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Abstract: Wood is a natural composite widely employed as a
residential building interior finishing. Although wood is
readily available and offers benefits to the occupants, such as
enhanced well-being, it is rarely employed in commercial
construction due, amongst others, to the potential hazard
of fire propagation. The application of flame retardant
(FR) treatments leads to a reduction of wood flammability
and supports wood as interior finishing. Polyelectrolyte
complexes (PECs) deposition is an innovative surface treat-
ment that has already proven its efficiency for fabrics.
Forwood, recent studies have highlighted that theweight gain
impacted the fire-retardancy, and a minimum of 2 wt.-% was
set to obtain fire protection. This study explored the potential
of surface delignification to activate the wood surface and
facilitate the PEC impregnation. Yellow birch (Betula alle-
ghaniensis, Britt.) was surface delignified (0.3mm) using so-
dium chlorite. The treatment impact on wood was evaluated
by spectroscopy analysis (FTIR, Raman), and the increase in
wood wettability was demonstrated (contact angle decreases
from 50° to 35° after the surface delignification). Then, PECs
consisting of polyethyleneimine and sodium phytate were

surface impregnated inwoodanddelignifiedwood. Theflame
retardancy was evaluated using a cone calorimeter. Despite
the increase in weight gain (1.5 wt.-% ± 0.3 wt.-% to
4.3 wt.-% ± 2.5 wt.-%), fire performance was not improved.
This study demonstrates that lignin strongly affects char
formation, even in the presence of PECs.
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1 Introduction

Wood is a natural composite widely used in interior finish-
ing due to its esthetic, availability, and processability
(Lowe 2020). Also, it stores carbon during its service life
(Fahey et al. 2010). Incorporating wood elements in both
residential and non-residential buildings is thus a strategy
to fight against global warming. However, one of the main
limitations of wood use in non-residential buildings is its
flammability and high flame spread rates. Today, stringent
regulations exist to limit fire risks in construction, especially
for exits and corridors (Canadian Wood Council 1996; White
and Dietenberger 2010). So, to mitigate the risks, insurance
companies require the installation of numerous passive
(e.g., gypsum walls) or active (e.g., sprinklers) protection
systems (Gosselin et al. 2017; McLain and Brodahl 2021). As
such, improvements in the flame retardant (FR) properties
of wood are required to promote its use.

For years, the wood flame-retardancy research work
has focused on two approaches (Lowden and Hull 2013).
First, the coating approach involves depositing a polymer
layer containing a flame-retardant compound (Mariappan
2017). The fire-retardant function can be obtained using
chemicals that covalently react with the polymer consti-
tuting the coating, or FR additives can be added to the
coating formulation to reduce the overall flammability
(Arao 2015; Joseph and Ebdon 2009). They are respectively
called reactive or additive strategy. Coating technologies
are very efficient, especially in the case of intumescent ones
(Wladyka-Przybylak and Kozlowski 1999). However, thick
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coatings are required to obtain a high level of performance,
which increases the cost of the treatment and the use
of fossil-origin chemicals (White 1983). The second FR
approach relies on the impregnation of wood with FR
(Barnes 2008). Several phosphorus based FR were impreg-
nated by a vacuum-pressure process (Kishore et al. 1980;
Stevens et al. 2006). Although these treatments are effective,
they have poor leaching resistance, and affect mechanical
properties (LeVan and Collet 1989; Östman et al. 2001).

Thin coating treatments are an alternative to classic
approaches that concentrate the FR treatment at the surface
exposed to the fire (Davesne et al. 2021). This approach
aims to limit chemical consumption while getting good fire-
retardancy andpreservingwoodproperties. The layer-by-layer
deposition of polyelectrolytes is one of the treatments
described in the literature. FR performance is promising,
but the treatment time due to the deposition-drying cycle
process required by the technology is prohibitive for indus-
trial applications (Tang and Fu 2020; Yang et al. 2020). As an
alternative, the polyelectrolyte complexdeposition forwoodFR
applicationswasproposedbyKolibabaandGrunlan (2019), and
few articles were since published (Huang et al. 2020; Kolibaba
et al. 2022; Soula et al. 2021). In a previouswork, theweight gain
was identified as a limiting factor for FR performance, and a
lower limit of 2 wt-% weight gain was set (Soula et al. 2022).

