
ORIGINAL ARTICLE

European Journal of Wood and Wood Products           (2026) 84:58 
https://doi.org/10.1007/s00107-026-02412-6

1  Introduction

As a natural hybrid composite material, wood is a versa-
tile and widely used renewable resource for indoor and 
outdoor use (Teaca et al. 2019). However, wood’s inherent 
susceptibility to fire, rapid heat spread and dense smoke 
production limit its wide applicability (Yu et al. 2024). 
These shortcomings of wood can be improved by incor-
porating flame retardant (FR) compounds. They inhibit the 
spread of fire and/or promote the formation of a protective 
char layer — especially in the case of phosphorus-based 
inhibitors. FRs can also remain on the wood surface and 
act as a physical barrier. Technological advances over the 
years have led to the development of various compounds, 
which are categorized as organic and inorganic. Among 
the organic FRs, nitrogen and phosphorus compounds are 
the most commonly used (Mensah et al. 2023). Phosphates 
function by oxidizing phosphorus to its most stable phase, 
beyond which no further oxidation can occur, making them 
inherently fire resistant (Toy and Walsh 1987). During the 
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Abstract
This study presents the in-situ synthesis of hydroxyapatite (HAp) within the structure of beech and pine wood. The modifi-
cation process utilized a two-step vacuum-pressure impregnation coupled with chemical precipitation using calcium nitrate 
tetrahydrate and diammonium hydrogen phosphate solutions, followed by exposure to ammonium hydroxide vapors. 
While the initial focus was on the overall physicochemical changes, microstructural characteristics and fire behavior of 
the mineralized wood, the main aim is to specifically investigate the effects of leaching. Because HAp synthesis produces 
water-soluble ammonium nitrate (NH4NO3) as a by-product, this research systematically addresses how the removal of this 
component affects the final properties of wood. HAp formation was confirmed by FTIR and X-ray diffraction, while scan-
ning electron microscopy and microcomputed tomography revealed HAp deposits primarily in the cell lumen of both wood 
species. Fire behavior was evaluated using thermal analysis and the cone calorimeter. The incorporation of non-flammable 
HAp synthesized within the wood structure may act as a barrier and mass transfer during pyrolysis. This results to com-
parable or slightly enhanced key fire performance parameters when comparing leached HAp synthesized samples with 
leached reference samples. In contrast, the unleached HAp synthesized samples, which still contained residual NH4NO3, 
showed deterioration in fire growth rate (FIGRA) and heat release rate (HRR) parameters, confirming that NH4NO3 acts 
as an oxidant. However, this oxidative property also leads to improvements in total heat release (THR) and total smoke 
production (TSP) parameters compared to unleached references, representing a complex interaction when studying the 
fire properties of mineralized wood.
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thermal decomposition of wood, these compounds pro-
mote dehydration reactions, which also lead to a reduction 
in the production of all volatiles (both combustible and 
non-combustible) (Levan 1984). However, most wood pro-
tection methods use harmful chemicals or processes, lead-
ing to environmental concerns. In particular, brominated 
flame retardants such as polybrominated diphenyl ethers 
(PBDEs), hexabromocyclododecane (HBCD), and tetrabro-
mobisphenol A (TBBPA) are persistent and bioaccumula-
tive compounds that have been detected in the environment 
and in humans, leading to increased regulatory scrutiny. 
Therefore, the development of sustainable and environmen-
tally friendly wood modifications has recently taken center 
stage (Darnerud 2003; Dong et al. 2020; Feiteiro et al. 2021; 
Sandberg et al. 2017). One such solution is wood mineral-
ization which generally refers to the integration of inorganic 
minerals, such as carbonates (Merk et al. 2015) and silicates 
(Mustoe 2023) into the wood structure.

One of the nature-inspired minerals that can be incorpo-
rated into wood is hydroxyapatite (HAp). HAp is the most 
common calcium phosphate, used in many fields of science, 
such as chemistry, biology and medicine (Dorozhkin 2009). 
Due to its high biocompatibility, strength and non-toxicity, 
it is widely used in biomedical applications, especially in 
orthopedics, dentistry, as well as a coating material for 
metal implants (Hendi 2017; Pu’ad et al. 2020). HAp has 
the chemical formula Ca10(PO4)6(OH)2 and is considered as 
poorly soluble in water and insoluble in alkaline solutions, 
but well soluble in acids. It is the second most stable and 
second least soluble calcium orthophosphate after fluorapa-
tite (Dorozhkin 2009).

HAp can be synthesized using various techniques which 
can be divided into solid-state reactions and wet methods. 
The latter also includes chemical precipitation. This method 
is usually carried out under conditions of high pH, elevated 
temperature or both. If the synthesis conditions require 
lower pH values, the temperature should be increased and 
vice versa. Under such conditions, the formation of phase 
impurities (e.g. dibasic calcium phosphate anhydrate and 
octacalcium phosphate) is significantly reduced, which 
favors the formation of HAp (Catros et al. 2010; Ebrahim-
pour et al. 1993; Zhang and Lu 2007; Wang and Shaw 2007; 
Liu and Nancollas 1997). The formation of HAp by chemi-
cal precipitation is based on its low solubility and the high 
stability of the calcium phosphate phase in an aqueous envi-
ronment at room temperature and pH values above 4 (Kim 
et al. 2010; Koutsopoulos et al. 2004; Zhang et al. 2003; 
Ikoma et al. 1999). However, the precipitation reaction is 
generally carried out at pH values above 4 and at tempera-
tures from room temperature to near the boiling point of 
water (Catros et al. 2010; Ebrahimpour et al. 1993; Zhang 

and Lu 2008; Tao et al. 2007; Pang and Bao 2003; Lazic et 
al. 2001; Wang et al. 2005, 2006).

