protein bands were visualised by staining gels using a Pierce Silver Stain Kit (Thermo Fisher, UK).

2.2  Processing of CaCO3 and preparation of impregnation solutions

The dried at room temperature eggshells for 24 h were ground in a ceramic mortar and then calcined in a muffle furnace 
at 850 °C for 5h with a heating rate 5 °C/min to obtain calcium oxide (CaO). The obtained CaO powder was further ground 
in a ceramic mortar and dissolved in an aqueous solution of glacial CH

3
COOH (∼50% by volume). The resulting solution 

was evaporated and dried in an oven at 100 °C for 48 h. Obtained white crystals of calcium acetate (Ca(CH
3
COO)

2
 were 

subsequently used to prepare an aqueous solution, in which the Ca2+ ion concentration was quantified to be 0.5 M (the 
synthesis procedure is reported elsewhere [36]). In the following step, an adequate amount of ammonium dihydrogen 
phosphate (NH

4
H

2
PO

4
, 99% Aldrich) was dissolved in distilled water to prepare 1 L of a 0.3 M NH

4
H

2
PO

4
 solution. The pH 

of the prepared solution was adjusted to 10.4–10.5 using an aqueous ammonia solution (NH
4
OH, 35%, Sigma-Aldrich). 

The molar ratio of Ca:P in the initial solutions was 5:3.

2.3  Mineralisation of Scots pine wood

Specimens of Scots pine (Pinus sylvestris L.) sapwood having dimentions of 10 cm × 10 cm × 1 cm and 1 cm × 1 cm × 1 cm 
(tangential (T) × radial (R) × longitudinal (L)) were cut from sawn timber obtained from northern Sweden (Skellefteå 
region). The prepared wood blocks were mineralised in a desiccator using a cyclic, two-step impregnation procedure, 
which is described in detail elsewhere [36]. Briefly, wood blocks first underwent Cycle I impregnation using a 0.5 M 
Ca(CH

3
COO)

2
 solution. After the impregnation, wood samples were left to dry at room temperature (~18–20°C) for 24 h. 

This step allows evaporation of the solvent, which facilitates diffusion of the salt solution into the matrix during a Cycle II 
impregnation. The dried wood samples were then submerged into a 0.3 M NH

4
H

2
PO

4
 solution and connected to a vac-

uum pump to remove air from the internal parts of the wood matrix. After the impregnation, the mineralised wood samples 
were dried at room temperature for 30 days and subsequently used for cone calorimeter (CC) tests. The densities for the 
mineralised wood and the untreated reference wood were calculated to be 549 ± 40 kg/m3 and 548 ± 31 kg/m3 (± values 
represent standard deviation (SD)), respectively. Density values correspond to the samples tested in the CC.

2.4  Characterisation

Thermogravimetry (TG) and differential scanning calorimetry (DSC) were performed using a PerkinElmer STA 6000 
Simultaneous Thermal Analyzer at the Institute of Chemistry, Vilnius University. Dried samples of ~ 5–10 mg were heated 
from 25 to 855 °C at a heating rate of 10 °C/min in a N

2
 atmosphere (20 mL/min). Mineral phase composition was evalu-

ated using a PANalytical X’Pert Powder diffractometer (Cu Kα radiation, step 0.02° over a 2-theta range of 5–85° at room 
temperature, exposure time ~96 s per step), at the School of Engineering and Physical Sciences, Heriot-Watt University. 
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Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) analysis were performed on the FEI 
Quanta 650 FEG SEM (field emission gun scanning electron microscope) equipped with Aztec software from Oxford 
Instruments, at the School of Energy, Geoscience, Infrastructure and Society, Heriot-Watt University. To generate images, 
a backscattered electron (BSE) detector was used, with electron beam energy of 15 kV, spot number of 4.0, and chamber 
pressure of 0.82 Torr. ImageJ software was used to obtain line intensity profiles of SEM image, which plot the variations 
in grayscale intensity along a specific line and represent the contrast changes across a feature. The ImageJ software was 
also used to define a horizontal reference line corresponding to the bottom of the wells on the SDS-PAGE gel, from which 
the distance travelled by each protein band down the gel was measured. To calculate the retention factor (R