To increase weight gain following impregnation,
various physical and chemical wood surface activation were
described in the literature (Petrič 2013). Amongst them, the
delignification consists in removing lignin present in the
compound middle lamella to increase the wood porosity
and facilitate the access to reactive hydroxyl bounds of the
cellulose and the hemicellulose (Berglund and Burgert 2018;
Yang et al. 2019). The delignification process has been widely
used to produce transparent wood, which requires long
treatment times to remove the lignin on the entire sample
thickness (Fink 1992; Li et al. 2016; Li et al. 2019; Qin et al.
2018; Wu et al. 2019). For FR applications, wood was
delignified and impregnated with montmorillonite to
produce an FR hybrid material (Fu et al. 2017). Phytic acid
impregnation was also performed on delignified Chinese
fir wood (Cunninghamia lanceolata, Lamb.). The thermal
stability improvement was attributed to the increase in
weight gain compared to wood and the cross-linking
between cellulose and phytic acid (Wang et al. 2022).

In this study, yellowbirch (Betula alleghaniensis,Britt.)was
surface delignified to increase its wettability and ensure a good
FR weight gain. The objective was to determine if the delignifi-
cation treatment impacts the FR ofwood treatedwith PECs. The
delignification process was studied by colorimetry and spec-
troscopy techniques, including ATR-FTIR and Raman spectros-
copy. The wood surface wettability was assessed by contact

anglemeasurements. Then, thewoodwas surface-impregnated
at reduced pressurewith a PEC consisting of polyethyleneimine
and sodium phytate. The phosphate titration and phosphorus
quantification by ICP analysis have confirmed the increase in
weight gain. Finally, wood FR properties were evaluated by a
cone calorimeter.

2 Materials and methods

Yellow birch (B. alleghaniensis, Britt.) boards (120 cm × 10 cm × 0.4 cm)
were provided by Mirage (Saint-Georges, Québec, Canada). Samples
were sanded with the following sequence using sandpaper grit: P-120,
P-150, and P-180 (Dagher et al. 2023). Samples were cut into
10 cm × 10 cm × 0.4 cm pieces for the cone calorimeter and into
5 cm × 5 cm × 0.4 cm pieces for the other tests. All samples were
conditioned until mass equilibriumwas reached (temperature (T ) = 20 °
C, relative humidity (RH) = 40 %) before being treated or analyzed. For
every sample, the original dried mass was measured and noted as mi.

Three boards were used for this study. Each board was cut into 7
cone calorimeter samples and 9 smaller samples. Samples were iden-
tified as presented in Table 1.

2.1 Wood surface delignification

The surface delignification was proceed using acidified sodium chlorite
method due to its high selectivity (Jin et al. 2019). Lignin is dissolved by
the breaking of carbohydrate linkages (Wang et al. 2017). This technique
is classically used for the delignification of materials. The chlorite is not
reactive, but the releases chlorine as well as hypochlorite acid that
permits oxidation of the lignin. Those chemicals preferentiallt reacts
wioth the phenol functions and the C–C double bounds. Sodium chlorite
(Purity > 80 %) was purchased from Sigma-Aldrich (St. Louis, Missouri,
USA) and used as received. A 4 wt.-% solution of sodium chlorite was
prepared, and the pH was adjusted to 4 using acetic acid. The solution
was heated up to 60 °C, and the wood samples were disposed face
down<in the solution for 30min to proceed to the unilateral surface
delignification. Thismethod allowed only one side of thewood sample to
be delignified. Thewood sampleswere then rinsed for 15 min in awater/
ethanol solution. Each wood sample was weighed before and after
delignification and conditioning.

The wood moisture content (MC) was calculated using the mass of
the conditioned sample (noted mc) and mi according to the following
equation (Equation (1)). The MC was increased after delignification
(REF: 7.4 wt.-% ± 0.3 wt.-%; D-REF: 8.5 wt.-% ± 0.1 wt.-%), as described
in the literature (Yang et al. 2018).

MC (wt. −%) = 100 ×mc −mi

mc
(1)

Table : Abbreviations used in the study.