Hydrothermal synthesis is another wet method for the 
incorporation of HAp into wood, which works like a chemi-
cal precipitation process with an incubation stage conducted 
inside a pressure chamber (Zhang and Darvell 2010; Cihlar 
and Castkova 2002; Ioku et al. 2002; Yasukawa et al. 1999; 
Zhu et al. 2009; Manafi and Rahimipour 2011). The precur-
sor solution usually contains a calcium and phosphate salt 
along with a pH adjusting agent such as ammonia or urea 
(Jokic et al. 2011). Nagata et al. (2013), for example, used 
a hydrothermal method with calcium nitrate tetrahydrate 
(Ca(NO3)2·4H2O) and diammonium hydrogen phosphate 
((NH₄)₂HPO₄) for the successful synthesis of HAp.

Previous studies on fire-retardant mineralization 
employed thinner samples, such as the use of HAp in com-
pressed bamboo veneers (100 mm × 100 mm × 6 mm ) (He 
et al. 2024) or incorporated HAp nanosheets in porous bal-
sam wood with dimensions of 10  mm × 50  mm × 4  mm 
(Xiao et al. 2024). Moreover, these studies do not address 
the potential impact of HAp synthesis by-products. Impor-
tantly, the fate of these reaction by-products after HAp 
synthesis is virtually undescribed, leaving their impact on 
the environment and fire behavior unknown. In contrast, 
Sitar et al. (2024) utilize Life Cycle Assessment (LCA) and 
Life Cycle Costing (LCC) to assess the potential negative 
environmental impacts of HAp mineralization, including 
process by-products, and compared them with commercial 
wood preparations in a practical example. When chemicals 
or energy-intensive processes are used, a longer life expec-
tancy is necessary to justify the additional environmental 
impact. The main issue with the mineralization process was 
found to be water consumption during leaching.

This study reports in-situ hydroxyapatite (HAp) mineral-
ization in beech and pine wood, focusing on how removing 
the water-soluble by-product ammonium nitrate (NH4NO3) 
affects the fire retardant properties of mineralized wood. The 
chemical, microstructural, and fire properties of unleached 
and leached modified wood samples were investigated. 
To our knowledge, this is the first study to systematically 
address the effects of leaching and the critical role of by-
product formation during in-situ HAp synthesis in wood.

2  Materials and methods

2.1  Materials

Two common European wood species, beech (Fagus syl-
vatica L.) and pine sapwood (Pinus sylvestris L.) were 
included in the study using samples measuring 520 mm × 
100 mm × 10 mm. Untreated beech samples had a density 
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Table 1  Leaching values of beech (B-Ref-L) and pine (P-Ref-L) reference samples as well as HAp synthesized beech (B-HAp-L) and pine 
(P-HAp-L) samples
Sample Dry mass (g) Dry mass- Impregnated (g) Impregnated (%) Dry mass-L (g) Mass

loss-L (%)
By-product
loss-L (%)

HAp content (%)

B-Ref-L 297.8 - - 295.0 0.9 - -
P-Ref-L 307.6 - - 305.3 0.7 - -
B-HAp-L 307.5 374.1 21.7 328.2 14.0 64.5 7.7
P-HAp-L 300.9 374.4 24.4 327.7 14.8 60.7 9.6

of 672 kg/m3 ± 26 kg/m3, while untreated pine samples had 
a density of 533 kg/m3 ± 28 kg/m3. Before the mineraliza-
tion process, the samples were conditioned at 23 °C ± 2 °C 
and 50% ± 5% relative humidity. The following chemicals 
were used for HAp synthesis: calcium nitrate tetrahydrate 
(Ca(NO3)2·4H2O), ammonium phosphate ((NH4)2HPO4) 
and ammonium hydroxide solution (NH4OH). Commer-
cially available HAp (purity ≥ 90%) was also purchased to 
facilitate interpretation of the results. All chemicals were 
purchased from Sigma-Aldrich (USA), were of analytical 
grade and were used without further purification.