f
) for each 

protein band, the distance travelled by the band was divided by the distance that the Coomassie blue marker dye travelled 
down the gel. A standard curve was then constructed for the protein molecular weight (MWt) standard markers that is 
used to estimate the molecular weight of the unknown protein bands. The standard curve was found to give a better fit to 
a plot of R

f
 versus log

10
(MWt). The raw data for R

f
 for the protein standards and unknown proteins, and details of the fitting 

procedure are given in the Excel spreadsheet in the Supplementary Materials. Infrared (IR) spectra of mineralised wood 
were recorded using a Fourier transform infrared (FTIR) spectrometer (Frontier FT-IR, Perkin Elmer; ZnSe/Diamond ATR 
crystal, DTGS detector, 4000–600 cm−1, 4 scans), at the Wood Science and Engineering, Lund University of Technology. 
Drawings of the lab dishes used in a simplified processing scheme (Fig 3.) were extracted from SciDraw.io and chemix.
org depositories. Images representing wood and eggshells were created by using ChatGPT by uploading the original 
images taken during the experimental work).

2.5  Fire performance test

Before analysis, specimens were conditioned in a climate chamber at 23 ± 2°C and 50 ± 5% relative humidity (RH) for 10 
days. Fire performance of samples was investigated by CC (Fire Testing Technology, Ltd., East Grinstead, UK) at two heat 
fluxes (20 kW m−2 and 50 kW m−2) at the infrastructure at Faculty of Materials Science and Technology in Trnava, Slovak 
University of Technology in Bratislava). The CC and testing procedure were in compliance with ISO 5660-1:2015 [37]. 
The CC measured mass loss of sample, amount of oxygen consumed, and time to ignition (TTI). These data were used 
to calculate heat release rate (HRR), total heat release (THR) and effective heat of combustion (EHC) in compliance with 
ISO 5660-1:2015 [37]. From these measured and calculated values, other key fire characteristics were calculated for the 
investigated samples using the following methods: maximum average rate of heat emission in compliance with Marquis et 
al., [38] and flashover category in compliance with Kokkala et al. [39]. Two replicates for unmodified and mineralised wood 
samples were tested for each heat flux measurement.

Microscale combustion calorimetry (MCC) testing was performed at Lund University, Sweden, using the apparatus devel-
oped by the US Federal Aviation Administration (FAA) [40]. CaP-mineralised wood was studied in oxidative and pyrolysis 
conditions, i.e., in synthetic air (20% O

2
/80% N

2
 by volume) and N

2
 atmospheres with a heating rate of 1 °C/s. For studies 

in N
2
 atmosphere, three reference samples of unmodified wood and three samples of CaP-mineralised wood were used; for 

studies in air, one reference and one CaP-mineralised wood sample were used. CaP-mineralised samples were cut from 
the internal part of the wood block using a microtome to form stubs 100 μm in thickness. Samples weighed ~5 mg.

Results are presented in heat release rate per unit mass (HRRPUM) for MCC and heat release rate per unit area 
(HRRPUA) for CC in Sect 3.4.

