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In situ formation of a glassy MgO/Na,O-SiO,
solid in Scots pine (Pinus sylvestris L.) sapwood
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The demand for safe and durable modified-wood products is increasing in the construction sector. In this
work, the in situ wet-chemistry synthesis of a glassy MgO/Na,O-SiO, solid in Scots pine (Pinus sylvestris L.)
sapwood via a two-stage impregnation process using an industrial timber-impregnation autoclave is
reported. Magnesium sulphate heptahydrate (MgSO,4-7H,0), a historic fire retardant, and silica-rich sodium
silicate (Na,O-3.3Si0,) solutions were used as the precursors. The degree of wood matrix saturation was
controlled by adjusting the Na,O-3.3SiO, concentration (0.06 M, 0.3 M and 0.6 M). Wood saturation and
density at various stages of the treatment were assessed by X-ray computed tomography (CT), which
showed that the internal regions of the wood blocks remained saturated with the solution up to 24 hours
post-impregnation. Phase analysis of the coprecipitated powders revealed the formation of amorphous sili-
cates in the MgO/Na,O-SiO, system. Thermal analysis showed that the wood treated using a low NaxO-
3.3Si0, concentration exhibited a behaviour similar to that of the untreated wood and indicated that the
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demonstrates the potential for fabricating hybrid bio-based building materials using water-insoluble solid
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1. Introduction

Wood is a renewable, bio-based material with excellent structural
properties. In recent decades, the possibilities of using wood in
buildings have expanded considerably due to its unique combi-
nation of characteristics, environmental friendliness, and
advancements in mass timber systems that enable faster, safer,
and more cost-effective construction.””* Projections indicate a
further rise in wood consumption in the coming years.>* Hence,
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additives, thereby advancing sustainable construction practices.

the adoption of circular construction practices, such as enhan-
cing the properties and extending the service life of wood and
wood-based products, is becoming essential in preventing the
depletion of natural resources and mitigating a wide range of
environmental impacts globally.

Wood is a combustible material. Its susceptibility to fire
remains one of the key challenges faced by the wood industry*”
as fires in structural timber buildings can have devastating con-
sequences and lead to substantial socioeconomic impacts on
society.*” To enhance the fire-resistance of wood, various
chemical, physical and thermal modifications can be employed,
with these processes involving impregnation, surface treatment,
or a combination of both.*™* Industrially, the impregnation of
wood is mainly carried out via an autoclave-based process, where
chemicals in an aqueous solution are impregnated into the wood
using vacuum and pressure in a predefined cycle.

The global flame-retardant chemicals (FRC) market, which
is projected to grow from $6.1bn in 2025 to $8bn by the end of
2030, is focusing on alternative-halogen-free additives."® Nowa-
days, the most common inorganic water-soluble preservatives
used for flame retardancy contain boron, nitrogen and phos-
phorus compounds.™ Boron salts act as fire retardants by
promoting char formation and creating a protective glassy layer
that insulates the material from heat and oxygen, which
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subsequently inhibits the release of flammable gases,"® while
nitrogen- and phosphorus-containing compounds often act
synergistically by offering reduced toxicity and promoting char
formation.'® However, despite their effectiveness as fire retar-
dants, a significant drawback of these ionic compounds is their
hygroscopicity and low resistance to leaching."” In addition, the
concerns regarding boron-based additives due to their potential
toxicity highlight the need for safer alternatives.'®'® Chemicals
such as boric acid (H3;BO3) and sodium tetraborate (Naz;BOy,
borax) were included in the REACH (Registration, Evaluation,
Authorisation and Restriction of Chemicals) candidate list of
the substances of very high concern (SVHC) as under excessive
exposure, these substances can cause skin and respiratory
irritation and, in severe cases, even endocrine disruptions.?°
Silicon-based compounds are another type of halogen-free flame
retardants. These additives are more effective in the condensed
phase, i.e. they function by forming a protective char layer,
absorbing heat, and releasing water when heated.”"*> The
inorganic silicon systems mainly include soluble silicates, which
in daily use are known as waterglass.'>?* Previous works showed
that with glass encapsulation, wood becomes harder, and its
strength is increased.>*** The mechanical strength of sodium
silicate-based materials can be tuned by changing the SiO,:
Na,O ratio®® and thus the mechanical properties of silicate-
treated wood.>**” In addition to increasing the strength and
flame retardancy of materials when used as an additive, sodium
silicate solutions are generally considered non-toxic and biode-
gradable, and they are the most frequently used and cost-
effective silicate sources.>® These attributes make sodium sili-
cates excellent candidates as starting chemicals for the modifi-
cation and protection of wood.

However, sodium silicates are hygroscopic materials which
can leach under elevated moisture conditions.”**° To address
these issues, several strategies can be employed. One approach is
to induce ‘““fixation” within the wood matrix through the poly-
merization of silanol (Si-OH) groups,**** > which refers to the
use of fixatives or binding agents that promote cross-linking,** or
the application of thermal treatments to “‘set” the additives after
vacuum-pressure impregnation.** Another method of incorpor-
ating silicates into the wood matrix is through a chemical
coprecipitation process, which results in wood mineralisation.
Previous studies showed that different minerals can be success-
fully incorporated into the wood matrix, leading to noticeable
alteration of wood properties, including calcium carbonate,*>>®
struvite,*” and brushite (CaHPO,-2H,0).%® It is often a two-stage
treatment process to prepare a material with varying degrees of
matrix bulking,*® which is beneficial for targeted improvements
in dimensional stability, mechanical properties and durability.>°