REF Yellow birch reference

D-REF Delignified yellow birch
PEISPA PEC surface impregnated yellow birch
D-PEISPA PEC surface impregnated delignified yellow birch
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2.1.1 Colorimetry: Five color measurements were taken on each wood
sampleusing aCi6x spectrophotometer (X-rite, GrandRapids, UnitedStates).
The colors were expressed in the CIELab color space, and the parameters
chosen for the color measurements were the standard illuminant D65,
an angle of observation of 10 in SPIN mode. Li, ai, and bi correspond to the
chromatic coordinates of the untreated wood, and Ldeli, adeli, and bdeli to the
chromatic coordinates of the delignified wood. From these coordinates,
color modifications on the axis green/red (Δa*), on the axis blue/yellow
(Δb*), the lightness evolution (ΔL*), and the total color change (ΔE) are
expressed according to the equations Equation (2) to Equation (5):

Δa* = ai − adeli (2)
Δb* = bi − bdeli (3)
ΔL* = Li − Ldeli (4)

ΔE =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Δa*)2 + (Δb*)2 + (ΔL*)2

√
(5)

2.1.2 Confocal Raman spectroscopy: For each board, a delignified
20 µm thick wood cross-section was prepared using an automatic rotary
microtome (HistoCore AUTOCUT, Leica Biosystems, Buffalo Grove, USA).
Cross sectionswere placed on glass slides with deionizedwater, covered
with a glass cover slip, and sealed with nail polish to avoid water
evaporation. Raman measurements were conducted using a Senterra II
Raman microscope (Bruker Optics Inc., Billerica, USA), equipped with a
motorized table (Märzhäuser Wetzlar, Wetzlar, Germany) and a × 100
immersion oil objective with a 1.3 numerical aperture (Olympus,
Waltham, USA). Spectra were collected with a 532 nm laser at 12.5 mW
with 500ms integration time and 12 coadditions per spectrum. For each
cross-section, 3 areas at the delignified surface were analyzed and
compared to 3 areas in the wood depth. At least 5 spectra were collected
on each area on the secondarywood cell wall. For chemicalmapping, an
area of 35 μm × 35 μm was scanned with 50 × 50 points.

2.1.3 Water contact angles:Water contact angles were measured over
time on conditioned samples (T = 20 °C, RH = 40 %). Measurements
were performed at 22 °C using an FTA D200 imaging goniometer (Folio
Instruments Inc., Kitchener, Canada). The contact angles over time of an
approximately 3 µL drop deposited on the wood surface were measured
for 60 s. Measurements were performed in the longitudinal direction of
the fibers. Image recording was started (t = 0 s) once the droplet was
stabilized on the wood surface. Contact angles were measured on both
sides of the droplets every 0.5 s. Measurements were repeated three
times on each sample, with five samples used per condition.

2.1.4 Attenuated total reflectance Fourier transform infrared
(ATR-FTIR): The surface chemical composition of 3 random samples per
condition was compared using ATR-FTIR INVENIO R spectrometer
(Bruker Optics Inc., Billerica, USA) in the 4000–400 cm−1 range with 64
scans and a resolution of 4 cm−1. Spectra were baseline corrected and

normalized at 1030 cm−1, corresponding to the C–O vibration in cellulose
and hemicellulose (Naumann et al. 2007).

2.1.5 Thermogravimetric analysis (TGA): The thermal stability of wood
and delignified wood was studied using a thermogravimetric analyzer
from Mettler Toledo (model TGA 851e, Greifense, Switzerland). Three
samples, approximately 10mg (2mm × 2mm × 4mm) each, were
analyzed per condition from a same board. For each sample, an isotherm
of 35 °C was applied for 60min followed by a heating ramp of 10 °C.min−1

up to 800 °C. All experiments were conducted under nitrogen.

2.2 Polyelectrolyte solution preparation

Branched PEI (Mw = 25,000 g mol−1) and SPA (Phytic acid sodium salt
hydrate, from rice), hydrochloric acid (HCl, 37 %), sodium hydroxide
(NaOH, 97 %) and citric acid monohydrate (CA, reagent grade, 98 %)
were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) and used
as received.

PEI and SPA solutions, at 7.5 wt.-% and 22.5 wt.-%, respectively,
were prepared separately. The pH of the PEI solutionwas adjusted from
10.8 to 9 by adding 1 MHCl. SPA solutionwas used at its natural pH of 3.4.
An acid solution of citric acid at 500mM was prepared, and pH was
adjusted to 3 using 2 M NaOH.

