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Abstract

Poplar wood (Populus alba L.) was modified using a fully bio-based flame-retardant system based on furfuryl alcohol (FA)
and ammonium phytate (AMP), catalysed by phosphoric acid (HsPO4). The treatment enables in-situ polymerization of
FA to form a cross-linked poly(furfuryl alcohol) (PFA) network that immobilizes the nitrogen-phosphorus flame retardant
within the wood structure. The modified wood exhibited a weight% gain of =22% and a density increase from 0.39 to
0.50 g cm . FTIR and SEM-EDX confirmed incorporation of phosphorus- and nitrogen-containing species throughout
the wood matrix. Fire testing showed a substantial improvement in flame retardancy, including an increase in limiting
oxygen index from 18% to 28%, a strong reduction in heat release and smoke production, and a more than six-fold
increase in residual char. Thermogravimetric analysis demonstrated earlier dehydration and enhanced char formation, con-
sistent with a synergistic condensed-phase mechanism of the P-N system. Importantly, the treatment exhibited high leach
resistance (>90%), and the enhanced fire performance was largely retained after a 14-day leaching procedure, confirming
durable fixation of the flame-retardant components. The combined FA+AMP+H3PO4 system also reduced water uptake
and improved surface hardness, while maintaining acceptable mechanical performance. The results demonstrate that phos-
phoric acid can act as a dual-function catalyst and supplementary phosphorus source, enabling a low-concentration, renew-
able, and durable flame-retardant modification of fast-growing poplar wood. This approach provides a sustainable pathway
for producing multifunctional, high-performance lignocellulosic materials.

1 Introduction

Wood, a renewable lignocellulosic biomass, is a promis-
ing alternative to fossil-based materials. With an excep-
tional strength-to-weight ratio and the ability to sequester
carbon, it’s a valuable material for construction and deco-
rative applications (Sangregorio et al. 2020; Zhang et al.
2021). The rapid growth of poplar makes it an especially
attractive resource. However, its inherent flammability
remains a major limitation and improving its performance
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through chemical modification is crucial for expanding its
applications.

Chemical modification alters wood properties by chang-
ing the composition of its cell walls or modifying its struc-
ture (Rowell 1983).

Wood is naturally rich in hydroxyl groups originating
from cellulose and hemicelluloses, which strongly influ-
ence its hygroscopicity and thermal degradation behaviour.
These hydroxyl groups make wood prone to swelling and
shrinking with changes in moisture and also contribute
significantly to its flammability (Jones et al. 2020; Dong
et al. 2023). During heating, the dehydration and depoly-
merization of these hydroxyl-rich polysaccharides generate
flammable volatiles that sustain combustion. Consequently,
chemical modification strategies often aim to reduce the
accessibility of hydroxyl groups and alter these degrada-
tion pathways (Hill 2006). However, while processes like
furfurylation effectively reduce hygroscopicity and increase
hydrophobicity, they do not inherently suppress heat release
or smoke formation, necessitating additional flame-retar-
dant functionality (Rantuch et al. 2024).

@ Springer


https://doi.org/10.1007/s00107-026-02406-4
https://orcid.org/0000-0003-0691-0462
https://orcid.org/0000-0003-4539-5635
https://orcid.org/0000-0002-3975-6775
https://orcid.org/0000-0001-5826-8323
https://orcid.org/0000-0002-0060-5785
https://orcid.org/0000-0003-0852-5066
https://orcid.org/0000-0001-6971-6558
http://crossmark.crossref.org/dialog/?doi=10.1007/s00107-026-02406-4&domain=pdf&date_stamp=2026-4-11

57 Page 2 of 23

European Journal of Wood and Wood Products

(2026) 84:57

To improve fire safety, wood is commonly treated with
flame retardants containing elements such as halogens,
phosphorus, nitrogen, or boron through methods like
impregnation and coating (Lowden and Hull 2013; Xie et
al. 2013). While halogenated compounds are effective, they
raise significant environmental and health concerns and are
increasingly being phased out (Page et al. 2023). Phospho-
rus—nitrogen systems are particularly attractive alternatives
because they promote condensed-phase char formation and
reduce smoke toxicity without relying on halogens.

Phosphorus-based flame retardants are gaining favour due
to their lower toxicity and effectiveness in cellulose-based
materials (Abou-Okeil et al. 2013). They work primarily by
promoting char formation, which slows combustion. A sig-
nificant challenge, however, is that many flame retardants
can leach from the wood, diminishing their long-term effec-
tiveness. This has led to a focus on developing sustainable,
bio-based impregnation solutions with high leach resistivity
(Lin et al. 2021a, b; Wu et al. 2023).

