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Brushite mineralised Scots pine (Pinus sylvestris L.)
sapwood — revealing mineral crystallization within
a wood matrix by in situ XRD+
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Dicalcium phosphate dihydrate (CaHPO4-2H,O, DCPD, brushite) crystals were synthesised within Scots
pine sapwood via a wet-chemistry route from aqueous solutions of Ca(CHsCOO), and NH4H,PO, salts.
SEM/EDS analysis was used to assess the saturation of the wood cell lumina and cell wall as well as
morphological features and elemental composition of the co-precipitated mineral. Brushite mineral
crystallization and crystallite growth within the wood matrix was studied by in situ XRD. The chemical
composition of the mineral before and after the dissolution was evaluated using FTIR spectroscopy. The
overall impact of brushite on the thermal behaviour of wood was studied by TGA/DSC and TGA/DTA/MS
analysis under oxidative and pyrolytic conditions. Bending and compression strength perpendicular and

parallel to the fibre directions as well as bending strengths in longitudinal and transverse directions of the
Received 15th January 2023 ineralised wood 1 luated. Results indicate the viability of the wet-chemist i
Accepted 10th February 2023 mineralised wood were also evaluated. Results indicate the viability of the wet-chemistry processing

route for wood reinforcement with crystalline calcium phosphate (CaP)-based minerals, and imply

DOI: 10.1039/d3ra00305a a potential in producing hybrid bio-based materials that could be attractive in the construction sector as
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1. Introduction

Interest in employing timber in the construction sector is on the
rise and using wood and wood-based materials instead of fossil-
based materials to provide the same function can reduce the
negative climate impact."® Thus, the development of wood
products by enhancing their physicochemical properties and
extending their useful lifetime is an integral part of sustainable
production and consumption.** The wood-material properties
required to be improved are in the first hand protection against
photodegradation, thermal stability or fire retardancy,
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an environmentally friendly building material.

mechanical properties, resistance to biological degradation,
and others.»*®

Wood is a natural composite material, and the structural
components of wood cell wall are mainly cellulose (approxi-
mately 40-45%), hemicelluloses (25-30%), and lignin (20-
30%).7*'* The chemical composition and hierarchical porous
structure of wood offers diverse possibilities for its modifica-
tion.™ Conventionally, wood material is treated by several
means, ie. applying coatings, modifying wood cell wall (ther-
mally or chemically), or impregnating.®'*** Chemical modifi-
cation exploits hydroxyl (OH) groups of wood constituents
which react with different chemical reagents resulting in
formation of covalent bonding. During the impregnation, wood
is treated passively, i.e. chemicals diffuse into either cell wall or
lumen. The impregnation usually proceeded from solutions of
water-soluble compounds. However, migration of such addi-
tives to the wood surface and leakage can occur when the wood
is exposed to elevated moisture. As a result, an effective lifetime
of the product is likely to be of shorter duration.

Lately, studies were conducted to enhance wood properties
via “hybrid” modification pathway, namely when impregnation
with or without vacuum-pressure is performed from aqueous
solutions at ambient temperature and as a chemical reaction
proceeds an insoluble solid is coprecipitated within wood
matrix when the reactive ions combine.? For instance, CaCOj;
was successfully synthesised inside the cell-wall structure of
beech and spruce wood utilising approach of alkaline hydrolysis
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of dimethyl carbonate precursors in the presence of calcium
ions.* In another study, BaSO, was precipitated within wood
scaffold by alternating infiltration with concentrated electrolyte
solutions.” Preparation of struvite (MgNH,PO,-6H,0)-wood
composite with improved flame retardancy and transverse
strength and stiffness under compression was also demon-
strated.'®” An incorporation of water-insoluble material within
wood matrix, when leaching of intercalated material is pre-
vented, can be a way to make wood firmer and more durable.

Calcium phosphates (CaPs) are a group of minerals widely
used in the field of bone tissue engineering.'*>* They have
a similar mineral structure to the main mineral of human bones
and teeth. Among them, the most widely investigated are
hydroxyapatite (Ca;o(PO4)s(OH),, HAP) and tricalcium phos-
phate (Caz(PO,),, TCP).>*** Under certain conditions, some of
these CaPs are able to transform from one to another, which in
consequence determines the density and microstructure of
material. Dicalcium phosphate dihydrate, CaHPO,-2H,0O
(DCPD), known as brushite (crystallises in the monoclinic space
group Ia with unit cell parameters a = 5.812(2) A, b = 15.180(3)
A, c=6.239(2) Aand § = 116.42(3)°, Z = 4),* is formed in dental
and urinary calculus.®*?” It has been shown that brushite
mineral (pKgp of 6.59 at 25 °C) is one of the precursors to
prepare HAP (pKgp of 116.8 at 25 °C);***' under treatment with
NaOH it immediately transforms into the HAP mineral.*” It was
also reported that DCPD can be transformed into whitlockite
(CagMg(HPO,4)(PO,)s or Caz(PO,),-MgHPO,), which has
a similar crystal structure to that of B-TCP.** Extensive studies
were performed to understand CaP formation in solutions (in
vitro and in vivo) and variety of techniques were used to assess
the nucleation and phase transformation.***” However, to our
knowledge, no study on the formation of CaP-based mineral
within the wood matrix has been reported.

CaP bioceramics are conventionally produced by chemical
precipitation from aqueous solutions containing calcium and
phosphate ions.***° Solution-based chemical synthesis is
usually environment-friendly and proceeds at room tempera-
ture. Owing to a wide range of precursors, different types of
solvents and organic additives (complexing agents, surfactants)
that can be used, such a synthesis offers inexpensive processing
way to phase-pure material with desired crystallinity and
particle/crystal sizes, which are known to have a profound effect
on the material properties, and thereby on the performance of
the final product. The synthesis parameters, such as concen-
tration, temperature, pH, reaction time can be also adjusted.