Silicate minerals are some of the most abundant natural
materials. Due to a wide range of properties, these minerals have
applications across various sectors including construction,*®*!
geotechnical engineering,*> environmental remediation,** and
biomedical fields.** The conventional method for producing
silicates is solution-based synthesis either through sol-gel or
precipitation reactions. Solution-based synthesis has some
advantages, as it allows the sintering temperature to be reduced
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and precise control of the phase homogeneity and morphology.
The precursor solutions may be either organic-solvent based or
water-based. Chemical processing, which uses water as the
solvent, has additional benefits, as it is more environmentally
friendly and potentially better suited for industrial processes.*®
In the coprecipitation process, the addition of metal ions to the
soluble silicates in water leads to the formation of insoluble
metal silicate complexes and subsequent formation of nano-
particles (NPs). The size and shape of these NPs are important
parameters for homogeneous filling of the wood matrix and
strongly depend on the concentration of reactive species, pH and
temperature.”>*™*® In a basic solution, divalent cations signifi-
cantly enhance the polymerization of silicic acid (H,SiO,) and
reduce the solubility of amorphous silica compared with mono-
valent cation salts;**! this effect decreases in the order of
Mg > Ca®* > Li" > Na" > K'.* In this work, MgSO,-7H,0
was selected because of the favourable electron-accepting char-
acteristics of Mg®* ions and its use as a fire retardant. When
heated, hydrated magnesium sulphate (MgSO,) decomposes
endothermically, initially through a multi-step dehydration,
and at higher temperatures (~1100 °C) into magnesium oxide
(MgO) and sulfur trioxide (SO3).>*** Furthermore, both MgSO,-
7H,0 and MgO are used in cement technology;*”*>® this
admixture influences the formation of different hydration pro-
ducts and consequently impacts the setting time, strength and
durability.’® °° In cement-based materials, dissolution-precipi-
tation is a fundamental step in the formation of hydration
products, and reactivity is governed by the amorphous phase
and specific surface area of the material.*>**"**> Successful
incorporation of cementitious materials and ‘“sealing” active
flame-retardant additives within the wood matrix could open up
new horizons for the development of safer, more leach-resistant
and more durable hybrid bio-based materials for outdoor and
indoor applications.®®*”

Herein, Scots pine (Pinus sylvestris L.) sapwood treatment
using aqueous solutions of MgS0O,-7H,0 and Na,0-3.3Si0, was
studied. A small-scale industrial timber-impregnation autoclave
was used, and a two-stage treatment process was applied to
modify the wood. Amorphous MgO/Na,0-SiO, solid was formed
via a coupled salt-dissolution and silicate-coprecipitation pro-
cess at the wood/salt-fluid interface. The differences in terms of
morphology among three concentrations were examined. We
found that saturation of the wood cell lumina with the mineral
increased with an increasing molar ratio (0.6, 0.2 and 1.4) of Si/
(Mg + Na) metals in the precursor solutions. CT was used to
monitor the wood matrix saturation during the different treat-
ment steps, which showed that the internal regions of the wood
blocks, treated by all routes, remained saturated up to 24 hours
post-impregnation. The thermal stability of the mineralised
wood was also evaluated. We observed that under the different
concentrations, the thermal stability of the mineralised wood
was comparable with that of the untreated wood. In addition, the
evolution of the mixed-metal silicate powder is also reported and
discussed. This relatively simple treatment of wood using sili-
cates could be easily implemented for upscaling and applied to
other bio-based materials. The results suggest that the
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incorporation of three-component silicates into the wood matrix
has potential for the development of environmentally friendly
wood-based materials with water-insoluble solid additives.

2. Experimental

2.1. Solutions, wood samples and treatment of wood

Sodium silicate solution (Na,O-(SiO,),xH,0), 26.1% silica
(Si0,), 8.1% sodium oxide (Na,O, Technical grade, VWR Che-
micals) and magnesium sulphate heptahydrate (MgSO,-7H,0,
>99.5%, ACS, Reag. Ph Eur, Merck) were used as precursor
materials. In the aqueous sodium silicate solution, a molar
ratio of SiO,/Na,O corresponds to 3.31. In the following, this
solution is designated as Na,0-3.3Si0,. Three Na,0-3.3SiO,
solutions of 1%, 5% and 10% (by volume) were prepared, and
the SiO, and Na,O concentration in these final solutions was
estimated to be 0.06 M, 0.28 M and 0.56 M, respectively. 0.05 M
MgS0,-7H,0 solution was prepared by dissolving 12.325 g of
MgSO,-7H,0 in 1 L of distilled H,O. The molar ratio of Si/(Mg +
Na) metals in the precursor solutions was 0.6, 0.2, and 1.4.

Specimens of Scots pine (Pinus sylvestris L.) sapwood having
sizes of approximately 10 x 10 x 2cmand 5 x 2 x 2 cm (tangential
(T) x longitudinal (L) x radial (R)) were cut from sawn timber
obtained from northern Sweden (Martinsons Trd AB). Specimens
were dried in an oven at 103 °C for 48 h (only those that were used
to estimate moisture content) and then conditioned in a climate
chamber at 20 °C and 65% relative humidity (RH) for 20 days. For
the larger specimens, the oven-drying step was omitted. The
specimens were weighed before and after the conditioning, and
the moisture content (MC) of the samples after conditioning was
estimated to be approximately 11.3%. Circular impregnation was
used for wood block treatment. Conditioned wood specimens
were submerged in the 0.05 M MgS0O,-7H,0 solution and subse-
quently treated by the vacuum-pressure technique using an
MAVEB impregnation tube (autoclave). The specimens were kept
under vacuum (—50 kPa) for 30 minutes and then for 1 h at a
pressure of 1500 kPa. After the vacuum-pressure treatment, the
specimens were further kept submerged for 1 h in the solution to
allow its maximum diffusion into the wood. Afterwards, the
treated specimens (n = 3 for each batch) were dried at 60 °C
(80% fan for 24 h) and then additionally treated by the vacuum-
pressure technique. 0.06 M, 0.28 M and 0.56 M Na,0-3.3SiO,
solutions were used for cycle-II treatment. The same procedure
was performed to additionally impregnate the wood samples. The
samples that were impregnated and removed from the autoclave
were then conditioned at room temperature under uncontrolled
air relative humidity for 30 days.