Phytic acid (PA), a natural phosphorus source, is a prom-
ising candidate due to its non-toxicity, low cost, and ability
to promote carbonization and scavenge flammable radicals
during heating (Cheng et al. 2016; Gao et al. 2019). When
combined with nitrogen-rich compounds like urea, it forms
ammonium phytate (AMP), which offers a powerful syn-
ergistic flame-retardant effect. In this system, phosphorus
promotes char formation while nitrogen produces non-com-
bustible gases (Song et al. 2022; Li et al. 2022, 2024a; Qin
et al. 2023).

The issue of leaching from these small-molecule flame
retardants can be solved by embedding them within a
polymerized resin matrix. Furfuryl alcohol (FA) is an envi-
ronmentally friendly chemical derived from agricultural
biomass (Yao et al. 2017). Its water-soluble nature allows
it to penetrate wood cell walls, where it polymerizes in-situ
into poly(furfuryl alcohol) (PFA). This improves the wood’s
dimensional stability and resistance to biodegradation
(Ehmcke et al. 2020). However, PFA itself can contribute
to flame spread and toxic smoke release during combustion
(Gaefke et al. 2007; Zhang et al. 2020).

Previous studies have explored combining these
approaches. Liangliang Zhang et al., (2022) used a boron/
phosphorus system to catalyse FA polymerization while
providing fire resistance. Similarly, in other research the
fire performance of pine wood with an ammonium phytate-
based flame retardant was improved (Zhang et al. 2023).
More recently, a study by (Xie et al. 2024) demonstrated
that the in-situ polymerization of FA and ammonium phy-
tate (AMP) could enhance flame retardancy, dimensional
stability, and leach resistance. However, these approaches
often require high chemical loadings or catalysts that func-
tion solely as curing agents without contributing to flame
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retardancy. These limitations highlight the need for a low-
concentration, highly efficient furfurylated wood system
that integrates heat insulation, smoke suppression, and
durable flame-retardant functionality.

To address these limitations, this study proposes a novel,
fully bio-based modification system. Unlike previous
approaches that may use volatile acids or high concentra-
tions of AMP, this work introduces the use of phosphoric
acid (HsPOs4) as a dual-function agent.

First, it acts as an efficient catalyst for the in-situ polym-
erization of FA at low concentrations (Origo et al. 2016).
In addition to catalysing furfuryl alcohol polymerization,
phosphoric acid can influence the structure of the resulting
poly(furfuryl alcohol) network by promoting dehydration
and condensation reactions that increase crosslink density
(Choura et al. 1996).

Second, the non-volatile phosphoric acid is expected to
remain within the wood matrix and act as a supplementary
phosphorus source, which may synergize with AMP to pro-
mote dehydration and char formation (Horold 2014; Zhang
et al. 2022b). This dual-function concept distinguishes the
present approach from FA+AMP systems in which the cata-
lyst is used solely to initiate FA polymerization.

Therefore, the objective of this work was to develop
and validate a “green”, low-concentration, fully bio-based,
renewable, and low toxicity FA+AMP flame-retardant
system for poplar wood, catalysed by H;PO, (catalytic
amounts) with high durability against leaching, while main-
taining acceptable mechanical performance.

This study tests the central hypothesis that the in-situ
polymerization of a low-concentration furfuryl alcohol (15
wt%) and ammonium phytate (4 wt%) solution, uniquely
catalysed by phosphoric acid, will form a stable, cross-
linked matrix that physically entraps the AMP flame retar-
dant. To verify the proposed synergistic mechanism, the
modified wood was systematically evaluated by FTIR,
SEM-EDX, thermogravimetric analysis, limiting oxygen
index, cone calorimetry, and mechanical testing, with direct
comparison of performance before and after a 14-day leach-
ing procedure.

The novelty of this work lies in (i) the use of phosphoric
acid as a dual-function catalyst and supplementary phospho-
rus source, (ii) the use of comparatively low concentrations
of FA and AMP while still achieving high flame-retardant
efficiency, and (iii) the demonstration of retained cone calo-
rimetry performance after leaching, confirming durable fix-
ation of a bio-based nitrogen—phosphorus system.
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2 Materials and methods
2.1 Materials

Poplar wood (Populus alba L.) with an average air-dry den-
sity of 0.440+0.020 g cm™ was obtained from JAF HOLZ
Slovakia, Ltd. (Slovakia). Specimens were cut exclusively
from sapwood, free of visible defects. Prior to chemical
modification, all samples were oven-dried at 100 °C until
both mass and dimensions stabilized. Details regarding
the number of replicates, sample sizes, and associated test
methods are listed in Table 1.