2.3 Wood surface impregnation

First, PEC solution was deposited on the wood surface (10mL for
10 cm × 10 cm × 0.4 cm samples and 2.5mL for 5 cm × 5 cm × 0.4 cm
samples). Samples were placed in a desiccator, and a vacuum pump was
used to reduce pressure to 55mbar for 40 s (pump time); then samples
were left at atmospheric pressure for 5min (absorption time). The solution
excess was removed with a paper towel. The process (pump time + ab-
sorption time) was repeated with a citric acid solution to form insoluble
PEC. The solution excess was removed with a paper towel. The treated
samples were stored in a conditioning room (T = 20 °C, RH = 40%) prior to
any characterization to ensure mass stabilization (Figure 1).

2.4 Wood characterization

2.4.1Weight gain (WG):Thefinalweight gain (WG)was calculated based
on the initial mass of oven-dried samples (mi or mdeli for delignified
samples) and the mass (mf) of samples after impregnation and oven-
drying (Equation (6)).

WG (wt. −%) = 100 ×mf −mi(ormdeli)
mi(ormdeli) (6)

Figure 1: Schematic representation of the wood treatment.
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2.4.2 Phosphate titration: The phosphate content after impregnation
was determined based on a colorimetric titration of PO4

3− with ammo-
nium molybdate tetrahydrate (99.98 % trace metals basis, Sigma-
Aldrich, St. Louis, USA) (Pradhan and Pokhrel 2013). In the presence of
ammoniummolybdate, PO4

3− forms a yellowheteromolybdophosphoric
polyacid, which becomes blue after reduction and the formation of
phosphomolybdenic complex (Equations (7), (8)). The color intensity
of the solution is proportional to the concentration of phosphate
according to Beer–Lambert’s equation.

PO3−
4 +12(NH4)2MoO4+24H+→(NH4)3PO4.12MoO3+21NH+

4 +12H 2O (7)

(NH4)3PO4.12MoO3+40(N2H4.H2O)→(NH4)3[P(Mo3O10)4]+80NH3 (8)

The calibration curve was determined using a 1 g L−1 potassium
phosphate monobasic solution (KH2PO4, ACS reagent grade, ≥99.0 %,
Sigma-Aldrich, St. Louis, USA). The 10mL etalon solutions were prepared
by adding successively: appropriate volume of KH2PO4 to get a final
concentration of PO4

3− between 1 ppm and 60 ppm, 2mL of sulfuric acid
1 N, 0.5mLof ammoniummolybdate tetrahydrate0.055M, 1 mLof sodium
sulfite 10m.v-% and deionized water to complete the 10mL. The control
solutionwaspreparedby replacingKH2PO4bywater. The absorbancewas
measured using an UV–Vis spectrophotometer (Cary 60, Agilent Tech-
nologies, Santa Clara, USA) after 24 h at 715 nm.

Three samples, each taken froma different board,were analyzed for
the REF and D-REF conditions. For the PEC-treated samples, eight samples
were analyzed for each condition. To evaluate the phosphate content,
samples were ground into a 2mm powder using a rotor mill (ZM 300,
Retsch, Haan, Germany). One gramof powderwas placed in a beaker, and
10mL of concentrated sulfuric acid (97 %, Sigma-Aldrich, St. Louis, USA)
was added to dissolve the powder. A black paste was formed after 15min.
Tenmilliliters of hydrogen peroxide (30% w/w in H2O, Sigma-Aldrich, St.
Louis, USA) were added slowly to oxidize the organics. Finally, the solu-
tion was diluted with 50mL of deionized water and boiled for 15min.
Once at room temperature, the solution was filtered and the volume was
corrected to 100mL using a graduated flask. OnemL of solution was used
to prepare the solution for the spectrophotometer analysis.

2.4.3 Phosphorus titration by inductively coupled optical emission
spectrometry (ICP-OES): The same wood samples were used for the
phosphate titration. Ground wood samples (2 mm powder) were
digested using microwave-assisted extraction with concentrated
hydrochloric acid. The sample was placed in a closed container and
heated by the microwave, which caused a temperature rise and analyte
extraction. An ICP-OES system (model 5110, Agilent Technologies, Santa
Clara, CA, USA) was used under argon plasma.