2.2. Synthesis of MgO-Na,O-SiO, powders

0.05 M MgS0,-7H,0 and 0.06 M, 0.28 M or 0.56 M Na,0-3.35i0,
solutions were mixed in a 1:1 volume in separate microcen-
trifuge tubes, and 2000 pL of each solution was used. The
obtained colloidal suspensions were then centrifuged, dec-
anted and dried at room temperature. The pH of the solutions
was checked using pH slips (VWR). The solubility of the Mg-
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(Na-O-Si) material was determined by washing the coprecipi-
tated powders three times with 2000 pL of demineralised water
(BRENNTAG Nordic AB, Malmo, Sweden) with intermediate
sonication for 10 min (temperature 4 °C) at 12000 rpm using
a Micro Star 17R microcentrifuge (VWR).

In the following, the Mg—(Na-O-Si)-modified wood samples
and coprecipitated powders are designated according to
the molar ratio of Si to Mg and Na in the initial solutions, i.e.
Si/(Mg + Na) = 0.6, 0.2 and 1.4.

2.3. Characterisation

Light microscopy was performed on Olympus DSX1000 digital
stereomicroscope coupled with a DSX10-SXLOB Plan 10x/0.20
c0/0/OFN22 WD41.1 objective lens, and 2D and 3D images were
acquired in a darkfield mixed illumination mode, at the Wood
Science and Engineering instrument infrastructure at the Luleé
University of Technology (LTU), Skellefted, Sweden. The mor-
phological features of the untreated and mineralised wood
were evaluated using a field emission scanning electron micro-
scope (FE-SEM, SU70, Hitachi) at the facilities of the Institute of
Chemistry of Vilnius University (VU), Lithuania. Secondary
electron imaging was performed at an electron beam accelera-
tion voltage of 10.0 kV. Infrared spectra (IR) were recorded
using a Fourier transform infrared (FT-IR) spectrometer (Fron-
tier FT-IR, Perkin Elmer; ZnSe/Diamond ATR crystal, DTGS
detector, 4000-600 cm ™, 4 scans), at the Wood Science and
Engineering instrument infrastructure at LTU. Thermogravi-
metry (TG), derivative thermogravimetry (DTG) and differential
scanning calorimetry (DSC) were performed using a PerkinEl-
mer STA 6000 Simultaneous Thermal Analyzer. Dried samples
of ~5-10 mg were heated from 25 °C to 900 °C at a heating rate
of 10 °C min " in dry flowing air (20 mL min "), at the Institute
of Chemistry infrastructure at VU. The thermal behaviour of the
mixed-metal silicate dried gels was evaluated by TG using a
PerkinElmer TGA 4000 instrument. The weight of the speci-
mens was about 5 mg, which were heated from 30 °C to 820 °C
at a constant rate of 10 °C min~ ', with nitrogen as the purge gas
(flow supply 2 bar), at the Wood Science and Engineering
instrument infrastructure at LTU. High-resolution transmis-
sion electron microscopy (HR-TEM) analysis was performed
on a JEOL JEM-2100F field electron gun (FEG) TEM instrument
operated at 200 kv at the Advanced Imaging and Microscopy
Lab at the University of Maryland, USA. The formed Mg-Na-O-
Si precipitate was washed three times with deionised water and
centrifuged, and the samples were prepared for TEM measure-
ments by drop casting precipitated solutions on carbon-coated
copper TEM grids. To estimate the average particle size of the
coprecipitated solid, TEM images were processed using ImageJ
software. X-ray powder diffraction (XRD) patters were obtained
using a Rigaku, Ultima IV X-ray diffractometer with Cu-Ka
radiation at 40 kV and 30 mA and a D/teX silicon strip detector
(20 = 15°-70°, 0.02 ss, 1° min ") at the facilities of the Institute
of Chemistry, Georgetown University, USA. The elemental dis-
tribution of Mg-(Na-O-Si) powders that were washed three
times with deionised water and dried at room temperature
was studied using a Hitachi TM3000 Tabletop SEM (which
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features backscattered-electron (BSE) detector) equipped with
an energy dispersive X-ray spectrometer (EDS). The spectro-
meter was controlled by the INCA software (Oxford Instru-
ments), at the Institute of Chemistry of VU. Backscattered
electron detector images were acquired under the electron
beam acceleration voltage of 15 kV. An X-ray acquisition time
of 590 s was used to obtain the EDS spectra and the elemental
mapping images (number of independent measurements
(n) = 3, resolution 512 x 384 pixels, image width 235.8 um).

2.5. X-ray computed tomography (CT)

A Siemens Somatom Emotion Duo medical CT-scanner with a
field of view of 500 x 500 mm? represented in a grayscale 512 x
512 pixel image, which gave a resolution of 0.98 mm, was used
to evaluate the density of the wood blocks as well as their
saturation with the impregnating solutions. A beam energy
level of 80, 90 and 130 kV was used to scan the specimens (a
total of 100 scans with a resolution of 1 mm over a total length
of 10 cm). MATLAB software was used to process the 2D images
of the wood blocks. The principle of CT scanning is also
presented elsewhere.®®%°

3. Results and discussion

3.1. Morphology of treated wood

To evaluate wood matrix saturation and silicate mineral dis-
tribution, light microscopy was used. A micrograph of unmo-
dified wood in cross-section (Fig. 1a) reveals the microscopic
structure of the wood matrix, showing distinct regions of ear-
lywood (less dense regions with larger lumina), latewood (den-
ser regions with smaller lumina), intercellular resin canals, and
ray cells.”” The silicate mineral-modified wood exhibited a
distinctively different morphology (Fig. 1b-d). The examination
of the specimens revealed that wood matrix saturation was
strongly influenced by the Mg-to-sodium silicate ratio. The
combination of 0.05 M MgSO,-7H,0 and 0.56 M Na,0-3.3Si0,
solutions produced the highest degree of lumina saturation,
albeit with a relatively random distribution of filled lumina
(Fig. 1d). This can be attributed to the diffusion of the solution
in the wood matrix and heterogeneous coprecipitation of the
mineral at the liquid-solid interface. Furthermore, the inherent
variability of the wood structure and the drying conditions of
the treated wood, both of which influence solute transport and
reaction dynamics, most likely also contribute to the random
lumina filling.