CaP minerals exhibit strong ionic and/or covalent bonding
which result in their high hardness and compressive strength,
high melting points, low thermal and electrical conductivity,
and chemical inertness. These unique physicochemical prop-
erties make CaPs excellent candidates to be considered as
reinforcement material for wood protection. Thus, exploring
the synergistic effects of the wood material and CaP minerals,
when an insoluble material is formed within wood matrix via
wet-chemistry route, might be a worthwhile strategy aiming
both low-environmental impact and extend the useful lifetime
of the wood-based materials.
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In the present work, the mineralization of Scots pine (Pinus
sylvestris L.) sapwood with CaP-mineral was studied. The
mineralization of wood matrix was achieved via wet-chemistry
approach by performing cyclic impregnation and using
vacuum setup. Morphological features of coprecipitated
mineral as well as saturation of wood matrix were assessed by
SEM/EDS analysis. Mineral crystallization within wood matrix
was studied by in situ XRD analysis. The thermal stability under
different conditions and gas evolution of the mineralised wood
was studied via TGA/DSC and TGA/DTA/MS analyses. Chemical
functionalities of mineralised wood before and after the
leaching were evaluated using FTIR spectroscopy. Mechanical
properties such as compression and bending strengths of
produced composites were also measured. Proposed wet-
chemistry route for wood reinforcement with CaP-based mate-
rials opens possibilities for the upscaling, and the developed
hybrid wood composites exhibit potential for its use in different
application, including construction sector.

2. Experimental

2.1. Wood specimens, solutions and wood mineralization

Specimens of Scots pine (Pinus sylvestris L.) sapwood with
dimensions of 1 x 1 x 1 emand 1 x 1 x 15 cm (tangential (7) x
radial (R) x longitudinal (L)) were cut from sawn timber ob-
tained from northern Sweden. Wood slabs of 100 um thick were
prepared by microtomy slicing layers of the wood block 1 x 1 x
1 cm wetted with a distilled water.

Calcium acetate (Ca(CH3COO),, 99%, Aldrich) and ammo-
nium dihydrogen phosphate (NH,H,PO,, 99%, Aldrich) were
used as the cations precursors. To study mineral crystallization
in aqueous solutions and within 100 um wood slabs, an
aqueous solutions of 0.5 M Ca(CH3COO), and 0.3 M NH,H,PO,
were prepared by dissolving 0.395 g (0.0025 mol) of Ca(CHj;-
COO0), salt and a stoichiometric amount 0.1725 g (0.0015 mol)
of NH,H,PO, salt in separate beakers containing 5 mL of
distilled H,O. Solutions were mixed for 5 min to ensure
complete dissolution of salts. The Ca-P-O precipitate formation
was performed by placing one drop of solution containing Ca
ions on the glass plate and then adding the drop of solution
containing phosphate ions. Additionally, solutions of 0.05 M
Ca(CH3COO0), and 0.03 M NH,H,PO, were prepared and used to
study Ca-P-O precipitate formation.

To mineralize the wood bocks, 0.5 M, 1.0 M and 1.5 M
Ca(CH;3COO), solutions (volume of 1 L) and the corresponding
0.3 M, 0.6 M and 0.9 M of NH,H,PO, solutions (volume of 1 L)
were prepared. The reactive solutions were used in the consec-
utive order that molar ratio of calcium to phosphate ions was
maintained to be 1.67. Mineralization of wood blocks was per-
formed in glass round-bottom flasks connected to the vacuum
pump. First, wood specimens were vacuumed for 1 hour to
remove the air from the matrix cavities. A 0.5 M Ca(CH;COO),
solution was then injected into the flask and the wood blocks
were left under vacuum for 2 hours to achieve complete satu-
ration of wood matrix. In a following step, these impregnated
specimens were removed from the solution and dried for 3 days
at room temperature. Dried specimens were then placed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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additionally in a round bottom flask connected to the vacuum
pump and vacuumed for 1 hour. After the air was removed,
a 0.3 M NH,H,PO, solution was injected into the flask. Soaking
of wood blocks was performed for 2 hours to allow complete
saturation of wood matrix. Magnetic stirrer was used to ensure
homogeneous ion distribution within the solution. Turbidity of
the solution was observed as well as precipitate formation on
the surface of wood blocks. By the end of impregnation proce-
dure, the wood blocks were settled on the bottom of the beaker.
Saturated wood blocks were then removed from turbid solution
and left for 3 days to dry at room temperature, i.e. to reduce the
moisture content within the wood matrix. In all series of
experiments, the same order of solution accession was main-
tained. The mineralised wood specimens prepared from the
systems of 0.5 M Ca(CH;COO), and 0.3 M NH,H,PO,, 1.0 M
Ca(CH;COO0), and 0.6 M NH,H,PO,, and 1.5 M Ca(CH;COO),
and 0.9 M NH,H,PO, are designated as DCPD(1)-wood,
DCPD(2)-wood and DCPD(3)-wood.

2.2. Mineral dissolution tests

Testing of the mineral dissolution from the wood matrix was
conducted in water medium on five replicates. Mineralised
wood slabs of 100 um thick were immersed in polypropylene
containers with 5 mL of distilled H,O and kept for 30 min. The
wood slabs were then carefully transferred with tweezers into
the other containers containing the same volume of distilled
H,O. For each specimen water was changed three times, and the
duration of submersion time was 30 min. After the final
leaching step each wood slab was placed on the microscopy
glass plate and dried for 48 hours at room temperature.