2.2  Methods

2.2.1  Mineralization process

The method of wood mineralization was adopted from Sitar 
et al. 2024. In short, the process focuses on forming HAp 
within the wood structure according to Eq. 1:

10Ca (NO3) · 4H2O + 6(NH4)2HPO4 + 8NH4OH → Ca10(PO4)6(OH)2+20NH4NO3 + 46H2O� (1)

Beech and pine wood samples were impregnated using a 
two-step process in a vacuum-pressure chamber (VPT-135, 
Kambič, Slovenia). Two samples of each wood type were 
immersed in 1 M Ca(NO3)2·4H2O, and a 30-minute vacuum 
at 0.015 MPa was applied. While still immersed, the sam-
ples were then exposed to a pressure of 0.9 to 0.10 MPa for 
6 h to ensure deeper penetration of Ca(NO3)2·4H2O com-
pounds into the wood. After the first impregnation process, 
the samples were removed from the solution, rinsed with 
deionized water, air-dried for 72 h, and oven-dried at 60 °C 
for 48  h to remove excess water. Next, the samples were 
immersed in 0.6 M (NH4)2HPO4 and underwent a second 
6-hour impregnation at 0.9 to 0.10 MPa in the vacuum-pres-
sure chamber, this time without a vacuum step. After the 
second impregnation, the samples were exposed to NH4OH 
solution vapors (NH3 content of at least 25%) for 24 h at 
room temperature in a sealed box. The sealed box, with-
out NH4OH solution, was then placed in an oven at 80 °C 

for 24 h. This was followed by another 24-hour exposure to 
NH4OH solution vapors and drying for 72 h at 80 °C, also 
in a sealed box. Finally, the impregnated samples were dried 
for 24 h in a chamber at 103  °C to reach dry mass. Dur-
ing synthesis, technological parameters such as mass uptake 
were measured. Prior to characterization, the mineralized 
samples were sawn to the dimensions required for further 
testing and stored at ambient conditions for at least seven 
days.

2.2.2  Characterization

The success of HAp mineralization was determined using 
various methods. FTIR spectroscopy (L1600400 Spec-
trum TWO, PerkinElmer, UK) and X-ray powder diffrac-
tion (XRD) were used to characterize the resulting products 
and the crystallinity of the mineral(s). FTIR spectra were 
recorded in ATR mode by placing a small amount of bulk 

sample directly on the ATR crystal and recorded in trans-
mittance mode in the range 4000 to 400 cm− 1 with a resolu-
tion of 4 cm− 1. Two measurements per sample were taken to 
ensure repeatability. XRD analyses were performed using a 
PANalytical Empyrean X-ray diffractometer (Malvern Pan-
alytical, Malvern, UK) with CuKα radiation and a PIXcel 
1D detector at 45 kV and a current of 40 mA in the range 
of 4 to 70° 2θ with a step size of 0.013° 2θ and a scan step 
time of 70 s. The samples were manually backloaded into 
a circular sample holder with a 10 mm diameter in order to 
mitigate the possible preferred orientation. The X-ray dif-
fraction patterns were analyzed with PANalytical’s X’Pert 
High Score Plus v. 4.9 diffraction software using PAN ICSD 
v. 3.4 powder diffraction files. For both methods, the HAp 
sample was scraped directly from the wood surface.

The leaching of active substances from wood was deter-
mined in accordance with standard SIST EN 84:2020. The 
proportion of losses of leached components was calculated 
according to Eq. 2:

1 3

Page 3 of 14     58 



European Journal of Wood and Wood Products           (2026) 84:58 

Mass loss − L (%)= (Dry mass − Impregnated (g)) − (Dry mass − L (g))
(Dry mass − Impregnated (g))

× 100%� (2)

where Dry mass-Impregnated (g) is starting dry mass of the 
sample after mineralization before the leaching process and 
Dry mass-L (g) is the mass after the leaching process.

The proportion of losses of mineralized components was 
calculated according to Eq. 3:

By - product loss − L (%)= Mass loss − L (%)
((Dry mass − Impregnated (g)) − (Dry mass (g))) / (Dry mass (g)) � (3)

where Dry mass (g) is starting dry mass of the sample before 
the mineralization process.

Leaching was carried out with mineralized and reference 
beech and pine wood of the original dimensions. The com-
parison between leached and unleached samples was ana-
lyzed by FTIR, TG and cone calorimeter, while only leached 
samples were considered for microCT and SEM analysis.

MicroCT imaging was employed to investigate the dis-
tribution, position, size and quantity of HAp minerals in 
beech and pine wood. The EasyTom XL Ultra microCT 
system from RX Solutions (France) was used for this pur-
pose. The microCT samples were prepared by cutting small 
rods (2 mm × 2 mm × 50 mm) from 520 mm × 100 mm 
× 10 mm samples. The wood region selected for microCT 
analysis was representative of the bulk material and was 
located approximately 1  cm from the sample edge and 
3–5 mm beneath the surface. Imaging was performed using 
a Hamamatsu micro-focus X-ray source without filter, oper-
ated at a voltage of 40 kV, a tube current of 160 µA and a 
target anode current of 30 µA. A LaB6 filament was used as 
the cathode, which, according to the source manufacturer, 
guarantees a spatial resolution of at least 0.5 µm in small 
focus spot mode (SFC 0) at the given voltage. Radiographic 
images were captured with a high-speed flat-panel detector 
with a resolution of 2536 × 2024 pixels and a frame rate of 1 
frame per second. A total of 3968 radiographs were captured 
during a full 360° rotation. Each radiograph was created by 
averaging five consecutive frames. The spatial resolution of 
the scans was 1.0 µm across the entire volume, achieved 
by positioning the samples at a source-to-object distance of 
3.5 mm and a source-to-detector distance of 433 mm. Image 
reconstruction was performed using the integrated software 
from RX Solutions’. Only standard reconstruction param-
eters were used, such as center shift and source drift, which 
the RX Solutions’ reconstruction software automatically 
imports and applies from the acquisition metadata. The 

reconstructed 3D volumes and cross-sectional slices were 
visualized and analysed using Dragonfly 3D visualization 
software (Comet Technologies Canada Inc.). HAp particles 
were binarized using visual interactive thresholding to deter-
mine the threshold value. Since HAp has approximately 

twice the density of the wood cell wall, the difference in 
image contrast caused by X-ray attenuation was used to dis-
tinguish HAp from the cell walls. Wood and HAp particles 
were then visualized together as two separate layers.

