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A novel environmentally friendly method for in situ formation of
CaCOs deep inside a wood's structure is presented. The method is
based on vacuum-pressure impregnation using a one-component
treatment medium - a water solution of calcium acetoacetate -
and a single stage process to significantly improve the fire retar-
dancy of the treated material.

Wood has become a widely used building material in recent
years due to its unique combination of properties: easy proces-
sing, excellent mechanical and physical properties, aesthetic
appeal, environmental friendliness and high sustainability.">
Wood also presents a number of significant drawbacks,
however, including high ignitability and susceptibility to fire
spread.” It has a gross calorific value of approximately 20 M]
kg™, meaning wood easily burns and essentially contributes
to the fire.* Numerous methods'*®” have already been
developed to improve the flame retardancy of wood, the most
environmental friendly of which is mineralisation with in-
organic fire retardant materials such as carbonates."**°
Calcium carbonate is the most common raw material, which is
known to be environmentally friendly and highly efficient as a
gas-phase flame retardant with no reported environmental
hazards, and no adverse effect on the biggest causes of death
and injury in fire - namely, smoke and toxicity.>'°™* Upon
endothermic decomposition carbonates absorb some of the
combustion heat and lower the wood temperature near the
flame by releasing CO,, which dilutes the gaseous reactants in
the flame."® Carbonates may, however, require unachievably
high loading of the treatment to have sufficient fire-proofing
properties, and as such are rarely used for the protection of
timber products.” On the other hand, the solubility of CaCOj
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in water is 0.013 g L™","* meaning the leaching of carbonates

from wood is expected to be very low.

The insertion of CaCO; into the structure of wood has been
reported in several studies, using various processing routes:
CaCl, and NaOH with supercritical carbon dioxide;'* aqueous
Na,CO; solution followed by a CaCl, solution with added
dodecanoic acid;'® calcium di(methylcarbonate) in methanol,
which hydrolyses in the presence of residual moisture from
the wood;'” CaCl, and NaHCOs;'*'®'® CaCl, and (NH,4),CO3;>°
CaCl, and Na,CO3;*" and finally the alkaline hydrolysis of
dimethyl carbonate (creating a source of liquid CO,) in the
presence of calcium ions.® These technologies often require
either an expensive technical set-up for the use of supercritical
gases,”” or harmful precursors (e.g., methanol'®'”), reactants
with limited solubility,”*"®>" or undesirable side effects (such
as NaCl, NH,Cl) are formed."*'®' Another drawback of the
majority of technologies reported in the literature is that pre-
cipitation of CaCO; usually takes place on the wood’s surface,
which can impede the wood treatment. In a recent study by
Merk et al.,"* mineralised wood with an improved reaction to
fire was obtained by the in situ formation of CaCO; inside the
lumina of the wood, by vacuum impregnation of aqueous
NaHCO; and alcoholic CaCl, (1-4 reaction cycles). Using this
process, a substantial mass of inorganic compounds were
incorporated into the wood. The mass gain of CaCOj; obtained
in the study by Merk et al.,'* however, contains also the mass
of by-products such as NaCl or unreacted salts. Based on our
knowledge, only the group led by Merk®'* succeeded in depos-
iting CaCOj; deep into the wood’s structure, but unfortunately
this procedure is quite complicated and time-consuming.
Moreover, the by-products formed, such as NaCl, may have a
negative effect on the wood’s appearance, and can also cause
corrosion of the metal fasteners which are commonly fixed to
the wood. Authors used different testing methods®**'%18:19:21
to evaluate fire resistance, so between studies it is difficult to
compare the improvement in fire resistance as a result of min-
eralization, if not even impossible. In the studies using cone
calorimetry"®>' however, no significant improvements in fire
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retardancy were found following the mineralization of wood,
for example with respect to ignition time.

In order to address the issues mentioned above, we here
propose a novel approach to improving flame retardancy: an
eco-friendly method for the mineralisation of wood using a
water solution of calcium acetoacetate (Ca(OAcAc),) which has
been patented in our laboratory.>® In the presence of water,
Ca(OAcAc), transforms to CaCOj;, acetone and carbon
dioxide.>** Under standard laboratory conditions (RT and
50% RH), this reaction is very slow, but the transformation is
accelerated as temperature and relative humidity are
increased.”® The impregnation process of the mineralization
procedure was therefore conducted at room temperature, then
following treatment the temperature and relative humidity
were increased to ensure that the desired reaction took place
only once the impregnation solution had penetrated inside the
wood. This way the protective compounds become deeply
incorporated into the structure of the wood. The efficiency of
this novel method of mineralisation of wood, and the effect on
its essential property i.e. improved flame retardancy, is dis-
cussed in this paper. Beech, was selected as a representative of
hardwoods and used as the wood species to be investigated, as
it is probably the most important commercial hardwood in
Europe, with many different uses. Beech forest grows indigen-
ously in central Europe because it adapts more easily than
spruce forest to the changing climate. The difference between
beech and other lignocellulosic biomasses, such as softwood
(i.e. spruce), is their cellular structures. Beech comprises
several different cell types - vessels, responsible for conducting
water, and fibres, which offer structural support. Spruce, on
the other hand, contains only fibrous cells called tracheides.>®