2.3. Characterization

Morphological features of pure wood and brushite mineralised
wood (microtome-cut slabs of 100 um thick) were evaluated
using a field emission scanning electron microscope (FE-SEM,
SU70, Hitachi). A secondary electron imaging was used and
the electron beam acceleration voltage was 2.0-5.0 kV. Before
analysis, the samples were coated with ~10 nm layer of Ag. The
samples were also studied using a Hitachi TM3000 Tabletop
SEM equipped with the energy dispersive X-ray spectrometer
(EDS), and the spectrometer was controlled by the INCA soft-
ware (Oxford Instruments). A backscattered electron detector
was applied and the electron beam acceleration voltage was 15
kV. An X-ray acquisition time of 315 s was used to obtain the
EDS spectra (number of independent measurements (n) = 3-5
for each feature of interest) and the elemental mapping images.
Infrared spectra were recorded using a Fourier transform
infrared (FT-IR) spectrometer (Frontier FT-IR, PerkinElmer,
ZnSe/Diamond ATR crystal, DTGS detector, 4000 to 600 cm ™", 4
scans). Thermal behaviour of the untreated and mineralised
wood was studied under oxidative conditions in air atmosphere
(up to 600 °C) and pyrolysis conditions in N, (up to 855 °C) and
He (up to 1000 °C) atmospheres. Thermogravimetric analysis
(TG) and differential scanning calorimetry (DSC) were per-
formed using a PerkinElmer STA 6000 Simultaneous Thermal
Analyzer. Dried samples of 5-10 mg were heated from 25 to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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855 °C at a rate of 10 °C min ' in N, atmosphere (20 mL min ).
Simultaneous Thermal Analyser (Netzsch STA 409CD) equipped
with Quadrupole Mass Spectrometer (MS) was used to study
samples in synthetic air (80(0,)/20(N,)) and He atmospheres.
For the analysis in air (60 mL min~") the samples of 3.8 mg were
used. The samples were placed in aluminium pans covered with
pierced lid in order to enhance contact with synthetic air during
the heating (at rate of 10 °C min~"). The measurements per-
formed in He 6.0 atmosphere were with a gas flow rate of 55
mL min~". The samples (2.5 mg) placed in Al,O; pans were put
inside the sample chamber, which was evacuated and purged
prior each measurement. The measurements were conducted
upon heating between room temperature and 1000 °C with
a heating rate of 5 °C min~'. A measurement with empty pans
(correction) was also made to eliminate background signals
from TGA and MS. The MS detector was set to measure atomic
mass units from 13 to 313. Videos of mineral precipitate
formation in solutions were recorded using Colour CCD camera
Panasonic WV-CP242EX, with OPTEM Zoom 70 optical lens.

2.4. In situ XRD studies of brushite formation

Formation of the crystalline phases was monitored using
a PANalytical X'Pert powder diffractometer (Ni-filtered Cu Ko
radiation, step 0.02°, exposure time ~1 s per step) over a 2-theta
range at room temperature. One drop of each solution (calcium
acetate and ammonium phosphate) were spilled on dry wooden
slab placed on the horizontal platinum strip of the HTK-16N
chamber. After this procedure, the specimen was fully wetted.
The XRD data were collected at ambient pressure. The scans
were recorded every 3.5 min. The water evaporation from the
specimen was not controlled. Prior the measurements, the
same solutions with the same amounts were dropped on a zero-
background holder and kept in air until complete desiccation.
The XRD patterns of resulting traces were recorded over the
range of 10-80° and analysed using the PDF-4+ database (2022).

2.5. Mechanical properties

The compressive strength tests were performed with a universal
testing machine Hounsfield H10KS (Hounsfield Test Equip-
ment Ltd, Redhill, UK) and a Qmat Professional software. The
cell load was of 10 kN with a resolution of 0.1 N (load
measurement accuracy: +£0.5% of indicated load from 2% to
100% capacity). The load speed was 20 mm min " (position
measurement accuracy: 0.001 mm, speed accuracy: £0.005% of
set speed). To calculate density (p), the weight and the linear
dimensions of prepared specimens were estimated using
precision balance Mettler Toledo MS1003S (e = 0.01 g, d = 0.001
¢) and DIGI-MET indicator (e = 0.01 mm, d = 0.001 mm) from
Helios Preisser, respectively.

3. Results and discussion
3.1. Surface morphology

The saturation of wood matrix, morphological features and
elemental composition of the formed precipitate were assessed
by performing SEM/EDS analysis of the cross-sectioned layers of

RSC Adv, 2023, 13, 5813-5825 | 5815
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Fig. 1 SEM and EDS images showing (a) and (b) wood cell lumina filling with brushite mineral, (c) layered structure of brushite crystals, (d) EDS
mapping (RGB colours assigned as Ca - red, P — green and C - blue; the examined area is marked in the image (a)), and (e) line EDS analysis and
corresponding spectra showing the Ca and P presence within the cell walls (background of spectrum for element C is shadowed to emphasise
cell wall position, and the green line at 20 um shows position marked in the SEM image).

the mineralised-wood blocks. The SEM/EDS images of the
representative wood sample mineralised from the 0.5 M
Ca(CH3C00),/0.3 M NH,H,PO, solution system are presented
in Fig. 1. Examination of the internal cross-sectioned layers
showed that the saturation of wood matrix is homogeneous
with only a few filled wood cell lumina (Fig. 1(a)). The copreci-
pitated material exhibited plate-shaped morphology (Fig. 1(b)
and (c)), indicating the crystallization of brushite mineral.'**>**

SEM images with the EDS-based elemental mapping analysis
of the same mineralised wood sample are shown in Fig. 1(d).
Along with carbon, oxygen, phosphorus and calcium,
aluminium and silver were also detected, and these last two
were due to the sample holder and pre-sputtering, respectively.
The average atomic percent (%) ratios of Ca to P of the precip-
itate within cell lumina was calculated to be around 1 (n = 5),
which further suggests a formation of the mineral brushite.
Various studies have repeatedly shown that phase composition
of the CaP mineral strongly depends on the pH of solution
where reaction takes place,”** and brushite is the most ther-
modynamically stable phase under acidic conditions (pH
between 2 and 6.5).2**** When 0.5 M Ca(CH3;COO), (the
measured pH = 8.47) and 0.3 M NH,H,PO, (pH = 4.34) are
mixed together, the CaP mineral formation resulted in a drop of
the solution pH to 4.96, and allowing the precipitate maturation
to proceed further, the pH value of the mixture after 30 min was
4.92. Furthermore, one shall also note that wood material has
slightly acidic pH.*® As the pH of the solution 0.5 M Ca(CHj;-
C00),/0.3 M NH,H,PO, system is acidic, the formation of the
brushite mineral within wood matrix is expected. Furthermore,
the EDS-based elemental mapping (Fig. 1(d)) showed homoge-
neous distribution of Ca and P over the entire wood matrix, i.e.
precipitate formation within cell lumina and the cell wall. The