Scanning electron microscopy (SEM) (JEOL JSM-
IT500, Oxford Instruments Analytical, USA) was used to 
determine the incorporation of HAp into the wood struc-
ture and the size and shape of the HAp particles formed. 
A high-vacuum mode with 20 kV electron acceleration, a 
working distance of 10  mm and a Backscattered electron 
detector were used. The SEM samples were cut out of a 
sample for microCT analysis using the ion-beam (approx. 
2 mm × 2 mm × 5 mm).

The thermal behavior of the reference samples and the 
mineralized samples was characterized by thermal analysis 
(TG-DTA) (STA 409 Luxx, Netzsch, Germany). For analy-
sis, the samples were cut in half, and the entire sawn surface 
was scraped. Approximately 50  mg of powder was used, 
and measurements were carried out in air atmosphere at a 
heating rate of 10 °C/min in the range of 25 °C to 1200 °C. 
Each sample category was tested three times to ensure 
repeatability.

Finally, the fire retardant behavior of the mineralized and 
reference samples was tested by cone calorimeter (Fire Test-
ing Technology Instrument, UK). The samples were cut to 
the dimensions 100 mm x 100 mm x 10 mm and exposed to 
incident heat flux of 50 kW·m− 2. Each test was carried out 
for 585 s and each sample category was tested five times to 
ensure reproducibility. Several parameters were calculated 
according to ISO 5660-1 (2015) and compared between the 
different sample categories. Some of the compared param-
eters were determined by observation, such as the time to 
ignition (TTI), defined as the time from the start of irradia-
tion to steady flaming. A higher TTI value means later igni-
tion and an improvement in certain fire characteristics. Some 
of the parameters are calculated from measured signals, e.g. 
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retardancy of the HAp mineralization. As can be seen from 
Eq. 1, the synthesis of HAp produces NH4NO3 in addition 
to water. NH4NO3 is very soluble in water (i.e. 182 g/100 ml 
in H2O (20 °C) (Trypuc and Druzynksi 2009), so that it can 
be easily removed from the wood by leaching. The amount 
of components leached from the wood is given in Table 1. It 
should be emphasized that the calculated values are not the 
main essence of this article, but the focus is on comparing 
the essential properties of leached and unleached mineral-
ized samples. The weight% gain of impregnated compounds 
after mineralization in the beech wood sample (B-HAp-L) 
is 21.7% (Impregnated (%), while in pine wood it is 24.4% 
(P-HAp-L). Assuming that 0.9% of the wood compounds 
were leached out of the beech reference sample, the propor-
tion of NH4NO3 is 14.0% (mass loss-L). This means that 
64.5% (by-product loss-L) of the mineralized substances 
in the beech wood sample were removed during leaching. 
Assuming that 0.7% of the wood substances were leached 
from the pine reference sample, the NH4NO3 content is 
14.8%. This means that 60.7% of the mineralized compo-
nents were removed from the pine wood sample during 
leaching. However, the authors acknowledge that degrada-
tion processes caused by the treatment may contribute to 
higher leaching values compared to the untreated reference 
sample. Nevertheless, in Chap.  2.2.1, Mineralization Pro-
cess, we describe the procedure in detail, noting that the use 
of elevated temperatures is adjusted to minimize damage to 
the wood while ensuring successful synthesis of HAp. The 
HAp content (%) in the B-HAp-L sample after the leaching 
process is 7.7%, while in the P-HAp-L sample it is 9.6%.

3.2  Characterization of HAp

The formation of HAp was investigated by FTIR studies. 
Figure 1 shows the FTIR spectra of HAp produced on wood 
(labelled HAp-S) and after leaching (labelled HAp-S-L). 
To facilitate interpretation, the FTIR spectra of purchased 
HAp are also shown (labelled HAp-P). As no significant 
differences were found between the wood species, only the 
results for HAp formed on beech wood are presented.