3  Results and discussion

3.1  Protein extraction

The SDS-electrophoretic pattern of the eggshell matrix and membrane proteins that were extracted under denaturing 
conditions is shown in Fig 1. The SDS-PAGE revealed that the precipitate of the eggshell matrix, i.e., of the calcified 
layer (lane 2), consists of seven distinct migration bands between 10 and 170 kDa. The two broad and strongest lines 
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with molecular masses of 31 and 60 kDa could be assigned to ovocalyxin and ovocleidin proteins. The complex array of 
bands, including those of ovocalyxin and ovocleidin, in SDS-PAGE of eggshell matrix proteins, has been observed and 
reported previously [12,41–43]. Ovocleidins and ovocalyxins have been proposed to be important in regulation of eggshell 
mineralisation and anti-microbial defence [10,44]. Several narrow bands with molecular masses of 20 kDa in SDS-PAGE 
were also present, including a narrow unidentified band of 10 kDa and a narrow band of 14 kDa. The latter band may be 
assigned to lysozyme, which is found in both the shell membranes and the calcified shell matrix [41,45–47]. Three bands 
with molecular weights between 89 and 169 kDa were also present (Fig 1, lane 2) but exhibited reduced staining intensity 
relative to the bands described above. These bands remain unidentified, but may correspond to ovocleidin-116 [10,42]. 
Literature reports that the amount of protein in eggshell (mg/g of eggshell) varies, [48] and numerous factors – such as 
presence of different ions and their concentration, as well as pH, temperature, and extraction duration – affect proteins’ 
solubility and consequently their detection [49,50]. A different profile was observed for the eggshell membrane (Fig 1, lane 
3). The SDS-PAGE showed lower staining intensity, and predominantly low molecular weight proteins were present [51]. 
A broad band of ~9–11 kDa, consisting of several overlapping bands, may represent ovoglycoprotein, a protein of egg’s 
white [52]. Another distinct narrow band was observed at 15 kDa and assigned to lysozyme protein [45]. A broad, lower 
intensity band present at 35 kDa was assigned to the ovocalyxin-36 protein [44,53,54]. Membrane extracts also exhibited 
bands around 67 and 126 kDa; the former may correspond to ovotransferrin and the latter band remains uncharacter-
ised [47,52]. Gels were also run with double the amount of sample per well (20 µL) (SDS-PAGE gel is presented in S2 
Fig). These gels exhibited profiles with more intense bands of the specific proteins already mentioned, as expected, but 
no additional bands were observed. Further analysis, e.g., dialysis, column chromatography, or mass spectrometry, is 
needed for accurate sample quantification as well as to confirm protein structure [55].

3.2  Eggshell inorganic matrix processing

TG, DSC and derivative thermogravimetric (DTG) curves for eggshells are shown in Fig 2. Three main steps of weight 
loss were clearly seen in the DTG curve. The first, very small weight loss of ∼0.5% was observed by heating the sample 

Fig 1.  SDS-PAGE electrophoretic profile for insoluble proteins of eggshell matrix and outer membranes. After extraction of proteins by boiling 
in TRIS/HCl/SDS/DTT buffer solution, the SDS-PAGE gel was stained with silver stain. Lane 1 = molecular marker shows proteins of known molecular 
weight (MWt) standards (Bio-Rad, broad range) with standard protein molecular weight marked in kDa), lane 2 = extracted protein sample from the 
eggshells, lane 3 = extracted protein sample from the eggshell membranes. 10 µL/well of sample was used. The contour plots were obtained by defining 
an equally sized rectangle within each of the three wells and analysing the contour using ImageJ. The migration value R

F
 was determined from the line 

plot and used to construct a standard curve for the protein standards in lane 1, which was used to calculate molecular weight from the R
F
 value of protein 

bands in lanes 2 and 3. The molecular weight of each band corresponds to the numbers on the contour plot.

https://doi.org/10.1371/journal.pone.0351943.g001
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to 100 °C and assigned to the removal of absorbed water. The second step of weight loss (∼2.5%) occurred up to 350 °C 
(maximum at ∼300 °C, DTG curve). This loss can be attributed to the release of volatile components such as CO, CO

2
, 

H
2
O, and low-molecular-weight nitrogen-containing compounds, resulting from the decomposition of organic material pres-

ent in the eggshells. Heating to 850 °C produced an additional ∼44% weight loss (maximum at 774 °C, DTG curve) and a 
simultaneous exothermic reaction (DSC curve) with a maximum at 750 °C. This loss was assigned to CO

2
 release due to 

decomposition of CaCO
3
 [56]. The decomposition of the eggshells was completed at approximately 800 °C, and the inor-

ganic residue of about 52% is consistent with the expected CaO yield when CaCO
3
 content of the eggshell is considered. 