To accomplish the formation of CaCOj; particles deep in the
wood’s structure, a vacuum-pressure process (Fig. 1a - 153
step) was used to impregnate the samples with a water solu-
tion of Ca(OAcAc),. This process generally provides the best
impregnation properties (i.e. a more homogeneous distri-
bution, deeper penetration depth, and higher adsorption of
the impregnating agent).”” We thereby assume that this is the
best solution to incorporate the novel fire retardant treatment
into the structure of the wood, and that upscaling the newly
proposed method should not be a problem. Once the wood
samples are fully impregnated they are then further dried at an
elevated temperature (for example 80 °C) and relative humidity
(for example cycling between 40% and 90% RH - see the 4™
step in Fig. 1a). Ca(OAcAc), is thermally unstable and spon-
taneously decarboxylates to CaCO;, acetone and CO,.>* For
this reason, an increased temperature accelerates its decompo-
sition. Additionally, an increase in relative humidity acceler-
ates the transformation of amorphous CaCO; into vaterite
crystal modification, since water is quickly physisorbed on the
particle surface and dehydration, partial dissolution and then
re-precipitation promptly occur, resulting in the rapid for-
mation of vaterite particles.>® One key advantage of this new
method is fully-effective mineralisation deep into the wood’s
structure, as a result of impregnating the wood with the
Ca(OAcAc), solution. Fig. 1b demonstrates the penetration
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depth of the Ca(OAcAc),, as determined by the indicator
method. The purple colour obtained on the cross-section of
the impregnated beech sample - indicating the reaction of
acetoacetate with nitroprusside®® - is evident throughout the
whole depth of the impregnated sample (1 ¢cm). As shown in
Fig. 1c and d, the mineralised wood retains its natural
appearance.

In order to maximize the flame retardancy of the minera-
lised wood, the aim was to input a high amount of CaCO; into
the structure of the wood; a 20 wt% solution of Ca(OAcAc),
was therefore impregnated (theoretically meaning that 8.3%
CaCO; would be formed). A single impregnation with the Ca
(OAcAc), solution resulted in 7.4 + 1.3% of CaCO;
formed (Table 1). Please note that the difference in mass
between the reference and mineralized samples (+18% in
Table 1) does not equate to differences between the true
amount of CaCO; inserted, since this value also includes the
weight of water content within the wood (Table S17),
which is greater in the case of the mineralized wood sample. To
avoid this error, the amount of CaCO; was calculated from the
difference in total weight loss (Amiys-10000c) between the native
(i.e. reference, non-treated) and mineralised beech samples (see
Table S1t), as determined by thermogravimetric analyses (TG).
A similar mass gain was reported by Merk et al.,"* when CaCO;
was added using a different mineralization method.

As shown in the SEM image in Fig. 1e, the CaCO; particles
are deposited in fibres cells (Fig. S1b, c, d, gT), rays (Fig. 1e),
and fully inside or around the beech vessels (Fig. S1a, b, c, e,
fT). Additionally, the images in Fig. Sla, e, f, gt reveal that
CaCO; is deposited throughout the beech vessels. This was
also confirmed by nCT images (see the CaCO; particles to the
far right in Fig. 1f). Detailed SEM and EDS analyses revealed
that CaCOj is also present in the cell walls of the parenchyma
(Fig. S2bt), in middle lamellae (Fig. Sict) and in pits
(Fig. S1f}). Since the fibres contain more CaCO; than the
vessels, the capillarity effect is most probably controlling the
CaCO; deposition as reported by Merk et al.*?