The most characteristic bands of synthesized HAp are 
PO4

3–, OH–, CO3
2–, and HPO4

2– (Berzina-Cimdina and 
Borodajenko 2012). The FTIR results of the purchased HAp 
show all bands characteristic for the analyzed compound. 
Impurities and by-products are not detectable. The PO4

3– 
group is characterized by bands at 1090 cm–1, 1025 cm–1, 
962 cm–1, 600 cm–1, 562 cm–1 and 472 cm–1. The bands at 
3572 cm–1 and 630 cm–1 belong to the OH– group and are 
the most important FTIR bands of HAp, as they confirm 
its presence. The indistinct band at about 875 cm–1 could 
be attributed to both CO3

2– and HPO4
2–, as they are often 

difficult to separate at this value (Berzina-Cimdina and 

the heat release rate (HRR) and its integral value, the total 
heat release (THR). Furthermore, measured data from cone 
calorimetry were used to estimate some of criteria param-
eters for reaction to fire classification, namely FIGRA (Fire 
Growth Rate Index) value. This parameter is typically cal-
culated from SBI testing (EN 13823 (2022)), but for the pur-
pose of this study, the simulation tool ConeTools (Van Hees 
et al. 2002) was used to predict the FIGRA value, which was 
one of the main parameters for determining the fire proper-
ties of the studied samples. For the measured parameters 
HRR, THR, total smoke production (TSP), and mean mass 
loss rate (MLR), higher values indicate poorer fire behav-
ior. Similarly, a higher simulated FIGRA value reflects a 
faster increase in heat release, which also signifies poorer 
fire performance.

2.2.3  Data processing and analysis methods

Data were collected and processed using Microsoft Excel. 
Mean values and standard deviations were calculated from 
the data set and presented in graphs and tables. The number 
of samples studied for each material is specified for each 
method. Mass losses and mass uptakes were determined 
gravimetrically.

3  Results and discussion

3.1  Leaching process

The systematic leaching process, carried out in accordance 
with SIST EN 84:2020, was crucial for validating the flame 

Fig. 1  FTIR spectra of unleached (HAp-S), leached (HAp-S-L) and 
purchased (HAp-P) HAp
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expressed in angles 2θ, are at 25.9 ° (002), 31.8 ° (211), 
32.2 ° (112), 32.9 ° (300), 34.0 °(202), 39.8 ° (310), 46.7 
° (222), 49.5 ° (213) and 53.1 ° (004). All the above peaks 
confirm the successful synthesis of HAp in beech and pine 
wood. In contrast to the FTIR analysis, no by-products can 
be detected with the XRD method, as they are obviously not 
present in crystallized form.

3.3  Characterization of mineralized wood

3.3.1  Micromorphological analysis

Figure 3a displays a cross-section of a mineralized beech 
wood, which shows that HAp is mainly deposited in the 
lumina of the cells, which are rarely completely filled. A 
radial cross-section of beech wood indicates that in some 
cases HAp is deposited over the entire length of the axial 
elements (Fig. 3b, marked with an arrow). Figure 3c shows 
a 3D representation of the scanned beech wood sample 
while Fig. 3d gives a 3D visualization of the deposition of 
HAp in the lumina of the beech.

The deposition of HAp in beech and pine wood was 
partly different. Figure 4a shows pine wood in which HAp is 
mainly found in the lumina of the tracheids, and in contrast 
to beech, HAp is also deposited along the rays (marked with 
an arrow). These results could be attributed to the higher 
porosity and longitudinal permeability of pine wood (Siau 
1995). Figure  4b displays a radial section of pine wood, 
where HAp is also found in the parenchyma ray (marked 
with an arrow). Figure  4c shows a 3D representation of 
the scanned pine wood sample, while Fig.  4d gives a 3D 
visualization of the deposition of HAp in the pine wood. 
As reported by Merk et al. (2016), the pattern of mineral 
deposition in the wood appears to correspond to a micropo-
rous structure that facilitates the transport of the introduced 
compounds.

The mineralized wood was further evaluated by SEM 
analysis (Fig.  5). The cross-section of the beech wood 
confirmed that most HAp was deposited in the cell lumen 
(marked with a red arrow in Fig. 5a). In rare cases, HAp 
also fills wood pits (marked with a green arrow in Fig. 5a). 
In pine wood, HAp was also deposited in the luminal cells 
(marked with a red arrow in Fig. 5c) as well as in wood rays 
(marked with a blue arrow in Fig. 5c) and in some cases in 
wood pits (marked with a green arrow in Fig. 5c). The size 
of the HAp particles is between 2 μm and 10 μm (Figs. 5b 
and d). Based on the findings from the work of Sadat-Shojai 
et al. (2013), the HAp shown have a spherical shape (char-
acteristic size range between 5 nm and 200 μm) and/or a 
flower-like shape (characteristic size range between 700 nm 
and 60 μm). Both shapes are considered to be produced by 
chemical precipitation and hydrothermal method.

Borodajenko 2012). It should be noted that not all com-
mercially purchased HAp have the same properties such as 
degree of crystallinity and phase composition. A disadvan-
tage of purchasing commercial calcium phosphate powders 
is the lack of sufficient information about the synthesis con-
ditions and the raw materials used (Berzina-Cimdina and 
Borodajenko 2012).