2.4.4 Cone calorimetry: Fire properties of materials were character-
ized by a Dual cone calorimeter (Fire testing technology, East Grinstead,
England), following ISO5660 standard (ISO 5660-1 2015). The following
parameters were obtained: time of ignition (TTI), heat release rate
(HRR), peak of heat release rate (pHRR), total heat release (THR), and
total smoke released (TSR). A 10 cm × 10 cm × 0.4 cm horizontal wood
sample previously stored in a conditioning room (T = 20 °C and
RH = 40 %) was placed 2.5 cm below a conic heater. The back of the
sample was wrapped in aluminum foil, and isolated by rock wool. A
metal frame was used to fix the sample, the wood surface exposed
was limited to 88.4 cm2. The heating of the cone part was monitored
to impose a specific irradiance at the top of the sample of 50 kWm−2.
An ignition source above the sample causes ignition. The heat release

rate was calculated from the quantity of oxygen consumed during
the combustion and detected via calibrated gas analyzers.

2.4.5 Optical microscopy: Cone calorimeter residues were observed
using a VHX-7000 digital microscope (Keyence, Japan) at ×100 magnifi-
cation. Full ring lighting was used to allow dark field observation,
preferred for heterogeneous samples.

3 Results and discussion

3.1 Wood surface delignification

The color changes due to delignification were studied using
the total color change (ΔE), the lightness change (ΔL*), the
green-red color change (Δa*), and the blue-yellow color
change (Δb*) parameters for D-REF. The lignin removal led to
a visible color change (ΔE > 2). The lignin is a light-absorbing
compound due to its aromatic cycles and its removal led to
the lightning ofwood surfaces as cellulose and hemicellulose
are white (ΔL* = 8 ± 2) (Chen and Hu 2021). The samples
became greener (Δa* =−5.5± 0.8) and therewas no change in
the blue-yellow axis (Δb* = 0.02 ± 1.13). In this study, the
objective was to partially delignified the wood on its surface,
which led to a limited color change (compared to other
intensive treatments reported in the literature that could
reach ΔL* = +22; Δa* = −14; Δb* = −37 for Basswood [Tilia]
submerged in 2 % NaClO2 during 150 min) (Wu et al. 2019).
Surface whitening enabled the determination of the
delignification depth, which was approximately 0.3 mm
(Figure 2).

The REF and D-REF surface chemical composition was
compared using ATR-FTIR spectroscopy (Figure 3). The
characteristic bands of the wood were identified and are
described in Table 2.

A decrease in intensity of 1235 cm−1, 1415 cm−1, 1460 cm−1,
and 1510 cm−1 bands, corresponding respectively to the
guaiacyl ring, the C–H deformation in lignin, and the
aromatic skeletal vibration of lignin, were observed inD-REF
compared to REF (Naumann et al. 2007). The bands charac-
teristic of the cellulose (1642 cm−1, 1324 cm−1, 897 cm−1) and
the hemicellulose (1732 cm−1, 1367 cm−1, 1153 cm−1, and
1035 cm−1) were unmodified. These results suggest that the
delignification process partially degraded the lignin, while
the cellulose and the hemicellulose were preserved.

The Raman chemical mapping was used to compare the
bulk material (Figure 4a) and the delignified surface
(Figure 4b) of a D-REF sample based on the integration of the
aryl ring symmetric stretching band of the lignin at
1606 cm−1. Higher lignin content was found in the middle
lamella of the wood (Figure 4a) (Cogulet et al. 2016). After
delignification, the color intensity of the lignin band
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Table : Assignment of bands in FTIR for wood.

Wavenumber (cm−) Identification References

 C=O stretch of acetyl or carboxylic acid (hemicellulose) Colom et al. ()
 C=O stretching conjugated (cellulose) Müller et al. ()
 Aromatic skeletal vibration (lignin) Müller et al. ()
 Aromatic skeletal vibration (lignin) Pandey ()
 C–H deformation (lignin) Colom et al. ()
 C–H in-plane deformation with aromatic ring stretching (lignin) Pandey ()
 C–H deformation (cellulose and hemicellulose) Ganne-Chédeville et al. ()
 CH wagging (cellulose) Colom et al. ()
 C–O of guaiacyl ring (lignin) Ganne-Chédeville et al. ()
 C–O–C asymmetric vibration (cellulose and hemicellulose) Colom et al. ()
 C–O stretching (cellulose and hemicellulose) Ganne-Chédeville et al. ()
 C–H deformation (cellulose) Colom et al. ()

Figure 3: ATR-FTIR spectrum of REF and D-REF
surface; identification in Table 2.