5816 | RSC Adv, 2023, 13, 5813-5825

EDS line-based analysis performed (Fig. 1(e)) also confirmed the
Ca and P presence within the cell walls. A similar complete
saturation of wood cell wall from aqueous solutions has recently
been demonstrated.” It was also observed that the Ca/P ratio
measured from the cell wall was slightly higher compared to
that of the mineral formed within the cell lumina, and this can
be attributed to the excess of Ca ions that remain in the wood
matrix unreacted. The minerals crystalized within wood cell
lumina from the 1.0 M Ca(CH;C00),/0.6 M NH,H,PO,, and
1.5 M Ca(CH;3C00),/0.9 M NH,H,PO, systems exhibited similar
morphology, only the saturation of wood matrix slightly
increased with an increase in concentration of solutions (data
not presented). The EDS elemental analysis of mineralised
wood samples produced from the 1.0 M Ca(CH;3;COO),/0.6 M
NH,H,PO,, and 1.5 M Ca(CH;C00),/0.9 M NH,H,PO, systems
showed that at% ratios of Ca/P of the mineral formed within cell
lumina were approx. 1. Moreover, comparison of layers cut of
the modified block surface with those that were cut from the
middle of the block, revealed that the saturation of the outer-
most layers was slightly higher compared to the middle section.
This can be ascribed to the higher concentration of reactive
species on the wood surface. During the drying of impregnated
wood (cycle-I) the migration of Ca(CH3COO), solution through
the entire wood block occurs. Subsequently, when wood is
treated with the solution containing phosphate ions (cycle-II
impregnation) the reaction takes place instantly, and as more
species are available to react, the higher saturation of the cell
lumina at the surface of wood block is inevitable.

To visualise formation of precipitate, the reaction between
0.5 M Ca(CH3COO), and 0.3 M NH,H,PO, solutions was
recorded while observing the appearance of solution turbidity
(ESL, Video 1: reaction between 0.5 M Ca(CH3COO), and 0.3 M

© 2023 The Author(s). Published by the Royal Society of Chemistry
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NH,4H,PO, solutions). The precipitation of CaP material was
instantaneous after the drops of two solutions came into
contact. Solution saturation was found to be strong. The
precipitate formation was additionally inspected from the less
concentrated solutions of 0.05 M Ca(CH;COO), and 0.03 M
NH,H,PO,. For this system, however, no evidence of solution
turbidity was observed (ESIt, Video 2: reaction between 0.05 M
Ca(CH3CO00), and 0.03 M NH,H,PO, solutions). This indicates
the presence of constituents in low abundance and insufficient
activation energy to allow nucleation and mineral growth from
the present environment. It is also known, that calcium ions
precipitate with phosphate ions when the formed product
exceeds the solubility product constants of calcium phosphate
solid phases.*” The effects of the initial pH and the reactive ion
concentrations on the mineralization and morphology of
brushite particles during aqueous solution synthesis has been
reported by Toshima et al.** They showed that solution satura-
tion has profound effect on crystal formation and its shape, i.e.
no product was observed for at least 24 h from solutions of low
concentrations and increasing the supersaturation ratio and/or
initial pH value shifted the morphology from the liquid phase to
the petal-like structure, and then to the plate-like structure.
An additional inspection of the precipitate formation from
0.5 M Ca(CH;C00),/0.3 M NH,H,PO, and 0.05 M Ca(CH,-
C00),/0.03 M NH,H,PO, systems was done under conditions
when the reactive ions were coursed to react together within
wood slabs of 100 pm thick. The SEM/EDS analysis of wood
slabs mineralised from solutions of lower concentrations
showed marginal precipitate formation within the wood cell
lumina, and this can be attributed to the increased concentra-
tion of reactive species when solvent from wood matrix

Wood slaby

SU70 2.0kV 10.0mm x2.00k SE

oy O
SU70 2.0kV 10.1mm x1.00k SE(M)
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evaporates. The solid precipitate formed within cell lumina
exhibited similar surface morphology, i.e. plate-shaped crystals,
compared to that of precipitate formed from the solutions of
higher concentrations (data not presented).

To evaluate the stability of the precipitated mineral and its
intercalation within wood matrix, mineral dissolution tests
were performed. The wood slabs mineralised from the 0.5 M
Ca(CH,C00),/0.3 M NH,H,PO, and 0.05 M Ca(CH;COO),/
0.03 M NH,H,PO, systems were examined. The SEM/EDS
analysis revealed that precipitate remained within dried wood
matrix after the leaching. The representative SEM/EDS analysis
data of the “leached” wood are presented in Fig. S1 of ESL¥
Further morphological examination of the samples (slabs
derived from 0.5 M Ca(CH3;COO),/0.3 M NH,H,PO, system)
revealed regions of precipitate exhibiting slightly different
morphology (Fig. 2). Though the overall morphology of plate-
like crystals remained unchanged within wood matrix
(Fig. 2(a) and (b)), the regions of smoothly filled cell lumina as
well as cell walls having smoothened “cementitious” coverage
were also observed (Fig. 2(c) and (d)). This might be explained
by considering the motion of ions in the liquid. As demon-
strated above, the instantaneous formation of the mineral take
place when solutions with reactive species come into contact.
This leads to the change in concentration in regions, as the flux
of ions through the liquid to the slab boundaries is impeded. As
a result, different rate of matrix mineralization is induced.
Furthermore, the removal of excess ions during the leaching
might invoke a partial dissolution of the mineral, that could
lead to a spatial rearrangement of the formed material. As noted
previously, an extensive number of studies have showed that

i T
3.00um

)

| (washed)

n | SU70 2.0kV 10.0mm x5.00k SE(M)

Fig.2 FE-SEM images of the precipitate formed within Scots pine slabs (100 um) showing different morphology after the leaching tests: (a and b)

plate-like laminated crystals, and (c and d) “smoothened” mineral.
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Fig. 3 XRD pattern of CaHPO4-2H,0 precipitated from the mixture of
a 0.5 M Ca(CH3COOQ), solution and a 0.3 M NH4H,PO, solution and
dried at room temperature on a zero-background holder. Inset shows
the magnified range of the pattern with the most intense diffraction
reflections indexed based on the ICDD card no. 00-011-0293.