Differences in the surface coverage of the treated wood
blocks were also observed. The use of 0.06 M Na,0-3.3S5i0,
solution during the second impregnation cycle resulted in the
formation of a finely homogeneous silicate layer covering the
entire wood block surface (Fig. S1). By contrast, solutions of
higher concentration, corresponding to Si/(Mg + Na) ratios of
0.2 and 1.4, appeared to induce more extensive coprecipitation
of silicate mineral, leading to less homogeneous surface cover-
age with solid inorganic deposits (data not presented). The
variations in wood-matrix saturation and the decrease in
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Untreated Scots pine Mg-(Na-O-Si)
Si/(Mg+Na) = 0.6

Earlywood

Lumen Precipitate

Latewood

Rav\‘

Resin canal

Mg-(Na-0-Si)
Si/(Mg+Na) = 0.2

Mg-(Na-0-Si)
Si/(Mg+Na) = 1.4

Precipitate

Fig. 1 Photomicrographs of the cross-section of the surface of (a)
unmodified and (b)-(d) Mg—-(Na—-O-Si)-modified Scots pine sapwood
(specimens of 2 x 1.5 x 2 cm). The top surface layer of the wood blocks
used for imaging was cut with a microtome to enhance the smoothness of
the surface and the visualisation of the wood structure.

surface coverage homogeneity can be ascribed to the different
amounts of ionic species available to participate in the ion-
exchange and silicate polymerisation reactions, as the agglom-
eration of silicate particles is concentration dependent.*® In
addition, the drying conditions for the treated wood and
evaporation of solvent (water) from the wood matrix are also
expected to influence the formation of solid material and its
rate of sedimentation on the internal walls of the cell lumina
and likely on the wood surface. Moreover, the increased accu-
mulation of coprecipitated silicate mineral on the side of the
wood block, as shown in Fig. 1c, can be attributed to the rapid
reactivity of Si-O species with Mg>" ions upon contact with the
Mg-treated wood. A higher concentration of ionic species
accelerates the coprecipitation reaction, leading to faster
mineral deposition and more pronounced localised accumula-
tion along the wood block surface. This suggests that the
kinetics of mineral formation are strongly dependent on both
the concentration and distribution of reactive ionic species
within the wood matrix. The kinetics of silica precipitation in
the presence of alkali and alkaline earth cations have been
reported previously, indicating that coprecipitation phenom-
ena are governed by multiple variables.”"”* It is also worth
noting that relevant studies elucidating the formation of the
mineral CaHPO,-2H,0 within the wood matrix have been
reported.®® In situ XRD measurements showed that precipita-
tion of CaHPO,-2H,0, which crystallises in the monoclinic
space group Ia, was observed within a few seconds after the
solutions were mixed, while the main 112 diffraction peak of
the crystalline phase was detected approximately 8 min after
the start of the precipitation experiment, confirming the high
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reactivity of these ionic species in aqueous media and the
complexity of crystalline mineral formation within the wood-
organic composite matrix.

To further investigate the morphological features of the
mineralised wood, FE-SEM analysis was conducted. The FE-
SEM images of the modified wood correlate well with the
optical microscopy observations; the SEM data confirm that
the voids within the treated wood are filled to varying degrees
with solid material and that matrix saturation is dependent on
the solution concentration. Representative FE-SEM images of
the silicate-modified wood with Si/(Mg + Na) ratios of 0.6 and
1.4 (blocks cut in cross-section) are shown in Fig. 2. In the case
of silicate-treated wood at an Si/(Mg + Na) molar ratio of 0.6,
coprecipitated silicate particles can be clearly observed on the
mineralised cell walls (Fig. 2a and b). As previously noted, the
highest degree of lumina saturation with mineral was achieved
in the wood samples treated with the most concentrated
solutions, i.e. at an Si/(Mg + Na) ratio of 1.4 (Fig. 2c and d).
SEM analysis confirmed that complete filling of the lumina was
location dependent.

3.2. Structure evaluation of treated wood

The chemical composition of the modified wood was deter-
mined by FTIR spectroscopy. The IR spectra of the untreated
and modified wood are shown in Fig. 3 (only the region of
1800-600 cm ™' is presented). The spectrum of the unmodified
wood exhibited characteristic bands corresponding to the
principal chemical constituents of wood, i.e. cellulose, hemi-
cellulose and lignin, in agreement with our previous works.>*”?
A comparison of the IR spectra of the modified and unmodified
wood revealed different absorbance bands within four regions,
namely 2940-2840 cm ', 1750-1540 cm ', 1300-1200 cm "
and 830-730 cm ™.

Fig. 2 FE-SEM images of the cross-section of Mg—(Na—-O-Si)-modified
Scots pine wood: (a) and (b) Si/(Mg + Na) = 0.6 and (c) and (d) Si/(Mg + Na) =
1.4. The high magnification images in (b) and (d) show the morphology of the
actual mineral coprecipitated within the cell lumina (place of investigation is
not specified; arrows indicate the approximate place of examination).
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Fig. 3 IR spectra of the untreated and Mg-(Na—O-Si)-modified Scots

pine sapwood (region of 1800-600 cm™2). Inset: Expanded region indi-
cating the changes in the wood after modification.

The bands located in the 2940-2840 cm ' region arise from
the C-H asymmetric stretching in the methyl and methylene
groups of cellulose and hemicellulose.**”* Hemicellulose is the
most hygroscopic fraction of the wood. The observed changes
in the intensities of these bands (maxima at 2926 cm ™' and
2880 cm™ ') indicate partial removal of hemicellulose as a result
of alkaline wood treatment.