Figure 2: Microscopic observation of a reference (a) and a delignified sample (b).
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decreased (Figure 4b), confirming the partial lignin disso-
lution by sodium hypochlorite.

The spectra of the center and of the surface of the
delignified wood samples confirmed the partial lignin
dissolution in themiddle lamella (Figure 5). The assignments
of the 10 characteristic bands are listed in Table 3. The lignin
is characterized by its bands at 2945 cm−1, 1652 cm−1,
1606 cm−1, 1274 cm−1, and 1036 cm−1. The intensity of these

bands is lower on the surface of D-REF. The band charac-
teristic of the cellulose (2850 cm−1, 1456 cm−1, 1332 cm−1, and
1150 cm−1) were unmodified compared to the sample center.

The wettability of wood and delignified wood was
evaluated by measuring contact angle over time (Figure 6).
The surface delignification reduced the initial contact angle
(REF: 50 s ± 10 s; D-REF: 35 s ± 15 s). The D-REF samples
absorbed water more quickly (REF: >60 s; D-REF: <20 s),

Figure 4: Chemical mapping by Raman confocal spectroscopy of D-REF center (a) and D-REF surface (b) from the band at 1606 cm−1.

Figure 5: Raman confocal spectroscopy spectra of D-REF center and D-REF surface (a); a zoom into the region from 1000 to 1800 cm−1 (b); identification
in Table 3.
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proving that the partial removal of hydrophobic lignin
increased the wood wettability. Moreover, the increase in
wood wettability is also due to the larger mesopores formed
in D-REF, which increased the number of accessible
hydroxyl groups (Yang et al. 2019).

The thermal stability of wood and delignifiedwoodwas
compared using TGA under nitrogen (Figure 7 and Table 4).
The temperature of maximal decomposition rate (Tm)
and the corresponding residual mass (Mm) characterize
the cellulose decomposition. Both samples displayed the
characteristic thermal degradation of wood divided in
three steps: drying, charring, and final decomposition
(Grønli et al. 2002). A first mass loss occurred around 100 °
C due to the residual water evaporation. The three main
components then successfully underwent pyrolysis: the
hemicellulose from 180 °C, the cellulose from 200 °C,

and the lignin from 280 °C (Beall and Eickner 1970). The
cellulose decomposition peak, characterizing the charring
process, was shifted to a lower temperature after the
delignification (REF: 368 °C ± 0.7 °C; D-REF: 350 °C ± 1.8 °C).
The lignin decomposes over a wide range of temperatures
(280 °C–400 °C) and is known as the most thermally stable
component in wood, mainly due to its aromatic structure
(Yang et al. 2007). However, its partial removal led to an
increase in residual mass compared to untreated wood
(REF: 17.3 wt.-% ± 0.4 wt.-%; D-REF: 21.2 wt.-% ± 0.3 wt.-%).
Similar results were presented in the literature (Ding et al.
2022; Kuai et al. 2022; Liu et al. 2023; Wang et al. 2023) and
the increase could be due to the partial removal of
hemicellulose and extractables, which have a lower
thermal stability. The increased mass at the cellulose
decomposition step (REF: 26.3 wt.-% ± 0.6 wt.-%; D-REF:

Table : Assignment of bands in Raman confocal spectroscopy for wood.

Wavenumber (cm−) Identification References

 C–H stretching in O–CH asymmetric (lignin) Agarwal and Ralph ()
 C–H and C–H stretching (cellulose) Gierlinger and Schwanninger ()
 Ring conjugated C=C stretching (lignin) Pandey and Vuorinen ()
 Aryl ring symmetric stretching (lignin) Pandey and Vuorinen ()
 HCH and HOC bending (cellulose and lignin) Agarwal and Ralph ()
 C–OH bending (cellulose) Agarwal and Ralph ()
 Aliphatic CH deformation (lignin) Agarwal and Ralph ()
 C–O stretching (cellulose) Agarwal and Ralph ()
 C–O–C stretching (cellulose) Agarwal and Ralph ()
 C–H bending in guaiacyl (lignin) Lewis et al. ()

Figure 6: Dynamic contact angle of wood and
delignified wood.
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30.6 wt.-% ± 0.6 wt.-%) suggested that the delignification
process had an effect on the thermal stability of cellulose
(Wang et al. 2021).