concentration of reactive species, pH, temperature, and other
variables affect the CaP phase and morphology.'*3>3537:48-50

3.2. In situ XRD studies of material formation

To monitor mineral crystallization and crystal growth the in situ
XRD study was carried out. The XRD pattern of the powder
precipitated within wood matrix from the mixture of a 0.5 M
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Fig. 4 3D representation of the XRD pattern range that includes the
112 diffraction reflection of CaHPQO,4- 2H,O precipitated from a mixture
of 0.5 M Ca(CHzCOO), solution and a 0.3 M NH4H,PO, solution in
a 100 um wood slab as a function of crystallization time.
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Ca(CH3COO0), solution and a 0.3 M NH,H,PO, solution is
shown in Fig. 3. It was found from the analysis of the pattern
that all the observed diffraction peaks belong to the crystalline
phase of calcium phosphate hydroxide hydrate, CaHPO, 2H,0
(or CaPO3(OH)-2H,0) (ICDD card no. 00-011-0293 (ref. 51)). No
other crystalline phase has been detected. As seen from the
inset in Fig. 3, the background in not really flat, which suggests
amorphous phase(s) likely formed as a result of drying of the
solution remained after precipitation of calcium phosphate.

The diffraction peak 112 was chosen to monitor crystalliza-
tion of CaHPO,-2H,0 since it was intense enough and less
dependent on possible wooden slab deformation than the
peaks in the lower 2-theta range of the XRD pattern.

Fig. 4 shows the time evolution of the diffraction peak 112.
The peak is detectable in about 8 min after the precipitation
experiment starts. It should be stressed here that a white
precipitate is observed literally in few seconds after the solu-
tions are mixed (Video 1 in ESI}). Although the amount of the
precipitated phase looked sufficient to be detected by XRD
already in the first scan, no peak was observed suggesting that
the first-minutes precipitate is mainly amorphous. One can see
from the figure that the intensity of the peak is not a monoto-
nous function of time.

The time dependence of the integral intensity of the
diffraction peak 112 is depicted in Fig. 5. As seen from the
figure, there are two ranges, which can be associated with an
increase of the crystalline phase amount. To analyse this
feature, one should take into account two parallel processes,
namely precipitation followed by crystallization and evapora-
tion of water from the reaction solution. After first 40 min,
precipitation and crystallization considerably slow down
because concentration of the calcium- and phosphate-
containing species in the solution becomes lower. The process
stagnates until concentration of the remaining species rises due
to evaporation of the rest of solution. The last minutes (between
about 100 and 120 min since the beginning), when the solution
dries, is a time of active crystallization.
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Fig. 5 The integral intensity of the 112 diffraction reflection of
CaHPO4-2H50 as a function of the crystallization time.
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Fig. 6 FTIR spectra of the untreated Scots pine sapwood and the
brushite-mineralised wood (‘dash’ black line indicates position of the
band maxima for the untreated wood).

After about 150 min, a considerable regular shift of the peak
was observed without any change of intensity which indicated
deformation (bending) of the wood slab due to a completing
desiccation.

3.3. Structure evaluation via spectroscopy

Chemical composition of the mineralised wood as well as
brushite mineral integration within wood matrix was evaluated
using FTIR analysis. IR spectra of the untreated wood and
brushite-mineralised wood are presented in Fig. 6, and the
assignment of the bands for modified wood is summarised in
Table 1. The spectrum from the untreated Scots pine wood
showed typical absorption bands that are assigned to the main
chemical components of wood, i.e. cellulose, hemicellulose and
lignin.”*> The bands located in 2940-2840 cm ™' region origi-
nated from the C-H asymmetric stretching in methyl and
methylene groups of aliphatic hydrocarbons.” In the 1750-
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1540 cm ™' region, the lignin gives characteristic IR absorption
bands. The carbonyl (C=0) stretching vibrations of unconju-
gated ketones and esters were present at 1740-1710 cm '
(maximum at 1735 cm™ "), and conjugated carbonyl structures
of lignin absorbed radiation in 1690-1620 cm™'. At lower
wavenumbers, such as 1508 ecm ™" (the aromatic skeletal vibra-
tions of lignin), 1450 cm ™' (C=C, C-H, O-H in plane defor-
mation, -CH; asymmetric bending (lignin)) and 1419 ecm ™" (C-
H aromatic skeletal vibrations (lignin), -CH, bending defor-
mation (cellulose)) were also present. The fingerprint 1150-
950 cm ™ region exhibited bands due to various polysaccharide
vibrations.”*>*

IR spectra of the brushite-mineralised wood exhibited
different spectral features. The clearly distinguishable absorp-
tion peaks observed at ~1207, 1125 (appearing as doublet at
1130, 1123 cm ™ '), 1057, 986 and 869 cm ™' are characteristic of
brushite: the vibrations that occur due to the movement of H
atom of the HPO, group are present at 1207 cm ™', while the P-O
stretching vibrations of HPO, group gives bands in the 1150-
850 cm™ " region.?”***” The broad band present at ~783 cm ™"
could be assigned to overlapped bands attributed to the lignin
(C-H out of-plane bending vibrations) and HPO, group (P-O-H
out of plane bending).”*® In the spectra of mineralised wood,
water vibrations, ie. internal vibrations and libration modes,
were also observed. The broad absorption bands in the region of
3600-3150 cm ™' (appearing as doublets at 3541, 3481 cm ™' and
3278, 3162 cm ™ ') are assigned to the O-H stretching modes of
the crystal water molecules.””*****%% The band detected at
1649 cm™ ' was assigned to the H-O-H bending vibrations, and
the broad band at ~667 cm ' to the H,O librational
mode.?”***%%% Furthermore, the bands located in the 1610-
1520 cm ™" and 1480-1380 cm ' regions could be assigned to
the C-O stretching modes of carboxyl (COO™) groups of
Ca(CH;3;COO0), molecules.®®®* The FTIR spectrum of wood
sample treated solely with the 0.5 M Ca(CH3COO), solution
(Fig. 7, and ESI Fig. S2.7) shows distinctive bands at 1551 cm ™"
(1604 cm™" sh) and 1417 cm™" (1449 em™" sh) that are due to
the asymmetric »(C-O) and symmetric »(C-O) modes of acetate,

respectively.®®¢*

Table1 IR mode frequencies (in cm™) and assignment for the brushite-mineralised Scots pine sapwood (the position of bands corresponds for

the DCPD(2)-wood sample, Fig. 6)