Several components give IR absorption bands in the 1750-
1500 cm ™' region. The bands at 1509 cm ™" and approximately
1600 cm™ " are characteristic of the C—C stretching vibrations
of the aromatic ring in lignin. No positional shifts or changes in
the band shape were observed at 1509 cm™ " after modification.
The IR spectra of the modified wood exhibited a distinctive
broad band at approximately 1562 cm™ ', which might be
attributed to the asymmetric stretching of carboxylate (COO™)
anions, although further validation is required. In addition,
C=0O0 stretching frequencies of unconjugated ketones, carbo-
nyls, aldehydes, and ester groups appear at 1740-1710 cm ™
(maximum at 1733 cm™*).”>’® The intensity of this broad band
decreased markedly after the modification. Conversely, the
band located at 1633 cm ' increased in intensity in the
modified wood, which can be ascribed to the attachment of
water molecules to the C=O0 groups of the aromatic structures
of the wood constituents (galactoglucomannans, xylans and the
less soluble glucomannans).>*

In the 1300-1200 cm™ " region for the unmodified wood, three
broad bands with maxima at 1263, 1231 and 1207 cm ™' were
prominent. The band at 1263 cm™ ' originates from the 1(C-O)
stretching vibrations in lignin, the band present at 1231 cm™*
corresponds to alkyl-aryl-ether bonds and lactones, and that at
1207 cm™ ' to O-H bending in cellulose.>*”*”” Significant changes
in the intensities of these bands were observed after modification,
where the intensity of the band at 1263 cm™" decreased, while
those at 1236 and 1207 cm ™" increased. This also indicates that
the alkali treatment partially removes the hemicellulose, thereby
increasing the accessibility of O-H groups to water.>*
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The fingerprint region is dominated by bands approximately
at 1050-900 cm ', which are associated with various polysac-
charide vibrations.”® Cellulose exhibits vibrations between 1100
and 900 cm™'. After the modification, slight shifts in the
positions and intensities of the main bands were observed,
which may be attributed to the presence of coprecipitated
silicates.”” The band at 811 cm™ " for the unmodified wood is
due to C-H out-of-plane bending vibrations in lignin. Following
modification, this band overlapped with a new band at
794 cm™ ", which could be assigned to Si-O-Si species.>*”®

3.3. Studies of wood matrix saturation using X-ray computed
tomography (CT)

To estimate the saturation of the wood matrix with the impreg-
nating solution, CT was performed. CT is a useful non-
destructive method for measuring the distribution of moisture
content (MC) in wood.®*#! Three wood blocks were studied for
the same chemical modification (Si/(Mg + Na) ratios of 0.6, 0.2
and 1.4). Four CT scans were performed on each wood block: (i)
before treatment (untreated wood block), (ii) after the cycle-1
impregnation with MgSO, solution, (iii) after the cycle-2
impregnation with sodium metasilicate solution, and (iv) after
drying of the silicate-modified wood blocks at room tempera-
ture for 30 days.

Representative segmented CT images of the unmodified
Scots pine and wood modified with solutions at Si/Mg = 0.8,
with scanning performed at 80 keV, are presented in Fig. 4. The
CT images show the cross-sectional views of the same wood
block with dimensions of 10 x 10 x 2 cm. One can observe that
after cycle-1 impregnation, and subsequent drying at 60 °C for
12 h, the wood blocks retain a significant amount of moisture.
This appears as brighter regions within the centre of the wood
block (Fig. 4b), confirming complete diffusion of the solutions
into the wood block. This is consistent with our previous EDS
analysis data of MgSO, solution-impregnated and dried wood,
which showed the presence of Mg and S elements (data not
presented), thereby confirming full matrix saturation. However,
it should be noted that some specimens developed small cracks
after treatment and oven-drying at 60 °C. These are so-called
‘shrinkage cracks’, which occur due to an uneven moisture
content distribution within the wood during the moisture
removal process through evaporation. Generally, the factors
that affect wood drying can be divided into two groups, i.e.
external and internal. External factors include temperature,
humidity and air circulation velocity, while internal factors
comprise wood species, structural characteristics (wood grain
direction and heartwood vs. sapwood), wood thickness, and
wood MC.*"®" Although some cracks are harmless, the drying
conditions (temperature, exposure time, and placement of
samples in the drying chamber) should still be optimised to
preserve the wood structure and to minimise treatment-
induced defects that may negatively influence material proper-
ties, such as the strength of components and structures.®® From
a technical point of view, this is particularly important when
fabricating larger wood samples.
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Fig. 4 Segmented CT images showing the macroscopic internal structure
of the Scots pine sapwood blocks from a treatment, and lighter regions
within the centre of wood block indicating the presence of moisture
(original size of wood blocks = 10 x 10 x 2 cm): (a) untreated wood and
the same wood block, (b) after 1st impregnation cycle, treated with 0.05 M
MgSO,4 and dried for 12 h at 60 °C, (c) after 2nd impregnation cycle, treated
with 0.056 M Na,0O-3.3SiO3 and dried at room temperature for 24 h, and
(d) modified and dried wood (Si/(Mg + Na) = 0.6) at room temperature for
30 days. (Reconstructed images are from the middle of the block, with the
scanning performed at 80 keV).

The CT image of the wood block after the cycle-2 impregna-
tion with sodium silicate solution and subsequent drying for
24 h at room temperature is shown in Fig. 4c. The MC distribu-
tion across the cross-section is clearly distinguishable, with a
higher content in the centre of the block. This indicates that
coprecipitation of silicate minerals can proceed throughout the
wood. Further drying at room temperature for 30 days resulted in
a homogeneous cross-sectional morphology (Fig. 4d). As the
sorption of solution by wood proceeded to the core of the block,
the formation of mixed-metal silicates within the matrix is
expected. The precipitation of silicates was further confirmed
by calculating the density values. The average density values for
the Si/(Mg + Na) = 0.6 system were 512 + 95 kg cm ° (untreated
wood), 593 + 151 kg cm® (after cycle-1), 785 & 198 kg cm
(after cycle-2) and 511 + 93 kg cm ™ (modified and dried wood).
The density values are presented in Table S1. Additional scans at
beam energies of 110 and 130 keV were also performed. Never-
theless, only negligible changes in density values were observed
for the specimens from the same batch of the same modification
treatment (Table S1). CT analysis also revealed a slight decrease
in mass following modification (data not presented), which may
be attributed to the removal of non-structural chemical com-
pounds (extractives present in wood) during the alkaline treat-
ment, as well as the intrinsic density of the silicate mineral
incorporated into the matrix.
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Ultimately, the CT studies revealed complete saturation of
the wood matrix, which is essential for producing uniformly
treated wood. However, one may note that the permeability of
different timber species to preservative-medium penetration is
closely related to the anatomical differences in the wood
structure. This factor should be taken into consideration when
evaluating treatments for other wood species.