3.2 Wood surface impregnation

The chemical composition of REF, D-REF, PEISPA, and
D-PEISPA surfaces were evaluated and compared using
ATR-FTIR spectroscopy (Figure 8). The assignments for PEI
and SPA peaks are listed in Table 5.

The PEC deposition on wood was characterized by the
peaks of SPA (1160 cm−1, 1035 cm−1, 920 cm−1, and 504 cm−1) and
PEI (3390 cm−1, 2993 cm−1, 1628 cm−1, 1462 cm−1) (He et al. 2017;
Koleva and Stefov 2013; Liu et al. 2018; Qi et al. 2011).
The presence of the band at 1390 cm−1, characteristic of the in-
teractions between PEI and SPA, confirmed the PEC’s forma-
tion (Soula et al. 2021). All the wood characteristic
bands, previously described in Figure 1 and Table 2, were
covered after the PEC deposition, suggesting that PEC was
successfully deposited on the surface (Figure 7).

The phosphate concentration, determined by the
UV-visible titration method, and the phosphorus concentra-
tion, determined by ICP titration, were plotted against
weight gains (Figure 9). Very low phosphate and phosphorus
concentrations were detected in REF (UV visible: 5 ± 8 ppm;
ICP: 40± 4 ppm)andD-REF (UVvisible: 0 ppm; ICP: 33± 1 ppm)
samples. As expected, the surface delignification led to an
increase ofweight gain compared to the traditional treatment
(PEISPA: 1.5 wt.-% ± 0.3 wt.-%; D-PEISPA: 4.3 wt.-% ± 2.5 wt.-%)
(Figure 9). The phosphate and the phosphorus concentration
are proportional to weight gain. It is also important to note
that the weight gain for D-REF samples is more variable than
for REF samples. This variability is mainly explained
because surface delignification is a process that is currently
difficult to control, despite the precautions taken (temper-
ature and time control). A different delignification levels
probably modified the wood’s wettability, and therefore its
impregnability.

3.3 Fire performance

The cone calorimeter was used to evaluate the fire perfor-
mance of reference yellow birch (REF), delignified yellow
birch (D-REF), PEC surface impregnated yellow birch
(PEISPA), and PEC surface impregnated delignified yellow
birch (D-PEISPA). TheHRR curves and the characteristic data
are presented respectively in Figure 10 and Table 6. The heat
release rate (HRR) curve for REF presented a typical shape
for wood. First, after ignition (∼25 s), a first step was visible,

Figure 7: Mass loss (solid line) and derivative
mass loss (dashed line) for REF and D-REF in N2

atmosphere.

Table : Results of thermogravimetric analysis for REF and D-REF.

REF D-REF

M°C (wt.-%) . ± . . ± .
Tm (°C)  ± .  ± .
Mm (wt.-%) . ± . . ± .
M°C (wt.-%) . ± . . ± .
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which characterizes the primary pyrolysis of wood, forming
a natural protective char. The porous structure slowed down
the wood pyrolysis, and the HRR became constant for ∼30 s.
Due to the thermal gradient between the wood surface,
exposed to the flame, and the wood depth, protected by the
char, mechanical stresses led to the formation of char cracks
and a recovery of the pyrolysis (Baroudi et al. 2017). A peak of
HRR (PHRR) was then displayed. After this peak, the HRR
decreased and the flame extinction occurred shortly after.
The remaining HRR is due to the non-flaming combustion
of the wood residue.

The surface delignification did not change the HRR
curve shape. The dip of the HRR curve for D-REF was

slightly more pronounced, suggesting a change in the
charring process, as documented in the literature (Fu et al.
2017). This char was less resistant than for the non-
delignified samples as the PHRR is time-shifted by ∼10 s for
the delignified samples. The PHRR was increased after the
surface delignification, and a substantial variability was
observed, which confirmed that the delignification process
was not homogenous.