In the synthesized HAp, both unleached and leached, 
all bands present in the purchased HAp can be observed. 
Unlike the purchased one, the unleached HAp shows addi-
tional bands. Weak bands between about 2600  cm–1 and 
3600  cm–1 belong to OH– and NH4

+ groups. These two 
groups are also characterized by a weak band between 
1630 cm−1 and 1660 cm–1. The strong band at 1557 cm–1 
is characteristic of the NH4

+ group. The band at 1433 cm–1 
is attributed to both the NO3

– and NH4
+ groups, while the 

strong bands at 1333 cm–1 and 828 cm–1 belong to the NO3
– 

group. All the bands and groups mentioned are characteris-
tic of the by-product of the synthesis – ammonium nitrate 
(NH4NO3), with the exception of the OH– group, which 
represents absorbed water. However, most of these by-prod-
uct bands are less pronounced or no longer recognizable in 
the FTIR spectra of the leached HAp sample (HAp-L), as 
NH4NO3 is highly soluble in water.

The XRD method provides information about the crys-
tal structure of the material and its phase composition, but 
cannot be used to determine the presence of OH– or CO3

2– 
groups in HAp (Berzina-Cimdina and Borodajenko 2012). 
Figure  2 shows the results of the XRD analysis of pur-
chased and synthesized HAp. As no significant differences 
were found in relation to leaching, only the results of the 
unleached samples are presented. There were also no dif-
ferences between the wood species. The most characteristic 
diffraction peaks of HAp (JCPDS number [96-900-2215]), 

Fig. 2  XRD patterns of synthesized (HAp-S) and purchased (HAp-P) 
HAp
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by the breakdown of complex carbohydrates, starting with 
hemicelluloses at around 200 °C. This process results in the 
release of CO and CO2 as major components along with 
minor components such as H2, CH4, C2H4 and H2O. The 
thermal decomposition of cellulose takes place at higher 
temperatures (315 °C to 400 °C), with the main maximum 
in the weight loss rate between 325 °C and 350 °C. Hemi-
cellulose has an amorphous structure, whereas cellulose is a 
semi-crystalline polymer, which leads to its greater thermal 
stability (Chen et al. 2014; Nurazzi et al. 2021; Chaturvedi 
and Dave 2013). B-Ref exhibits an additional DTG peak 
around 290  °C, separated from the main cellulose peak, 
which is characteristic of acetylated hemicelluloses decom-
position typical in hardwoods. P-Ref, however, presents a 
smoother transition, a result of the overlapping degradation 
of its extractives and hemicellulose components. Conse-
quently, the clear secondary peak near 300 °C is character-
istic for hardwood species with lower extractive content and 
higher hemicellulose proportion (Poletto et al. 2012; Yang 
et al. 2007; Chen et al. 2014; Nurazzi et al. 2021). The third 

3.3.2  Thermal properties

TG and DTG were used to assess thermal stability and the 
degradation process of mineralized wood. Figure 6a and c 
show the TG curves of reference and mineralized beech and 
pine wood samples. Since the reference samples showed no 
differences after leaching, only the unleached samples are 
presented. Figure 6b and d show the curves of the normal-
ized weight loss rates of the samples.

While three main regions of weight loss were identified 
across all samples, the unleached mineralized sample show 
a fourth decomposition stage linked to the thermal break-
down of a by-product. The first region lasts until 150 °C and 
the weight loss is up to 10% with peaks between 115 °C and 
120 °C. The mass loss in the first region is due to the evapo-
ration of surface-bound water (Garskaite et al. 2023). The 
second major degradation occurs from 200 °C to 400 °C. 
This stage exhibits the highest weight loss (between 45% 
and 55%), with HAp content being the determining factor for 
the final value. The second region is characterized primarily 

Fig. 3  MicroCT scan of a beech wood sample 
mineralized with HAp: characteristic a axial 
and b radial cross-section, 3D representation of 
the entire scanned volume (c) and of the same 
volume with HAp particles shown in red (d)
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Fig. 5  SEM images of synthesized HAp in beech 
(a, b) and pine wood (c, d)
 

Fig. 4  MicroCT scan of a pine wood sample 
mineralized with HAp: characteristic a axial 
and b radial cross-section, 3D representation of 
the entire scanned volume (c) and of the same 
volume with HAp particles shown in red (d)
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(Catros et al. 2010; Sadat-Shojai et al. 2013; Garskaite et al. 
2023) and HAp residue.

We observe no thermal decomposition for HAp within the 
measured temperature range, which is reflected in decreased 
weight loss after heating to 1200 °C. This results is consis-
tent with findings by Liao et al. (1999) who state that the 
release of OH– ions from HAp begins between 1000 °C and 
1360 °C and the onset of HAp degradation is not typically 
detected below 1350 °C. Given that our maximum experi-
mental temperature was 1200  °C, complete decomposi-
tion of HAp was not expected. This was also confirmed by 
FTIR analysis (Fig. S1). The leaching process changes the 
TGA curve`s shape but does not affect the final mass loss 
percentage. Studies of wood mineralization with calcium 
phosphates or HAp report slower weight loss during heat-
ing, reduced exothermic peaks, and increased char residue, 
suggesting that the incorporated HAp acts as a thermal bar-
rier phase and also reduces the rate of degradation of cel-
lulose, lignin and hemicelluloses (Akaki et al. 2012; Yang et 
al. 2024; Guo et al. 2018). All samples modified with HAp 
show greater thermal stability compared to the references. 
The DTG peaks for the mineralized wood are, particularly 