3.4. Evolution of MgO/Na,0-SiO, solids

Understanding particle formation in the reaction medium is
essential for elucidating solid intercalation into the wood matrix
and the properties of the resulting material. To assess the
structure of the coprecipitated silicates, HR-TEM analysis was
performed. The TEM images of the obtained coprecipitated
powders and those washed with distilled water from solutions
with an Si/(Mg + Na) molar ratio of 0.6 and 1.4 are shown in
Fig. 5. At an Si/(Mg + Na) molar ratio of 0.6, aggregated clusters
were observed, and the emerging silica-based particles possess
an amorphous structure (Fig. 4a and b). By contrast, the pre-
cipitates from more concentrated solutions displayed a distinct
nanostructure (Fig. 4c and d), in which amorphous particles
were randomly embedded within a continuous gel-like phase.
The average particle size was calculated to be 45.4 £ 8.7 nm
(n =23).

Gelation (condensation of monomers) of the sodium silicate
solution in aqueous media was induced by Mg>* ions. Alkali-
soluble metasilicate is known to react with Mg>" ions to form
insoluble magnesium silicates. Particle evolution is Na/Si molar
ratio dependent, and concentration, pH and temperature play
significant roles in nucleation.*®*® The higher sodium metasi-
licate content in the initial solution resulted in different rates of
monomeric silica consumption, which in turn governed the
nucleation, growth and agglomeration of particles in aqueous
media. It has been reported that Na* ions in sodium metasili-
cate solution act as SiO, surface-stabilising agents, i.e. Na* ions
are strongly adsorbed onto silanol groups, expressed as Si-
ONa.”® The rate of aggregate growth strongly depends on the
presence of polyvalent cations. Colloidal silica in aqueous

. Mg-(Na-0-Si) | ¢
- Si/MgtNa=0.6 |

| Mg-(Na-0-si
Si/Mg+Na=1.4

Fig. 5 HR-TEM images showing the particles evolved in the MgO-Na,O—
SiO, system: (a) and (b) Si/(Mg + Na) = 0.6 and (c) and (d) Si/(Mg + Na) =
14.
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media is highly reactive, and the addition of MgSO, solution
disturbs the ionic balance via ion exchange. Magnesium ions,
owing to their higher charge density, exert a more pronounced
destabilising effect than monovalent ions. When Mg>" ions are
introduced into the system, gelling immediately proceeds, as
added polyvalent ions function as a SiO, surface modification
agents, leading to the formation of different Si-O-(Mg-O)/Na
species.

Colloidal components in diluted sodium metasilicate contain
more monomer in solution.?” At low silicate concentrations,
condensation produced homogeneously clustered particles, while
supersaturation at higher concentrations favoured heterogeneous
morphologies. These observations confirm that the initial
solution conditions strongly influence particle growth, packing
and silicate phase formation within the MgO-Na,0-SiO,, system.

From a wood modification perspective, particle size is
critical for diffusion into cell-wall cavities. This implies that
lower-concentration solutions may facilitate greater primary
particle penetration into the wood matrix, leading to more
uniform filling of the cell-wall network. Therefore, factors
governing silica polymerisation must be carefully considered
to achieve a homogeneous distribution of material with the
desired phase and composition within the wood structure.

The elemental composition of the coprecipitate was evalu-
ated using SEM/EDS analysis (Fig. 6). The SEM-BSE image of
agglomerated powders obtained from solutions with an
Si/(Mg + Na) molar ratio of 1.4 (Fig. 6a) and washed with
demineralised water shows no variation in contrast, indicating
a homogeneous elemental distribution. The EDS analysis con-
firmed the presence of C, O, Na, Al, Mg, and Si (Fig. 6b). The
detected Al originated from the sample holder. No presence of S
element was detected, indicating that sulphate (SO,*~) ions had
been washed out from the co-precipitated powders. This further
suggests that migration of spectator ions, SO,>~ and Na* from
the wood matrix is likely to occur under elevated moisture
conditions, even though these ions were successfully incorpo-
rated into the entire wood block during impregnation cycle-1.
Nevertheless, forming a composite of silicates with other
minerals, such as sulphates, hydroxides and carbonate, could
lead to the development of cementitious materials. This, in
turn, indicates that adjustments to both the mineral synthesis
process and wood treatment method should be considered to
enable the modification of wood with leach-resistant cement-
based materials.®®

The EDS mapping images of the individual elements in the
analysed powder sample (Fig. 6¢) further demonstrated the
homogeneous distribution of Mg, Na, O and Si within the
agglomerate, indicating the formation of a three-component
solid coprecipitate under the present experimental conditions.
Leachate studies on Scots pine treated with H;BO;, zinc chlor-
ide (znCl,), aluminium chloride (AICl;), and a combination of
these chemicals with silica gel have been reported by Altun
et al. They showed that silica gel treatment prevented leaching
of the active chemicals from Scots pine cell walls and lumina.®®
Specifically, the leaching of the active chemical, H;BO;, from
Scots pine treated with H;BO; and silica gel was 1.5-times lower
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(a) Mg-(Na-0-Si)

Si/Mg+Na=1.4

Si Ka

Mg-(Na-O-Si)

SilMg+Na =1.4

Intensity

100pm

X-ray energy (keV)

Fig. 6 SEM and EDS backscattered images of the powders formed from the solutions of Si/(Mg + Na) = 1.4 showing (a) morphology of the
coprecipitated and washed powders, (b) EDS sum spectrum with the elements detected, and (c) EDS elemental mapping of Mg, Na, O and Si. The

orange dotted lines in (a) and (c) show the corner side of the agglomerate.

than that of the specimens treated with H;BO; alone. Further-
more, we conducted studies (unpublished data) in which
calcium phosphate-mineralised wood was exposed to natural
weather conditions (the data are available in a report published
elsewhere®®). SEM/EDS analysis showed that calcium phos-
phate, after three months of exposure to natural weather
conditions, remained present within the Scots pine wood
matrix. This suggests that altering the properties of wood by
incorporating minerals into the wood structure may be an
attractive approach to produce materials suitable for exterior
applications or for use under conditions where the MC exceeds
sustainable limits without deterioration.