The surface impregnation of PEISPA on non-
delignified samples led to a decrease of PHRR, THR and
an increase of the residual weight. These results are
consistent with a previous study (Soula et al. 2021). For
D-PEISPA, the PHRR and the residual weight were
increased compared to the REF and PEISPA samples. THR
was slightly impacted. These results suggested that even if
the FR content increased in D-PEISPA promoting char
formation by catalyzing cellulose degradation (Wang et al.
2022), the char was less solid due to the lignin removal, and
it cracked easily. The partial surface delignification has no
benefits compared to the classic PEC deposition process
and the role of the lignin in the char formation of wood is
crucial.

The residual samples were photographed just after cone
calorimeter testing (Figure 11a1–d1) and further observed
using an optical microscope (Figure 11a2–d2). The REF sample
(Figure 11a1–a2) was covered by brown ashes. Under the

Figure 8: FTIR spectra of REF, D-REF, PEISPA, and D-PEISPA (a); a zoom into the region from 400 to 1800 cm−1 (b).

Table : Assignment of the bands for PEI and SPA in ATR-FTIR.

Wavenumber (cm−) Identification

 N–H vibration (PEI)
 C–H stretching (PEI)
 N–H bending (PEI)
 CH vibrations (PEI)
 PEI – SPA interaction
 C–O–C asymmetric bridge stretching (SPA)
 C–O–P vibrations (SPA)
 C–O–P vibrations (SPA)
 PO

− asymmetric bending (SPA)
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brown layer, shiny black char was visible. The combustion
of D-REF (Figure 11b1–b2) did not produce any char, and
the residual samples consisted of very fragile fiber assem-
blies, as described in the literature (Fu et al. 2017). The treat-
mentwith PEC increased the residual mass on both wood and
delignified wood. The PEISPA sample (Figure 11c1–c2) had a
thick black protective char that covered its white fibrous
structure. Due to the partial lignin removal, no thick charwas
visible at the D-PEISPA sample surface (Figure 11d1–d2). The

Figure 10: Heat release rate for REF, D-REF,
PEISPA, and D-PEISPA.

Table : Cone calorimeter results for REF, D-REF, PEISPA, and D-PEISPA.

REF D-REF PEISPA D-PEISPA

WG (wt.-%) . ± . . ± .
TTI (s)  ±   ±   ±   ± 

PHRR (kW.m−)  ±   ±   ±   ± 

THR (MJ.m−)  ±   ±   ±   ± 

TSR (m.m−)  ±   ±   ±   ± 

Residue (wt.-%)  ±   ±   ±   ± 

Figure 9: Phosphate concentration against weight gain by UV-visible titration (left) and phosphorus concentration against weight gain ICP titration
(right).
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fibers were directly coated by the PEC instead of forming a
protective layer over the sample.

4 Conclusions

This study aimed to assess the impact of surface delignifi-
cation on yellow birch wettability, impregnability, and fire
retardancy. The partial surface delignification was charac-
terized by the lightening of the wood surface and chemical
changes analyzed through FTIR and Raman spectroscopy. It
was demonstrated that this technique allows for an increase
in wood’s wettability, while having a limited effect on its
appearance. The improved wettability facilitated a higher
mass gain during the aqueous treatment involving the
deposition of polyelectrolyte complexes (PECs). The studied
PEC contained a phosphate compound, sodium phytate, and
it was expected that an increase in phosphoruswould lead to
enhanced char formation during the combustion process.

The fire-retardancy of wood samples was evaluated by
cone calorimetry. The partial delignification led to notable
changes in the combustion behavior of the wood. The char
formation during combustion was less efficient, and cracks
occurred at shorter time intervals, suggesting a diminished
char-formation capacity in the delignified wood. The PECs
studied have a chemical action in the fire-retardancy of
wood, by catalyzing the char formation due to phosphorus
compound. This effect is limited with the reduction of the
lignin content, whose decomposition allows for the forma-
tion of char. On delignified wood with PECs, char formation

is limited to thefibers and does not allow for the formation of
a uniform protective layer.

Further investigation on the optimal degree of deligni-
fication that would improve the wettability, while having a
sufficient rate of lignin to maintain an efficient char
formation, could be performed. This study should include
in-depth analysis of the char formation process. A mechan-
ical surface densification step could also be added to the
process to both improve the fire-retardancy and the
mechanical properties of wood.
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