The CaCO; particles formed in the vessels are either distrib-
uted around the cell walls or deposited in the form of spheres
and hemispheres with diameters up to 100 um (see Fig. S1ff
and Fig. 1f). In the case of fibres the CaCO; either completely
or partly fills the vessels (Fig. S2b,c,d and Fig. S2at). CaCO;
aggregate particles are composed of nanoparticles between
13 nm and 30 nm (Fig. S1ht), which is in agreement with our
previous research.” The formation of a particular CaCO;
phase (amorphous, vaterite, aragonite or calcite), as well as the
morphology and size of the particles formed, can all be con-
trolled by synthesis parameters, such as pH value, initial
supersaturation and temperature, and the presence of various
additives or impurities.”* ! Fig. 2a shows the FT-IR spectra of
the native and mineralised beech. The presence of a band at
1420 cm™', representing the v; mode, along with the v, mode
split at 873-850 cm™", indicate vaterite crystal modification.*?
This was further confirmed by the XRD analysis presented in
Fig. 2b, where XRD patterns of native and mineralised beech
are shown. The characteristic reflections at 21.7° and 34.6°
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(a) Four step impregnation process: (1) A vessel is filled with impregnation solution. Under vacuum (50-60 mbar; 30 min) air and moisture is

purged from the wood's structure. (2) Under high pressure (8—10 bar; 3 hours) the impregnation solution is penetrated deep into the wood. (3)
Pressure is reduced to normal, the impregnation solution is drained off, and an additional vacuum (50-60 mbar; 30 min) is applied to remove any
excess impregnation solution. (4) Drying process (in our case samples were dried at 80 °C with RH cycled between 40% and 90%); (b) photograph of
the cross sections of the native beech (NB) and impregnated beech (BCa) samples, where the purple colour indicates the reaction between sodium
nitroprusside (NP) and acetoacetate — representing the penetration depth of the impregnation solution; (c) photograph of native beech; (d) photo-
graph of mineralised beech; (e) SEM image and (f) uCT images of mineralised beech in radial (R) and longitudinal (L) directions.

correspond to cellulose,*® while other visible reflections in the
patterns for mineralised beech belong to vaterite crystal modi-
fication. In a previous study>® we proposed that the presence
of an organic component, such as Ca(OAcAc),, could stabilise

N32 | Green Chem., 2021, 23, 130-1135

or promote the stabilisation of the vaterite phase. Moreover, as
an organic material, wood may also act as a template for vater-

ite heterogeneous nucleation®® -

the formation of vaterite

modification was therefore expected.
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Table 1 The mass of CaCOs inserted and cone calorimetry data

Native beech ~ CaCOj; beech  Difference (%)

Meaco,” (%) — 7.4+1.3 —

Initial mass, ¢” (g) 69.1£2.5 81.8+ 1.5 +18
Total mass loss (%)”  85.0 + 1.1 73.3+1.9 +14
tignition /S 29.8+3.8 46.8+ 6.2 +57
t1. prre 2/°C 36.4£5.9 52.0 £ 7.6 +43
1. PHRR ?/kwm™ 219.2 + 9.1 179.4 +11.6  —18
b, prre 2/°C 277.0£19.6  392.0+4.5 +42
2. PHRR ’/kwm™ 509.6 + 53.4  374.8+33.0  —26
THRg00 s °/M] 43.5+2.7 31.8+2.1 —27
FIGRA /W 77 530.3+51.0 217.2+9.4 —59

“Determined by means of TG. ” Determined by cone calorimetry by
exposing specimens to a constant irradiation of 50 kW m™2. The
results are given as average values and standard deviations of five
specimens. PHRR - Peaks of heat release rate; TRHggos — total heat
release for the first 600s of the test; FIGRA - fire growth rate index.
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Fig. 2 (a) FT-IR spectra of native beech (black spectra) and beech
mineralised by CaCOs (green spectra). The insert shows an enlargement
of the region between 950-700 cm™; (b) XRD patterns of native beech
(black) and beech mineralised by CaCOs (green). V-vaterite.

Cone calorimetry was performed in order to simulate com-
bustion behaviour in a developing fire. Bimodal heat release
rate (HRR) profiles of the average of five measurements of
untreated (black curve) and mineralised beech (green curve)
are presented in Fig. 3 (raw data for the reaction to fire for all
wood specimens can be found in Fig. S31). Peaks of heat
release rate (PHRR) represent the flaming combustion caused
by a rapid spread of fire.
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Fig. 3 Heat release profiles (average of the measurements of five speci-
mens) of the native beech (black curve) and beech mineralised by
CaCOs (green curve).