The XRD patterns of the Mg—(Na-O-Si) powders, washed
after coprecipitation and dried at room temperature (20 °C-
25 °C), are presented in Fig. 7. The absence of Bragg reflections
confirms that coprecipitates are amorphous solids and agrees
with the literature.®® The TG and DTG curves of the Mg—(Na-O-
Si) powders (Si/(Mg + Na) = 0.6) are shown in Fig. 7 (inset). The
weight loss of ~13% up to 120 °C can be attributed to the
removal of free and bound water. The TG curve shows no
weight-loss stages in the range of 200 °C-400 °C or above
420 °C, which suggests that no hydrates are formed in the
system. The coprecipitated powders from the other systems (Si/
(Mg + Na) = 0.2 and 1.4) exhibited similar thermal behaviour.
However, absorbed water content differed, where the highest
amount of released water during drying at up to 130 °C was
observed for the powder of the Si/(Mg + Na) = 0.2 system (data
not presented). This implied the different reactivity of silicate
or polysilicate anions, arising from the surface silanol groups,
and subsequently the formation of distinct silicate structures,
as the molar ratio SiO,/Na,O and water content influence the
structure of the silicates formed.’">

The IR spectra of the Mg—(Na-O-Si) powders dried at room
temperature and annealed at 810 °C are presented in Fig. 8. The
powders dried at room temperature (Fig. 8a) exhibit bands
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Fig.7 XRD patterns of the coprecipitated Mg—(Na-O-Si) powders
washed with distilled water and dried at room temperature. Inset: TG/
DTG curves of the representative Mg—(Na—-O-Si) gel (Si/(Mg + Na) = 0.6)
washed and dried at room temperature for 10 days.

characteristic of silicate groups. The broad absorption bands in
the 900-1100 ecm™" region are attributed to the stretching
vibrations of the Si-O-Si bonds. The maximum of this band
shifts towards lower wavenumbers with an increasing SiO,
concentration (1049 cm™ ', 1015 cm™ " and 1005 cm ™" for the
systems with Si/(Mg + Na) = 0.6, 0.2 and 1.4, respectively). This
slight shift indicates the formation of different mixed-metal
silicates, as the position of the Si-O-Si bands depends on the
Si/metal molar ratio within the silicate. A shift relative to that of
similar glasses reported in previous studies is observed.”® %%
The diversity of silicates can largely be attributed to the
isomorphous substitution of one cation by another. Since the
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Fig. 8 IR spectra of the Mg—(Na—-O-Si) gels: (a) as-coprecipitated and

dried at room temperature (r. t.) for 10 days and (b) after annealing at
810 °C.

Mg>" ion is a stronger Lewis acid than the Na* ion, it is more
likely to coordinate with Si-O~ groups, i.e. Mg”" exhibits greater
affinity for Si-O than Na*.>

Another broad, but less intense, band corresponding to Si-O-
Sivibrations was observed in the 795-785 cm ™" region.’® This isin
good agreement with the wood-silicate spectra discussed above.
The IR spectra of the powders also exhibited a band at 1640 cm ™,
which was assigned to the hydroxyl (O-H) vibrations of water
molecules. In addition, a broad band in the 3600-3400 cm™*
region was observed, corresponding to the stretching vibrations of
the O-H group; silanol Si-O(H) groups may also contribute to
absorption in this region.”” Interestingly, the IR spectrum of the
powders obtained from the highest concentration solution
(Si/(Mg + Na) = 1.4) displayed a broad band at ~ 1450 cm ™', which
can be attributed to the absorption of CO, or carbonate ions
(CO3>7).%® A weak shoulder at 875 cm™ " was also present in the
systems of Si/(Mg +Na) =0.2 and 1.4, which is assigned to the O-C-
O vibrations of CO;*>~ groups.

In the spectra of the powders annealed at 810 °C (Fig. 8b), the
bands assigned to H,O (3600-3400 cm™ ' and 1640 cm™ ') and
carbonate groups (1450 cm™ ') disappear, indicating that these
species are not incorporated in the mineral structure.’® Again, a
small shift in the Si-O band (at around 1011 cm ") suggests local
structural variations in the silicate network. As noted above, the
structure of the evolving silicates is a consequence of the
successive polymerization, gelation, ageing, drying and heating
processes. Nevertheless, to estimate the arrangements, geome-
tries and configurations of Si-O-Si units, further studies, such as
solid-state NMR, are required.”’

3.5. Thermal behaviour of silicate-mineralised wood

The thermal behaviour of the unmodified and silicate-treated
Scot pine sapwood was evaluated by thermal analysis. The TG/
DTG and DSC curves, as presented in Fig. 9, reveal three stages
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Fig. 9 Thermal behaviour of the unmodified and silicate-treated Scots
pine sapwood: (a) TG, (b) DTG and (c) DSC curves.

of weight loss, leaving approximately 1.5%-11.5% residue at
470 °C-480 °C. For the untreated wood, an initial weight loss of
5% (Fig. 9a) was observed up to 105 °C, accompanied by a small
endothermic peak at 74 °C (Fig. 9c), which was assigned to the
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removal of absorbed water. The second and most significant
weight loss (60%) occurred between 250 °C and 350 °C (DTG
maximum at 330 °C, Fig. 9b), followed by a strong exothermic
peak at 349 °C. This weight loss was ascribed to the decom-
position of the wood constituents, where hemicellulose, cellu-
lose and lignin are pyrolysed at 200 °C-300 °C, 280 °C-350 °C
and 280 °C-650 °C, respectively. This process involves a series
of reactions including dehydration, decarboxylation, decarbo-
nylation and fragmentation, accompanied by the release of
volatile components, such as CO,, CO, acetic acid (CH;COOH),
methanol (CH;OH) and high-boiling-point tar.”* The third
weight loss of 33.5% was observed between 350 °C and
480 °C, corresponding to the further degradation of lignin,
which is oxidised to CO,, CO and H,0. No mass change was
detected above 480 °C, and the residual carbon-rich inorganic
fraction accounted for 1.5% of the initial mass.