region is associated with lignin degradation and calcination 
phase. The lignin degrades slowly and over a wider tem-
perature range (from 150 °C to 900 °C) (Yang et al. 2007). 
The unleached HAp curves exhibit a distinct shape com-
pared the other four. Specifically, the unleached mineralized 
samples (red curves) show a pronounced 10% mass loss and 
accelerated combustion at approximately 200 °C. This ther-
mal event directly corresponds to the known decomposition 
temperature of the residual NH4NO3 (Chaturvedi and Dave 
2013), chemically validating the removal goal of the leach-
ing procedure. The B-HAp sample exhibits a significantly 
higher intensity for this low-temperature peak compared to 
P-HAp. This suggest that denser structure and higher ion-
binding capacity of the beech wood enhance the retention 
of NH₄⁺/NO₃⁻ ions within the cell wall, leading to a stron-
ger and more pronounced DTG signal during their localized 
degradation (Chaturvedi and Dave 2013; Siau 1984; Hill 
2006). The temperature regions above 400  °C represents 
the final calcination phase consists a remaining weight loss 
of approximately 35%. The curves in this region are flatter, 
indicating the gradual degradation of the residual charcoal 

Fig. 6  TG curves of a beech wood (B-Ref, B-HAp and B-HAp-L) and c pine wood (P-Ref, P-HAp and P-HAp-L) samples, as well as their DTG 
values: b beech and d pine samples
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3.3.3  Fire retardant behavior

Cone calorimetry was used to evaluate the fire retardant 
properties of mineralized wood (Fig.  7; Table  2). The 
enhanced fire retardancy of HAp in cellulose-based nano-
composite and bamboo has already been described by Xiao 
et al. (2024) and He et al. (2024), respectively. Therefore, the 
proposed study not only focuses on the fire performance of 
mineralized wood, but also thoroughly evaluates the effects 
of leaching HAp synthesis by-products (i.e., NH4NO3) from 
wood.

The results for the TTI parameter among the studied 
materials do not show significant differences, either between 
the synthesized HAp and the reference samples or between 
the two wood species. The observed differences between the 
samples are generally minimal and may be influenced by 
both the variability of the wood and the variability of the 
TTI parameter in cone calorimeter testing. The FIGRA val-
ues are higher for beech wood than for pine wood samples 

in the second region, lower compared to the reference sam-
ples, which indicates a slower degradation rate of wood dis-
tributed over a wider temperature range. Leaching further 
improves thermal stability by removing NH₄NO₃, as indi-
cated by the absence of low-temperature DTG signals.

Table 2  TTI, FIGRA, TSP and mean MLR values for reference sam-
ples of beech (B-Ref) and pine (P-Ref) wood, HAp synthesized beech 
(B-HAp) and pine (P-HAp) wood samples and the corresponding 
leached counterparts (B-Ref-L, B-HAp-L, P-Ref-L and P-HAp-L)
Sample TTI (s) FIGRA [W/s] TSP [m2] mean MLR [g/s]
B-Ref 29.5 ± 3.7 525.6 ± 57.2 2.4 ± 0.1 0.092 ± 0.002
B-Ref-L 23.4 ± 2.2 687.3 ± 73.5 3.2 ± 0.2 0.059 ± 0.006
B-HAp 29.2 ± 4.4 587.1 ± 77.6 1.1 ± 0.1 0.070 ± 0.008
B-HAp-L 27.2 ± 2.0 544.8 ± 51.8 3.3 ± 0.3 0.066 ± 0.015
P-Ref 31.2 ± 3.0 422.9 ± 45.8 3.7 ± 0.2 0.091 ± 0.001
P-Ref-L 24.6 ± 3.4 558.4 ± 77.1 4.8 ± 0.2 0.060 ± 0.010
P-HAp 20.0 ± 2.3 492.2 ± 31.4 1.1 ± 0.2 0.068 ± 0.009
P-HAp-L 26.4 ± 3.3 508.1 ± 79.8 4.5 ± 0.2 0.066 ± 0.008

Fig. 7  Cone calorimeter curves of heat release rate (a, b) and total heat release (c,d) for beech wood (B-Ref, B-Ref-L, B-HAp and B-HAp-L) (a, 
c) and pine wood (P-Ref, P-Ref-L, P-HAp and P-HAp-L) (b, d) samples. Each curve shows the average of five measurements
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the oxidant by-product, increased heat release (FIGRA) and 
reduced smoke (TSP) is a new finding specific to this HAp 
synthesis method. When examining the mean MLR val-
ues in this study, no significant influence of wood species 
was observed within the experimental variability, as simi-
lar trends were found for both beech and pine. The highest 
values were recorded for the unleached reference samples 
(B-Ref and P-Ref). The leached samples showed slightly 
lower mean MLR values, which may be attributed to the 
removal of water-soluble extractives and low-molecular-
weight compounds that contribute to fuel generation dur-
ing thermal decomposition (White and Dietenberger 2010). 
Additionally, the lower mean MLR values of B-HAp and 
P-HAp compared to the references indicate that the intro-
duction of HAp may act as a barrier to heat and mass transfer 
during pyrolysis, thereby slowing the release of combustible 
volatiles (Lowden and Hull 2013; Babrauskas 2002).