The first peak occurs at the beginning of the test, when
volatile pyrolysis gases are present in a sufficient amount to
allow ignition.>"? It was demonstrated that the time of ignition
of mineralised beech was significantly delayed from approxi-
mately 30 s for native beech to 47 s for mineralised samples
(Table 1). For purposes of comparison, the mineralisation
strategy performed by Merk et al.'® caused hardly any change
in ignition time (from 28 + 4 s for native to 30 + 5 s for CaCOj3
mineralised beech). As the heat generated by combustion sus-
tains the pyrolysis, more volatiles are released. The dip in the
curve corresponds to the formation of an insulating char layer,
in which transformation of heat is more difficult, meaning
that the process of pyrolysis is slowed. Once the protective
char structure disappears, more volatiles evaporate from the
wood and a second peak appears in the HRR curves.>'? This
peak corresponds to an extended burning surface, as the lower
surface of the specimen also starts to burn, meaning the time
of the second peak strongly depends on the thickness of the
specimen tested, as well as on the level of progression of the
front burning through the wood.>> When there are no more
volatiles to exhaust, the flaming ends and smouldering com-
bustion with gradual glowing begins, causing the baseline of
the HRR curves to return to steady-state. As shown in Table 1
and Fig. 3, both HRR peaks (1° and 2" PHRR) significantly
decreased and shifted to higher temperatures in the case of
mineralised beech, indicating enhanced char stabilization.
Furthermore, the total heat release in the first 600 s of the test
(THRg00s) and fire growth rate index (FIGRA) are significantly
lower than those for native wood. THRggs decreased by
approximately a quarter (27%), while the FIGRA reduced by
more than half (59%) (Table 1). Incorporated CaCO; decreases
the wood combustion process, primarily through the release of
non-flammable gas (i.e. CO,), which would result from the
endothermic decomposition of CaCO;. This process may cool
and dilute the flammable pyrolysis gases.'® Moreover, it was
shown that CaCO; mineralised beech contains about 2% more
water than native beech (see Table S1t), which can additionally
improve the fire characteristics of the wood. The higher
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content of water in the mineralised samples can be explained
by the hydrophilic properties of CaCOj3, which lead to greater
amounts of moisture being absorbed from the atmosphere.*®

We have managed to successfully reduced the total heat
release (THRg0s) by inserting only ~7 wt% of CaCOj; using a
single one-step impregnation of Ca(OAcAc), solution. We
believe that the method presented is less time-consuming and
far more environmentally friendly than the two-, three- or even
four-step process of vacuum pressure immersion using either
CaCl, and Na,CO;>' or NaHCO;"® solutions. With only a one-
stage process we have succeeded to significantly improve the
fire retardancy of the wood, and the ignition time of beech has
been prolonged using the novel mineralised method far more
than has been seen by any other method. The originality of
this novel method lies in two parts: firstly, its simple single-
stage impregnation process, and secondly, by providing a
source of CaCOj; in the form of a Ca(OAcAc), solution, which
transforms into the end product in situ without creating any
solid by-products. During the first step the CaCO; particles
formed can become trapped on the surface of the wood and
block pore accessibility, which then hampers subsequent steps
of the impregnation process and reduces the generation of
CaCO; inside the wood’s structure.”’ Since in our case the
impregnation agent is a solution, it can penetrate deep inside
the structure of the wood, where it then transforms into
CaCos.

Conclusions

A new treatment method for the in situ formation of CaCO; in
wood is presented, with the purpose of improving its pro-
perties of fire resistance. A calcium acetoacetate (Ca(OAcAc),)
water solution is impregnated under vacuum in order to form
CaCO; deep inside the wood. In the presence of water and at
elevated temperature the calcium acetoacetate transforms to
CaCO;. This process occurs once the CaCO; has penetrated
into the wood. For purposes of demonstration beech wood was
selected. SEM and pCT analysis showed that CaCO; particles
are primarily incorporated into the beech fibres and vessels in
the form of spheres. Using FT-IR spectroscopy and XRD ana-
lysis it was found that the CaCO; formed as vaterite crystal
modification.

Cone calorimetry tests indicated a significant improvement
in the fire retardant properties of wood following the mineral-
isation process. This improvement was evident following the
addition of a relatively low amount of CaCO; (~7 wt%).
Significant reductions were seen in the total heat release over
the first 600 s of the test (THRgp0s) as well as in the fire
growth rate index (FIGRA), both of which define the behaviour
of the treated wood during the initial stages of fire. The time
to ignition of the treated wood was delayed in comparison to
that of the native wood, leading to a reduction in fire propa-
gation and the combustion process. All these parameters,
together with the prolonged time between peaks of heat
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release rate (PHRR), indicate an obvious improvement in the
fire behaviour of the mineralised wood.

The new method is recognized to have great potential as an
eco-friendly fire retardant, because non-flammable CO, is
released upon endothermic decomposition. Due to low solubi-
lity of CaCOj; in water,"* low leaching of CaCO; from wood is
expected. For this reason, wood modified in such a way may be
suitable for outdoor applications. The method proposed
involves the formation of CaCOj; deep in the wood structure, as
a result of the vacuum-pressure process. Moreover, impreg-
nation involves the use of only a single component - a water
solution of calcium acetoacetate — and a one-stage process, in
order to significantly improve the fire retardancy of the
material. The factors stated above clearly show the huge poten-
tial of this eco-friendly method for wood mineralisation, and
we firmly believe that it is possible to easily up-scale such a
process to an industrial level.
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