Based on reaction (1), the theoretical mass yield of the CaO from pure CaCO
3
 is approximately 56%:

	 CaCO3 (s) = CaO (s) + CO2 (g) ∆H = 178 kJ/mol	 (1)

A simplified scheme of the eggshell biowaste processing performed in this work is presented in Fig 3. The scheme illus-
trates the processing pathway of both organic and mineral phases of the eggshells, as well as subsequent wood minerali-
sation steps.

3.3  Calcium phosphate-mineralised wood

To assess Scots pine wood matrix saturation and distribution of the CaP mineral within wood cell walls, SEM/EDS analy-
sis was used. Cross-section SEM images, depicted in Fig 4, show morphological features of the inner part of the miner-
alised wood block. Treatment preserved the open porous structure of the wood matrix, whilst a layer of CaP mineral was 
deposited on the cell walls. Different areas of the BSE image (Fig 4A) show different brightness intensities, and the light 
grey areas indicate aggregated particles of co-precipitated mineral. Furthermore, horizontal line analysis across cell walls 
in the BSE image (Fig 4A and 4B) showed that the middle lamella exhibits an enhanced light grey area that indicates cell 
wall mineralisation. Distribution of elements within the wood matrix was evaluated through EDS analysis (Fig 4C and 4D). 
This EDS-based elemental mapping showed homogeneous distribution of Ca and P within wood matrix (Fig 4D) and con-
firmed the migration of Ca2+ and phosphate (PO3–

4 ) ions through the entire wood block. Saturation of the cell wall with dif-
ferent ionic species and mineral precipitation within the wood matrix has also been demonstrated using vacuum-pressure 
impregnation in our previous studies [57]. Furthermore, the surface of treated wood blocks exhibited a different morphol-
ogy, i.e., the amount of mineral precipitated on the surface was larger compared to that observed within the internal layers 
of wood blocks. The reaction between Ca2+ ions and PO3–

4  ions in a system of 0.5 M Ca(CH
3
COO)

2
 and 0.3 M NH

4
H

2
PO

4
 

Fig 2.  TG/DSC and DTG curves of the eggshells annealed up to 850 °C.

https://doi.org/10.1371/journal.pone.0351943.g002
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Fig 3.  A simplified scheme of the eggshell biowaste processing based on circular economy principles. (M – membranes, ES – eggshells).

https://doi.org/10.1371/journal.pone.0351943.g003

Fig 4.  SEM/EDS images of the mineralised Scots pine sapwood. Micrometre stubs cut from the internal section of a 1 cm × 1 cm × 1 cm cube: (A) 
backscattered electron (BSE) image showing deposited mineral within wood cell lumina and marked four lines across cell walls used to estimate mineral 
deposition throughout the wood matrix, (B) graph shows plotted horizontal lines (processed with ImageJ) from image (A); (C) and (D) shows distribution 
of individual elements within wood matrix (colours assigned as Ca – red, P – yellow, O – cyan, C – green).

https://doi.org/10.1371/journal.pone.0351943.g004
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solutions is instantaneous, and accumulation of precipitate on the wood surface during cyclic impregnation is therefore 
inevitable. Several studies have shown that surface treatment could be an important factor for enhanced protection or 
additional functionality of wood material [58,59]. Thus, mineralisation of wood matrix with CaP minerals could be a cost- 
effective method of treatment that also extends the lifetime of wood products.

To confirm the crystalline phase of the mineral formed within wood matrix, the powders coprecipitated during wood 
impregnation (cycle II treatment) were removed from an aqueous impregnation (‘parent’) solution, dried at room tem-
perature, and analysed by recording its XRD pattern (Fig 5). Main reflections in the diffraction pattern were observed at 
2θ = 25.9°, 28.2°, 31.9°, 33.3°, 39.5°, 46.5°, 49.5°, and 53.3° and assigned, respectively, to the (002), (210), (211), (300), 
(310), (222), (213), and (004) diffraction peaks of the polycrystalline HAP phase, which is consistent with literature data 
(JCPDS No. 96-901-4314, hexagonal crystal system, space group P 63/m) [20,60]. The addition of NH