Frequency (in ecm™) Vibrating species

Reference

3541, 3481 H,O, stretch, (crystal water) 27,29, 56, 58 and 59
3278, 3162 H,0, stretch, (crystal water) 27,29 and 56

1649 H,O bending 27,29, 56, 58 and 59
1571, 1541 COO™ group, », antisymmetric C-O stretching mode (acetate) 60 and 61

1453, 1422 COO™ group, v, symmetric C-O stretching mode (acetate) 60 and 61

1207 H-in-plane bending (HPO, group) 27,29, 56 and 57
1123 P-O stretch (HPO, group) 27,29, 56 and 57
1057 P-O stretch (HPO, group) 27,29, 56 and 57
986 P-O stretch (HPO, group) 27,29, 56 and 57
869 P-O stretch (HPO, group) 27,29, 56 and 57
783 H-out-of-plane bend (HPO, group), P-OH 27,29, 56 and 57
667 H,O libration 27, 56, 58 and 59

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 FTIR spectra of the Scots pine sapwood: untreated, impreg-
nated from solution of 0.5 M Ca(CHsCOO),, and mineralised with
brushite before and after the leaching (W — wood, ‘dash dot’ green line
indicates position of the band maxima for the untreated wood, ‘short
dash’ black line indicates position of the band maxima for the treated
wood).

Brushite-wood composites after the dissolution tests were
also examined. The IR spectrum of leached DCPD(1)-wood
sample (Fig. 7) shows that bands assigned to the C-O vibra-
tions of acetate ions diminish, and only the bands belonging to
the C-H groups of lignin skeletal vibrations as well as -CH,
groups of cellulose (at ~1423 cm™ ') are present. The absorption
bands of the OH and PO, groups remained in the IR spectrum,
and no shift in wavelength or band shape changes was observed
thereby confirming mineral brushite stability and firm inter-
calation within Scots pine wood matrix. This agrees well with
the XRD and SEM/EDS data affirming that under current
experimental conditions the formation of CaHPO,-2H,0 phase
within matrix was preferable. One can assume that the pH of
solution likely was the defining factor of brushite coprecipita-
tion. This can be corroborated with different studies that have
repeatedly shown that calcium phosphate powder processing
from solutions under acidic pH conditions leads to the brushite
or monetite phase formation.®*** The full region of the IR
spectra recorded of the mineralised wood derived from the
mixture of 0.5 M Ca(CH3;COO), and 0.3 M NH,H,PO, solutions
before and after the leaching is shown in ESI Fig. 3.7

3.4. Thermal behaviour

The combustion and pyrolysis of the mineralised wood was also
studied. The TG/DSC/DTG curves of the untreated wood and
DCPD(1)-wood composite are presented in Fig. 8. The results
show that thermal decomposition in oxidizing conditions for
the untreated wood progress in three main steps leaving about
6% carbonaceous residue at ~500 °C. The first weight loss of
about 5% was observed at temperatures up to 100 °C (maximum
at 67 °C, DSC curve) and was attributed to the evaporation of
a surface-bound water. An additional weight loss of 55%
occurred upon further heating up to 350 °C following strong
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Fig. 8 TG/DSC and DTG curves (oxidative atmosphere) of the
untreated and DCPD(1)-mineralised Scots pine sapwood.

exothermic peak at ~340 °C. This loss could be attributed to the
degradation of hemicelluloses and cellulose, and the removal of
volatile components such as CO, CO,, H,O and low molecular
weight hydrocarbons. Hemicellulose has an amorphous struc-
ture, whereas cellulose is semi-crystalline polymer and this
leads to its higher thermal stability.** Heating to 515 °C
produced an additional 34% weight loss and simultaneously
exothermic reaction (DSC curve) with a maximum at 470 °C
which is mainly related to the decomposition of lignin. Lignin is
more thermally stable than hemicellulose and cellulose due to
its aromatic structure; the decomposition starts slowly over
a wider temperature range (150-900 °C). The decomposition of
the untreated wood was completed at ~500 °C.
Brushite-mineralised wood exhibited different thermal
behaviour. The TG/DSC/DTG curves of the DCPD(1)-, DCPD(2)-
and DCPD(3)-wood samples showed that thermal degradation
of mineralised wood in an oxidative atmosphere proceeds in
four steps (Fig. 8 and ESI Fig. S47). One can observe that heating
the samples up to 200 °C resulted in two weight-loss events. The
first ~5% weight loss (maximum at ~67 °C, DTG curve) was
observed up to 100 °C (release of adsorbed water) and the
second small weight loss (up to 3%) appears in the temperature
range of 170-200 °C with a small endothermic event (maximum
at ~186 °C, DSC curves). The latter event was attributed to the
removal of water chemically-bonded to wood matrix as well as to
initial dehydration of brushite molecules. In fact, literature
shows that brushite starts to dehydrate at around 80 °C result-
ing into a gradual transformation of brushite to monetite
(CaHPO,) and formation of an amorphous phase.***® The third
weight loss (~48%, 47% and 38% for the DCPD(1)-, DCPD(2)
and DCPD(3)-wood, respectively) takes place up to 375 °C,
whilst the last weight loss appears at ~50 °C lower temperature
(between 375 °C and 440 °C) compared to the untreated wood.
The changes in thermal behaviour were most likely due to the
alteration of wood material induced by the acidic medium
during the treatment. Furthermore, the residual mass of the
material after the burn-off was 7%, 11% and 24% higher for the
DCPD(1)-, DCPD(2) and DCPD(3)-wood samples compared to
that of the untreated wood indicating that treatment had
a significant effect on the mass change. Moreover, after

© 2023 The Author(s). Published by the Royal Society of Chemistry
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releasing of absorbed water at ~67 °C another dehydration
occurred with enthalpy values 15.2 mJ mg ™" (peak I, 185 °C) for
DCPD(1)-wood, 22.2 m] mg™ " (peak I, 186 °C) for DCPD(2)-
wood, and 61.4 mJ] mg~" (peak I, 187 °C) for DCPD(3)-wood.
The untreated wood exhibited no such dehydration at this
temperature (Fig. 8). The huge exothermic reactions on DSC
curves (double peak starting at approx. 250 °C) also remain
coupled with main mass decrease on TG curves. High amount
of heat is released during this burning process, i.e. 5.13 J mg ™"
(peak II + peak III) for DCPD(1)-wood, 5.26 ] mg ™" for DCPD(2)-
wood, 4.13 ] mg ™' for DCPD(3)-wood, and 4.96 ] mg ™" (peak Ily,
+ peak IIly) for the untreated wood.