Figures 7a and b show that all samples exhibit a bimodal 
curve, with the first HRR peak occurring immediately after 
ignition, before a protective char forms on the surface. As 
combustion proceeds, the HRR curve decreases, indicates 
the formation of protective char. The second, higher peak 
is caused by the formation of cracks in the charcoal when 
the heat wave reaches the last insulating surface and the 
heat accumulates in the thermally insulating kaowool, while 
the original material has already been heated to pyrolysis 
temperature (Schartel and Hull 2007; Schartel et al. 2005; 
Batiot et al. 2014; Yi et al. 2024). For the two mineral-
ized unleached samples (red curves in Fig. 7a and b), the 
maximum heat release occurs significantly faster (B-HAp at 
190 s and P-HAp at 220 s) than for all other samples. They 
also show higher values (190 kW/m2 more for B-HAp and 
400 kW/m2 more for P-HAp) compared to the unleached 
reference samples. The higher HRR of the unleached min-
eralized samples can be attributed to the combustion of 
NH4NO3, which is reflected in the high but narrow peak. 
However, it should be emphasized that the shape of the nar-
row peak leads to lower THR values (as described in the next 
section). In the HAp leached samples, the higher HRR peak 
appears earlier (30 s earlier for B-HAp-L and 40 s earlier 
for P-HAp-L) than in the leached reference samples. How-
ever, both peaks show approximately the same HRR values 
(kW/m2) as the reference samples. The results showed that 
the effect of HAp on the HRR parameter is less pronounced 
than that of other phosphorus flame retardants.

The THR values (Figs. 7c and d) at 585 s are between 79 
and 82 MJ/m2 for all reference samples. Mineralized beech 
wood samples exhibited a reduction of 27.4% (B-HAp) and 
14.9% (B-HAp-L), while mineralized pine wood samples 
showed a reduction of 31.3% (P-HAp) and 16.4% (P-HAp-
L) compared to the reference and reference leached samples. 
The B-HAp curve shows a steep increase between 150  s 

because wood with higher cellulose and lower resin content 
(such as beech) releases more heat than wood with lower 
cellulose and higher resin content (such as pine) (Demir-
bas 2002). Additionally, beech wood typically has a much 
higher density than pine, which significantly affects heat 
release and related fire parameters such as FIGRA (Zhou et 
al. 2024). Both mineralized unleached wood species have 
a higher FIGRA value compared to the unleached refer-
ences. B-HAp shows an increase of 11.7%, while B-HAp-L 
decreases by 20.7% compared to the reference values. In the 
case of pine wood, the FIGRA value for P-HAp increased by 
16.4% and decreased by 9.0% for P-HAp-L compared to the 
reference values. By determining the thermal properties, it 
was demonstrated that NH4NO3 in unleached samples ther-
mally decomposes at temperatures around 200 °C, causing 
accelerated combustion and confirming that NH4NO3 acts as 
an oxidizing agent (Chaturvedi and Dave 2013). Despite the 
small number of samples and the well-known high variabil-
ity of FIGRA values, the results showed that the oxidizing 
role of NH4NO3 directly leads to accelerated and increased 
heat release, which increases the FIGRA value of unleached 
mineralized samples. Classical phosphorus inhibitors (e.g., 
ammonium polyphosphate) release acids that strongly dehy-
drate cellulose and accelerate charring. HAp, on the other 
hand, acts as a barrier, an indirect charring catalyst, and a 
VOC adsorbent without releasing free acids (Velencoso et 
al. 2018; Ozyhar et al. 2022).

The TSP values at 585  s are between 2.4 m2 and 3.2 
m2 (beech wood) and between 3.7 m2 and 4.8 m2 (pine 
wood) for the reference samples. Higher TSP values in 
pine wood samples could be attributed to a higher lignin 
(Lourenço and Pereira 2018) and resin content (Frodeson 
et al. 2021). Both mineralized samples show a reduction 
in TSP values (54.2% for B-HAp and 70.3% for P-HAp) 
compared to the unleached reference samples. The leach-
ing of the mineralized samples increases the TSP content 
compared to the leached reference samples. In contrast to 
previous findings, the unleached samples produce signifi-
cantly less TSP than the leached samples. The TSP analy-
sis revealed a complex counter-effect: the more flammable, 
NH4NO3-loaded unleached samples showed significantly 
lower smoke production compared to the references. This 
counterintuitive result is attributed to the presence of the 
oxidizing agent NH4NO3, which promotes more complete 
combustion and thus reduces the formation of soot and par-
ticulate matter (Chaturvedi and Dave 2013), and illustrates 
the unique chemical interactions in this specific synthesis 
pathway. HAp can also adsorb or catalytically decompose 
some organic vapors produced during wood pyrolysis. As a 
result, the amount of combustible gases around the material 
is reduced, contributing to decreased flame spread (Guo et 
al. 2018; Xin et al. 2020). This complex interplay between 
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NH₄NO₃ synthesis by-product and its profound effect on 
material fire performance. This work establishes guidelines 
for the future application of bio-inspired phosphate mineral-
ization processes in green building materials.
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