4
OH to NH

4
H

2
PO

4
 

solution was a critical step as HAP phase formation is highly pH-dependent. Ca2+ ions were combined with PO3–
4  ions at 

pH 10.4–10.5 to avoid the formation of secondary, less-stable CaP phases. Additional small reflections in the diffraction 
pattern may arise from the crystallisation of CaCO

3
, calcite (JCPDS No. 96-210-0993, trigonal crystal system, space group 

R-3c), and from the crystallisation of various ionic compounds formed during solvent evaporation from the co-precipitated 
mineral, as the powders were not washed following drying. The influence of pH, Ca/P ratio in solutions and processing 

Fig 5.  XRD pattern of powders precipitated after the Cycle II wood impregnation treatment. Powders dried at room temperature. XRD pattern 
showing main Bragg reflections assigned to the polycrystalline HAP phase, and column patterns for the powder diffraction file (PDF) no. 96-901-4314 
(for HAP) and no. 96-210-0993 (for CaCO

3
).

https://doi.org/10.1371/journal.pone.0351943.g005
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conditions (stirring or static system) on the polymorphs and crystallinity of the apatitic precipitate and CaCO
3
 has been 

reported previously [61,62]. Considering that the CaP precipitate is formed within wood material, it is expected that the 
hierarchical complexity and molecular composition of the matrix affect the diffusion and concentration of ionic species 
inside the wood cells, and thus the coprecipitation and purity of a formed solid material [63]. XRD analysis also showed 
that the reflections in the diffraction pattern are broad indicating a small crystallite size. To comprehend the structural 
characteristics and guide process optimisation, determination of the degree of crystallinity as well as proportion of each 
phase formed may be required. Additional investigations, such as transmission electron microscopy (TEM) and/or Riet-
veld refinement analysis to confirm the crystal phases, may also be necessary to further support optimisation of the wood 
mineralisation process.

The chemical composition of mineralised wood was further evaluated by FTIR spectroscopy by analysing the observed 
vibrational frequencies of molecular bonds, which are directly related to molecular functional groups and, subsequently, to 
constituents, i.e., wood biomolecules and inorganic minerals. Fig 6 presents IR spectra of untreated Scots pine wood, min-
eralised wood surface and internal layers of the wood block, and CaP powders that co-precipitated from reactive species in 
an impregnation solution. The spectral region of 1800–650 cm–1 was selected to demonstrate the representative functional 
groups in these materials (the full spectra are presented in S3 Fig). Untreated wood showed typical IR spectral bands 
assignable to the main chemical components of wood, i.e., cellulose, hemicellulose, and lignin [57,64]. HAP powders that 
co-precipitated within the parent solution showed intensive bands characteristic of the apatite mineral. The complex, broad 
band present in the 1100–950 cm–1 region comes from a triply degenerate asymmetric stretching mode, ν

3
, and a symmetric 

stretching mode, ν
1
, of the P–O bonds of the apatitic PO3–

4  groups. The characteristic bands for the carbonate (CO2–
3 ) group 

occur in the spectral regions 1600–1400 cm–1 for ν
3
 asymmetric stretch vibration, and 880–873 cm–1 for ν

2
 out-of-plane bend 

vibration, indicating the carbonate substitution within the HAP crystal lattice. The lack of sharply resolved bands ascribed 
to the carbonate group suggests an overlap between specific vibrations of this group, characteristic of A- and B-substituted 
carbonated hydroxyapatite (cHAP) with chemical formula defined as Ca

10-x
(PO

4
)

6-x
(CO

3
)

x
(OH)

2-x-2y
(CO

3
)

y
 [20,65]. Further-

more, these bands might be ascribed to the presence of CaCO
3
 phase [66]. IR spectral data from the surface of the min-

eralised wood block showed similar features to those observed for the cHAP powders. However, one distinctive spectral 
feature is a broad band in the 1580–1540 cm–1 region. This could be ascribed to the carboxylate (COO–) group present in 

Fig 6.  FTIR spectra of Scots pine wood, cHAP-mineralised wood, and co-precipitated cHAP powders.

https://doi.org/10.1371/journal.pone.0351943.g006
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acetate ions. In the case of the sample taken from the internal part of the mineralised wood block, the IR spectrum exhib-
ited marginal changes compared to untreated wood. Cellulose gives vibrations from 900 to 1100 cm–1, with maximum at 
1028 cm–1, and there were no noticeable changes in band intensities obtained after treatment. This indicates that a very 
marginal amount of cHAP mineral is present within the internal layers of the wood block, agreeing with the SEM/EDS data 
that a small amount of CaP mineral was formed within cell lumina.