To comprehend the thermal degradation and gain addi-
tional information on the material dehydration, mineral phase
transition as well as volatile products released during the
degradation and final residues the TG/DSC/DTG and TG/DTA
coupled with MS analyses were performed for the brushite-
mineralised wood samples under pyrolysis conditions. The
TG/DTG and DSC curves of the DCPD(1)-wood composite (ESI
Fig. S51), show that thermal decomposition under pyrolysis
conditions progresses in four main steps. The first weight loss
was observed at temperatures up to 100 °C, and a second weight
loss occurred upon further heating the samples up to 200 °C (a
small endothermic event with a peak max. at 188 °C). These
were attributed to the removal of water and to the dehydration
of mineral present within wood matrix. The third weight loss of
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~55% for DCPD(1)-wood sample takes place up to 380 °C and
can mainly be assigned to the decomposition of large complex
carbohydrate molecules, starting with hemicelluloses around
200 °C, and the removal of CO and CO, as the major compo-
nents as well as H,, CH,, C,H, and H,O as the minor compo-
nents.”®” The cellulose pyrolysis occurs at higher temperatures
(315-400 °C), while lignin, as mentioned previously, decompose
slowly over a wider temperature range (150-900 °C).*”*® In
addition, the volatile products like NH;, H,O and CO, can
evolve due to the thermal decomposition of initial inorganic
salts.®”® Heating to 855 °C led to 18% decrease in weight and
this was attributed to the further degradation of organic
components of wood and the formation of char (a solid residue
left after the devolatilization is complete). The phase trans-
formation within the ceramic also proceeds in this temperature
region and such events can be seen with small changes in the
DCS curve (around 550 °C and 700 °C). The loss of lattice water
associated with formed mineral also appears as CaHPO, upon
pyrolysis at higher temperatures transforms into pyrophos-
phate (Ca,P,0,) and H,0.”* The remaining solid residue, con-
sisting of the carbon-rich and calcium phosphate-based
materials, was 17%. A similar thermal behaviour was observed
for the brushite-wood composites prepared from solutions of
higher concentration (TG/DTG and DSC curves are shown in ESI
Fig S6 and S71) and showed a correlation between initial
concentration of the solution and the mineral content, i.e. the
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Fig. 9 MS curves of the untreated and the brushite-mineralised Scots pine sapwood samples (amu — the atomic mass unit).
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remaining solid residue after the burn-off at 855 °C was ~21%
and 28% for DCPD(2)-wood and DCPD(3)-wood samples,
respectively (inset in ESI Fig. S5t). In addition, the thermal
behaviour of the surface layer of the mineralised wood blocks
was also studied. The TG/DTG and DSC curves exhibited similar
features and an average residue mass of the DCPD(1)-, DCPD(2)-
and DCPD(3)-wood after the burn-off at 855 °C was 24.13% =+
3.15 (data not presented). This result indicates a complete
saturation of the Scots pine sapwood blocks with the initial
solutions during the cyclic-treatment process and relevantly
homogeneous formation of the solid precipitate within the
entire wood matrix.

Evolution of volatile products during the thermal decom-
position of the brushite-mineralised wood was further evalu-
ated by TG/DTA coupled with MS. Fig. 9 shows the MS curves
recorded of the untreated and modified wood, and the corre-
sponding TG/DTA curves are presented in ESI Fig. S8.f The MS
ion curves for N, (m/z = 14), H,0 (m/z = 17-18), O, (m/z = 32),
C,0 (m/z = 39-40), and CO, (m/z = 44) show peaks that corre-
spond to the individual TGA steps. It can be observed that for
the unmodified Scots pine wood sample the major evolution of
H,0, O, and CO, gases occurs between 250 and 390 °C, and this,
as mentioned earlier, can be attributed to the degradation of
wood constituents. The MS curves for the brushite-mineralised
wood samples exhibited different behaviour. The first signifi-
cant peak in the MS curves was observed at ~190 °C, and it can
be assigned to the removal of ammonia and water (NH;'/H,O,
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m/z = 17-18) due to the degradation of ammonia-containing
compounds, bound water to the wood matrix as well as to the
loss of the crystal water from the brushite molecules. The
second peak was observed in the region of 250-380 °C (with
maximum at around 350 °C). This could be attributed to the
decomposition of the actual wood material. Gas evolution
events are consistent with the events observed in the TGA/DTA
curves (ESI Fig. S8t). The third broad peak in the MS curve of
NH; "/H,0 was detected when heating the materials up to 500 °C
and was assigned to the further degradation of the inorganic
additives present within the wood matrix. One can also observe
that the ratio of peak I (at 190 °C) and peak II (~350-355 °C)
(Fig. 9) is significantly changing, i.e. the intensity of peak I is
increasing with an increase in concentration of inorganic
additives. This suggests that initial inorganic chemicals used to
treat wood and subsequently formed mineral within wood
matrix might be suitable additives aiming to alter thermal
degradation behaviour of wood material. The other ionic/
molecular species detected in the MS spectra of brushite-
mineralised wood exhibited similar evolution patterns. Addi-
tionally, the small peaks in the MS curves corresponding to the
chemical species of higher molecular weight (m/z = 55, and m/z
= 57) at 355 °C were also observed; these could be due to the
organic phase products released during the wood degradation.
The residue mass values of the mineralised wood samples
studied under different experimental conditions (i.e. heating
rate and atmosphere over the sample) were similar (Fig. 8; and
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S5 (inset)t). These results indicate that the mineralization of
wood when an insoluble material is formed within wood matrix
via wet-chemistry route might be a worthwhile strategy seeking
both low-environmental impact and enhanced-performance
wood materials with tailored properties.