Phytic acid (PA, C¢H;30,4Ps, 50 wt% in water),
urea (CH4N,0, 99%), furfuryl alcohol (FA, CsH.O,,
purity >98.0%), phosphoric acid (H;PO,, 85%) was pur-
chased from CENTRALCHEM, Ltd., Slovakia.

2.2 Ammonium phytate synthesis

A solution was prepared by dissolving urea (43.2 g,
0.72 mol) and phytic acid (PA) (79.2 g, 0.12 mol) in deion-
ized water (36 g) until fully homogenized. The molar ratio
of PA to urea and the synthesis procedure were selected
based on previously validated protocols reported in the lit-
erature (Feng et al. 2017; Zuo et al. 2023; Qin et al. 2023;
Xie et al. 2024),which demonstrated efficient formation of
ammonium phytate through acid—base neutralization. The
solution was heated in a three-necked flask at 110 °C for
8 h under reflux with continuous stirring to ensure homoge-
neous heat distribution and complete reaction. After cool-
ing to ambient temperature, a homogeneous, brown-tinted
ammonium phytate (AMP) solution with pH~6 was utilized
for the treatment of wood samples.

For the specific preparation of pure AMP for FTIR analy-
sis, a portion of the solution underwent a solvent exchange
(performed twice) with anhydrous ethanol at four times
the solution volume to precipitate the AMP. The solvent

freeze-dried at -55 °C to yield a dry powder suitable for
spectroscopic characterization.

2.3 Modified poplar wood preparation

Poplar specimens were cut into various dimensions accord-
ing to standard requirements, and defect-free pieces with
an oven-dried density of 0.380+£0.020 g cm™ were chosen
for modification. The aqueous impregnation solution was
formulated by combining 15 wt% FA with 4 wt% AMP,
and its pH was adjusted to around 2 using phosphoric acid
(approx. concentration of H;PO, is 1.6 ml 1" ")(denoted as
FA+AMP-W). The samples were impregnated through the
following process: first subjected to a vacuum of 0.3 kPa
for 2 h, followed by 16 h of treatment under normal atmo-
spheric pressure. After impregnation, excess solution was
removed by wiping with a cloth. The treated specimens
were then wrapped in aluminium foil and heat-cured at
130 °C for 24 h to ensure complete reaction of FA and AMP.
Subsequent gradual drying was applied until the samples
reached a constant weight. For comparison, two sets of
control specimens were prepared using the same procedure
but with different impregnation solutions: one contain-
ing 4 wt% AMP adjusted to pH=2 with phosphoric acid
(AMP-W), and the other containing 15 wt% FA adjusted to
pH=2 (FA-W). Although an additional control consisting
of wood treated only with phosphoric acid at pH=2 was
not included, both FA-W and AMP-W control systems were
prepared under identical acidic conditions, enabling isola-
tion of the individual contributions of FA and AMP within
the phosphoric-acid-catalysed process.

2.4 Weight% gain and density

According to Liu et al. (2021), the weight% gain (WPG) of
the modified poplar samples was calculated as:

was subsequently decanted, and the obtained AMP was W pG (%) = Wr =% o 100%
Wo
Table 1 Specimen dimensions, number of replicates, and standards used for each test
Specimen Size (mm?) Test Type Replicates (n)" Standard
100 =100 %20 Cone calorimetry 24 ISO 5660-1: 2015
Leaching 12 EN 84 (2020)
Shore D Hardness 12 ISO 48—4 (2018)
Janka Hardness 24 ASTM D143 (2022)
Colourimetry 12 -
Water uptake 12 -
20x20x%20 TGA 8 -
FTIR analysis 4 -
100x10x4 LOI 40 ISO 4589-2 (2017)
100x20x%3.5 Three-point bending test 24 ISO 178 (2019)
20%x20x2 Flame test 12 -

"Replicates refer to the number of specimens tested across all treatments
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where w, is initial weight of oven-dry sample, w; is the
oven-dry weight of sample after impregnation. Additionally,
the density was determined according to the GB/T 1927.5—
2021 standard. Calculated values of the WPG and densities
are shown in Table 3.