3.4  Fire properties of mineralised wood

Combustion of the HAP-mineralised wood was estimated from microscale samples using MCC, as well as larger samples 
via CC. MCC tests were performed in N

2
 and synthetic air atmospheres. The primary use of MCC is as a flammability 

assessment-screening tool for new materials [40]. Studying 100 μm stubs allowed for estimation of the mineral content 
within the entire wood block. MCC tests performed in N

2
 atmosphere (Fig 7A) showed a decrease in the peak heat release 

rate (HRR) per gram for the tested sample of mineralised wood. Specifically, the surface-layer sample showed about 22% 
lower peak HRR, whereas the internal-layer sample showed about 11% lower peak HRR. This data also showed a differ-
ence between the surface and internal layers of the mineralised wood block, suggesting that a mineral concentration gra-
dient exists within the entire wood block and that impregnation is not consistent throughout the sample cross section. The 
HRR curves for MCC of Scots pine wood in a synthetic air atmosphere (Fig 7B) bear similarity to the results obtained from 
thermogravimetric analysis (TGA) tests reported elsewhere [36]. Different MCC results were obtained for the eggshell- 
cHAP-mineralised wood, which can be observed in the different shape of the HRR curve, in which the two reactions seen 
in the wood sample appear to be joined together. This might be caused by induced changes in the wood material due 
to treatment or by removal of extractives from the wood matrix due to the treatment solution’s alkalinity (pH 10–11). On 
the other hand, the coprecipitated low-crystallinity cHAP mineral and residue salts might act as a catalyst of the second 

Fig 7.  Microscale combustion calorimeter HRR curves of the cHAP-mineralised wood. (A) tests performed in N
2
 atmosphere and (B) in a synthetic 

air atmosphere (mass of samples was around 5 mg); and example test data from cone calorimeter: HRR and THR curves at (C, D) 20 kW/m2 and (E, F) 
50 kW/m2 for cHAP-mineralised and untreated Scots pine wood.

https://doi.org/10.1371/journal.pone.0351943.g007
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reaction, represented by the second peak in the HRR curve of the untreated Scots pine, resulting in continuous heat 
release. Furthermore, the residue char left after burn-off was negligible for unmodified wood, whilst the  
eggshell-cHAP wood ash content was 4.9%, indicating that the mineral–wood composite possesses a higher density than 
untreated wood.

The CC test, performed at 20 kW/m2 and 50 kW/m2, provided further insight into the fire behaviour by presenting var-
ious important parameters, including HRR, THR, mass loss, and time to ignition (TTI), among others. CC data obtained 
for the untreated Scots pine wood and cHAP-mineralised wood are presented in Table 1. CC HRR and THR curves (Fig 
7C–7F) show that the greatest impact of the mineral on the wood material was a delay in ignition time, seen in the tests 
performed under an external heat flux of 20 kW/m2. TTI is an essential indicator of fire initiation and fire behaviour. The 
HRR curves have similar shapes; however, ignition is delayed in the mineralised sample, indicating that the mineral may 
work as a heat sink. A similar behaviour was observed for aluminium hydroxide (Al(OH)

3
) [67]. Note also that the degrada-

tion temperature of mineralised wood is slightly shifted to lower temperatures [34,57]. The second peak in the HRR curves 
is related to reduced heat losses when the thermal penetration reaches the rear of the sample. This is due to the insula-
tion layer (ceramic wool) underneath the sample in the sample holder, which leads to a higher temperature at the back 
side of the sample, inducing an increased burning rate, and thus a higher HRR [68]. Moreover, the mineralised wood sam-
ples exhibited similar behaviour during CC and MCC tests, i.e., under heat flux of 50 kW/m2, the second peak occurred 
sooner than for the untreated wood. Furthermore, THR was slightly reduced for mineralised wood for both heat fluxes (Fig 
7D, 7F). To confirm the course of this event, further in-depth studies shall be undertaken. Further investigations are also 
needed to determine how the initial solution concentration, the wood treatment itself, and the wood drying steps affect the 
homogeneity of mineral distribution within the wood matrix.