3.5. Mechanical properties

The impact of brushite on the mechanical properties of wood
was evaluated by determining compressive and bending
strengths. Compressive strength properties of the brushite-
mineralised wood were investigated in both perpendicular
and parallel to the fibre directions (Fig. 10(a and b)). The density
of wood increased from 499 to 534, 580 and 634 kg m > for
DCPD(1)-wood, DCPD(2)-wood and DCPD(3)-wood specimens,
respectively. For compressive strength in the perpendicular to
the fibre direction, the strength increased by 20.4%, from
4.9 MPa for untreated wood to 5.9 MPa for DCPD(1)-wood and
DCPD(2)-wood specimens. For DCPD(3)-wood specimens the
compressive strength was 4.6 MPa. For compression in the
parallel to the fibre direction, the strength decreased by 54.0%
from 42.1 MPa to 27.3 MPa for DCPD(1)-wood specimens, but
slightly increased to 43.7 MPa (by 3.8%) and 44.5 MPa (by 5.7%)
for DCPD(2)-wood and DCPD(3)-wood specimens, respectively.
The compressive strength test showed that mineralization with
brushite did not induce a significant increase or decrease in
strength.

Regarding the bending strength (Fig. 10(c and d)), very
similar values were obtained for the mineralised wood as
compared to the untreated wood. The bending strength in the
radial direction was 102 MPa for the untreated wood, and
105 MPa and 102 MPa for DCPD(1)-wood and DCPD(2)-wood
specimens, respectively. The bending strength in tangential
direction was 105 MPa for the untreated wood and 102 MPa and
107 MPa for the DCPD(1)-wood and DCPD(2)-wood specimens,
respectively. Guo et al. reported struvite-mineralised wood
where process included a vacuum impregnation of the KH,PO,
and MgSO, salt solution into the cavities of Norway Spruce
(Picea abies) wood specimens followed by ammonium fumiga-
tion, which ensured mineral struvite precipitation.”” The re-
ported studies of mechanical properties showed that
mineralization had a minor effect on mechanical properties, i.e.
compressive strength correlated with the loading direction,
while the three-point bending test revealed a decrease in the
strength.”” Such changes in values of compressive and bending
strengths for the brushite-mineralised wood might be attrib-
uted to the mechanical properties of the actual ceramic
material.”*””®> CaP ceramics are brittle materials, and the
compressive strength ranges significantly, depending on their
composition, crystallinity, particle and crystal sizes and/or
porosity, and these are strongly influenced by the material
processing conditions.”»”*7®* On the other hand, wood is
anisotropic material with complex structure. The inherent
microstructure of wood, density as well as moisture content are
highly significant factors in achieving homogeneous saturation
of matrix with coprecipitated ceramic material. Thus, structure-
sensitive properties of ceramics as well as synergistic effects of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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materials with conflicting properties, i.e. ceramics and wood,
will impact the mechanical behaviour of ceramic-reinforced
wood material.

Furthermore, the formation of precipitate from the solutions
of higher concentrations proceeds instantly and leads to the
formation of higher mineral amount on the wood-block surface
during the treatment process (cycle-II impregnation) compared
to those blocks mineralised from solutions of lower concen-
trations. As a result, fewer reactive species might diffuse into the
wood block. As mentioned above, the SEM analysis showed that
the marginal change in filling of wood cell lumina was observed
within the internal layers cut from the middle of the wood
blocks produced from solutions of different concentrations.
This, subsequently, induce a minor changes on mechanical
properties for brushite-mineralised wood produced from the
1.0 M Ca(CH3C00),/0.6 M NH,H,PO,, and 1.5 M Ca(CH;COO),/
0.9 M NH,H,PO, systems compared to the wood mineralised
from the 0.5 M Ca(CH3C0OO0),/0.3 M NH,H,PO, system. There-
fore, possibilities to increase the degree of saturation of the
entire wood block with homogeneous precipitation of the
mineral and how such a process should be up-scaled for large-
scale fabrication, are needed to be further studied.

Overall results imply that proposed wet-chemistry process-
ing route to CaP-based-wood composites opens possibilities for
the upscaling, due to its simplicity, low-cost and established
industrial wood treatment techniques that are available. This
further suggests that if extremely benign and technologically
feasible methods, when stable inorganic materials are crys-
talized within wood cell-wall cavities can be developed, the
pristine structure and durability of final-wood product can be
retained with relatively good confidence. This is especially
attractive for the construction sector.

4. Conclusions

Scots pine sapwood was successfully mineralised with
CaHPO,-2H,0 (brushite) via wet-chemistry processing route
from aqueous solutions of inorganic salts. It was revealed from
in situ XRD studies conducted to monitor the formation of
brushite phase that the active crystallization of the mineral in
the 0.5 M Ca(CH3COO), and 0.3 M NH,H,PO, system proceeds
between 100 and 120 min since the beginning of reaction. The
SEM/EDS analysis showed cell wall saturation with precipitate
and the formation of plate-like laminal crystals within wood cell
lumina before and after the dissolution. The results suggest that
initial ion concentrations and medium pH were the defining
factors for the formation of the plate-like brushite crystals
within wood matrix. The FTIR analysis performed on the min-
eralised wood before and after the dissolution tests further
confirmed an adequate stability of the mineral intercalated
within wood matrix. Thermogravimetric analysis and mass
spectroscopy revealed significant increase in the residue mass
after the burn-off under pyrolysis conditions, while the identi-
fication of evolved gaseous species showed relatively enhanced
water release from the mineralised wood thereby implying the
material fire retardancy properties. Mechanical property
measurements showed similar strength for brushite-wood
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produced from solutions of different concentrations as
compared to those of the untreated wood. The results indicate
that proposed simple and viable wet-chemistry processing route
has a potential in producing environmentally friendly CaP-
mineralised wood composites that could be used in harsher
environments like elevated moisture or as fire-retardant
materials.
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