The wood treated with the Si/(Mg + Na) = 0.6 system exhibited
behaviour similar to that of the untreated wood, but with a
residual mass of 6% at 470 °C, confirming the successful
diffusion of the treatment solutions and coprecipitation of
inorganic materials within the wood matrix. In contrast, the
wood modified with the Si/(Mg + Na) = 0.2 and Si/(Mg + Na) = 1.4
systems exhibited the first weight loss of 7% and 9%, respec-
tively, up to 130 °C. This was attributed to the larger amounts of
absorbed water retained within the silicates precipitated within
the wood matrix. Both treatments resulted in a shift of the onset
temperatures to lower values and produced a net mass gain after
pyrolysis. The second and third weight losses occurred at lower
temperatures of approximately 50 °C and 15 °C for the Si/(Mg +
Na) = 0.2 and Si/(Mg + Na) = 1.4 systems, respectively, compared
with the untreated wood. This behaviour is likely due to the
structural changes induced when the wood components interact
with the alkaline Na,0-3.3Si0, solutions, as well as the heat
absorbed by the amorphous mineral, which affects the combust-
ibility of the wood components. Despite the comparable events
observed in the DSC curves (Fig. 9), the overall results indicate
that the decomposition temperature of the wood reinforced with
solid of the MgO-Na,O-SiO, system can increase to higher
temperatures with an increase in the ratio of MgSO,-7H,0 to
Na,0-3.35i0,, thereby enhancing the thermal stability of the
composite. The residual masses after pyrolysis were 8.0% and
11.5% for the Si/(Mg + Na) = 0.2 and Si/Mg = 1.4 systems,
respectively, correlating with the increase in sodium metasilicate
concentration in the initial treatment solutions.

In general, the thermal behaviour of gels (amorphous matrices)
strongly depends on their drying conditions. Physically absorbed
water is lost at 100 °C-150 °C, while dehydration begins at 200 °C-
400 °C and proceeds rapidly by 500 °C-600 °C, at which point the
remaining bound water is removed and the gel then forms a stable
structure, leading to crystallisation and the formation of different
silicate systems. Silicon atoms, tetrahedrally coordinated by oxy-
gen, undergo varying degrees of structural modification and
disorganisation due to replacement of the O-H and O*~ groups.
Depending on the composition (notably the presence of Na" and
Mg>" ions), different crystalline phases may form at higher
temperatures (900 °C-1100 °C). Consequently, the complexity of
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the phases formed during heating may enable the decomposition
products of the silicates to transform into more stable phases, and
thus alter the degradation behaviour of wood-silicate composite
materials.

To comprehend the thermal degradation and gain a better
understanding of the processing-composition—-properties rela-
tionship, the thermo-chemical properties of the mineralised
wood was further elaborated. This includes measurements of
the limiting oxygen index (LOI), as well as microscale combus-
tion calorimetry (MCC) and cone calorimetry (CC) tests. A
relevant study, where the LOI values of wood treated with a
mixture of sodium silicate and nano-TiO, mineral were reported
by Garskaite et al, demonstrated that the oxygen fraction
required to sustain combustion during LOI testing increased
with an increasing concentration of the components.”® In
another study, it was shown that an increased concentration of
mineral brushite, inorganic filler, within the wood matrix, led to
an increase in evolved gas during thermal degradation test.*®
This suggests that inorganic additives in bio-based composite
materials play an important role in modulating fire retardancy.
In particular, endothermic cooling, flame dilution through the
release of non-combustible gases, and char-barrier formation
should be carefully considered when designing these inorganic-
additive reinforced bio-based materials.

It should also be noted that although the scope of this study has
been about the wet-chemistry synthesis of three-component sili-
cates within the wood matrix, there is much still to learn about the
produced materials. For example, an evaluation of their mechan-
ical properties would be central to their further study, as these
materials are intended for construction applications. In the
current work, we did not measure the strength of the Mg-(Na-
O-Si)-modified wood. Earlier studies showed that the mechanical
strength (for example, indentation-based testing, compressive
strength perpendicular/parallel to the fibre, and bending strength
in radial and tangential directions) of inorganic-filler reinforced
wood are comparable with that of untreated wood.>**%'° This
motivated us to elucidate the crucial steps in the synthesis process
and how to obtain homogeneously mineralised wood with differ-
ent degrees of matrix saturation.

This study highlights the importance of selecting an appro-
priate wood treatment procedure to achieve varying degrees of
matrix saturation with multicomponent silicates, which influ-
ence the resulting wood properties. Furthermore, this work
paves the way for continued investigations of wood modifica-
tions using diverse cementitious materials and offers potential
for the development of hybrid, environmentally sustainable,
bio-based building materials.

Conclusions

A non-crystalline MgO/Na,0-SiO, solid was successfully synthe-
sised in situ within Scots pine sapwood via a coupled MgSO,
salt-dissolution and silicate coprecipitation process at the
wood/salt-fluid interface. Multiscale characterisation con-
firmed both the effectiveness of the treatment and the
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controllability of mineral incorporation. Optical microscopy and
SEM demonstrated that adjusting the sodium silicate concen-
tration resulted in different degrees of wood matrix saturation.
X-ray CT showed that internal regions of the wood blocks
remained saturated 24 h post-impregnation, highlighting the
importance of the wood drying process to obtain homogeneous
coprecipitation of minerals. TEM and XRD revealed the amor-
phous nature of the coprecipitated phase, while EDS verified the
presence of Mg, Na, and Si within the powders, confirming the
successful incorporation of a water-insoluble three-component
silicate within the wood matrix. FTIR spectroscopy further con-
firmed the integration of silicate into the wood matrix and
revealed CO,/carbonate uptake during processing, which was
most pronounced at higher sodium silicate concentrations. The
thermal stability of the modified wood was demonstrated to be
good, with the potential to be further increased by optimising the
amount and structure of incorporated silicate mineral. Overall, the
findings demonstrate a controllable wet-chemistry route for engi-
neering mineral-wood composite systems through regulation of
solution chemistry and wood treatment procedures. This approach
offers potential for further wood modifications using diverse
cementitious systems and supports the development of hybrid,
environmentally sustainable, bio-based building materials.
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