The work on eggshell processing to extract proteins and mineralise wood to improve wood-reaction-to-fire attested 
the importance of material recycling. The composition of eggshell biowaste offers a pool of valuable products with many 
applications. Demonstrated closed-loop strategy with food processing waste disposal being reduced as much as possi-
ble could provide a pathway for the development of new green technologies using eggshells as a raw material for novel 

Table 1.  CC data for untreated Scots pine wood and cHAP-wood specimens (± values represent SD).

Properties Heat flux
(kW m − 2)

Reference:
untreated wood

Sample:
cHAP-wood

Time to ignition (s) 20 120 ± 7 250 ± 35

50 23 ± 3 28 ± 3

Critical heat flux (kW m − 2) calculated in compliance with Spearpoint [69] NA 17 22

Ignition temperature (°C) calculated in compliance with Spearpoint [69] NA 388 442

Time to flashover (s) calculated in compliance with Kokkala [39] NA 120–600 120–600

Maximum heat release rate (kW m − 2) 20 197 ± 3 199 ± 33

50 273 ± 13 252 ± 26

Maximum average rate of heat emission (kW m − 2) 20 97 ± 4 80 ± 6

50 157 ± 2 152 ± 2

Total heat release (MJ m − 2) 20 94 ± 11 91 ± 2

50 115 ± 4 104 ± 12

Effective heat of combustion (MJ kg − 1) 20 16.22 ± 0.77 15.29 ± 0.70

50 17.85 ± 0.28 16.92 ± 0.05

Maximum mass loss rate (g m − 2 s − 1) 20 16.45 ± 1.70 21.08 ± 2.50

50 20.13 ± 0.21 21.36 ± 0.57

Average mass loss rate (g m − 2 s − 1) 20 3.22 ± 0.23 3.29 ± 0.21

50 3.58 ± 0.07 3.42 ± 0.39

https://doi.org/10.1371/journal.pone.0351943.t001
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bio-based materials. A strategy for future development in biowaste management is essential and should involve economic, 
environmental, and social aspects aiming to accomplish sustainable development.

4  Conclusions

We have investigated the processing of biowaste eggshells via a wet-chemistry approach and demonstrated the path-
way to utilise both the organic and inorganic components of the eggshell material. First, water-insoluble proteins were 
successfully extracted by boiling in water with a dissociating/reducing buffer. The proteins ovocalyxin, ovocleidin and 
lysozyme were identified in the eggshell matrix, while ovoglycoprotein, ovocalyxin and ovotransferrin were identified in 
the eggshell membranes. Additionally, the eggshells were processed to prepare aqueous Ca(CH

3
COO)

2
 solution, which 

was used together with an aqueous NH
4
H

2
PO

4
 solution to mineralise the wood matrix via a two-step impregnation process 

at 20–23 °C. Low wood matrix saturation, i.e., unfilled cell lumina with mineral, with homogeneous Ca and P distribution 
was observed. The in situ coprecipitated mineral was shown to possess a low-crystallinity cHAP phase. The formation of 
the HAP phase is apparently related to the precursor solution pH of 10–11. Carbonated HAP formation is implied by the 
IR spectroscopy data, as the spectra of mineralised wood exhibit strong bands characteristic of apatitic PO3–

4  and CO2–
3  

groups. Mineralisation of wood resulted in a reduction in total heat release, indicating that the mineral may work as a heat 
sink for bio-based materials and suggesting potential for further optimisation of wood modification process. The results 
suggest that the proposed aqueous solution-based processing approach for converting an abundant resource, chicken 
eggshells, into value-added products has potential for new technology and bioeconomy development and represents a 
promising pathway towards improved sustainability.
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