2.5 Fourier transform infrared spectroscopy

Fourier Transform Infrared (FTIR) spectra were acquired
using an Agilent Technologies Varian FT-IR Spectrometer
660 (USA) equipped with a PIKE Technologies GladiATR
accessory (USA). Spectra were collected in the 4000-
400 cm™! range with a resolution of 2 cm™! and averaged
over 256 scans. The final spectra were corrected for back-
ground air absorbance. Each sample type (W, AMP-W,
FA-W, and FA+AMP-W) was measured at five distinct
locations (n=5), and the reported spectrum represents the
average of these five measurements.

In addition, FTIR spectra of prepared ammonium phy-
tate (AMP), phytic acid, and urea were recorded under the
same experimental conditions as reference materials. These
reference spectra were used to assist in the identification of
characteristic functional groups related to AMP and to sup-
port interpretation of nitrogen- and phosphorus-containing
bands in the treated wood samples.

2.6 Scanning electron microscopy

The morphology of the samples was observed with high
resolution scanning electron microscope JEOL JSM 7600 F
in secondary electron imaging (LEI). Following parameters
were used: U=5 kV, I=2 nA, WD=15 mm. Prior observa-
tion, the samples were coated with an amorphous carbon
(10-20 nm).

Energy-dispersive X-ray spectroscopy (EDX) was per-
formed using an EDX detector integrated into the SEM
system to determine the elemental composition of the wood
samples. EDX spectra were collected for all investigated
materials (RW, AMP-W, FA-W, and FA+AMP-W) from
representative cross-sectional regions. Particular attention
was given to the detection of phosphorus (P), as a key ele-
ment originating from the ammonium phytate/phosphoric
acid flame-retardant system. The obtained spectra were used
for qualitative and semi-quantitative comparison of elemen-
tal presence among the different treatments.

In addition, elemental mapping was conducted for the
FA+AMP-W sample to visualize the spatial distribution of
the main elements within the treated wood structure. Map-
ping was performed on a representative cross-sectional
area containing both cell wall and lumen regions. Elemen-
tal maps were acquired for carbon (C), oxygen (O), and
phosphorus (P), confirming the presence and distribution
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of phosphorus within the wood matrix after the combined
FA+AMP treatment.

2.7 Colourimetry

Colour measurements were performed with a NR200 Preci-
sion Colorimeter (Threenh Technology Co., Ltd., Shenzhen,
China) using an ®8 mm aperture, CIE L*a*b* colour space,
and D65 light source. Each test specimen was measured 5
times, and the colour change from raw sample was calcu-
lated from:

AE, = \/(Ll — Lo)* + (a1 — ag)” + (b1 — bo)”

where AE, is the total colour difference at time #; | is the
value of coordinate indicating lightness after the test; , is
the initial value of coordinate indicating lightness, a, is the
value of coordinate position between red and green after the
test; a, is the initial value of coordinate position between
red and green; b, is the value of coordinate position between
yellow and blue after the test; b, is the initial value of coor-
dinate position between yellow and blue.

2.8 Flexural strength

Flexural properties were determined by three-point bending
using a UMZ-3k universal testing machine equipped with
an SZ-3000 displacement sensor (Micro-Epsilon, Czechia).
The measurements were carried out in accordance with
ISO EN 178. Rectangular specimens with dimensions of
100 mm x 20 mm % 3.5 mm (length x width x thickness)
were tested using a support span of 80 mm. Loading was
applied at a constant crosshead speed of 2 mm-s™ until fail-
ure. The applied load and mid-span displacement were con-
tinuously recorded.
The modulus of rupture (MOR) was calculated using:

3FmazL
MOR="oppe
where F,. is the maximum load (N), L is the support span

(mm), b is the specimen width (mm), and h is the specimen
thickness (mm).

The modulus of elasticity (MOE) was calculated from
the slope of the initial linear region of the load—displace-
ment curve:

L3m

MOE = =—
OF = s
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where m is the slope of the load—displacement curve (N
mm '), and L, B, and h are defined as above.

2.9 Hardness

To evaluate the hardness of the modified poplar wood
samples, two distinct methods were employed. Shore D
hardness was assessed using a Sauter HD Digital Shore D
Hardness Tester (Sauter GmbH, Balingen, Germany), in
accordance with the Shore Hardness Test ISO 48 —4 (ASTM
D2240) standard. Additionally, Janka hardness was mea-
sured according to ASTM D143. For both measurements,
the hardness was tested perpendicular to the grain of the
samples to ensure consistent and accurate data collection.

2.10 Leaching test and water uptake

Leaching tests were performed in three replicates accord-
ing to EN 84 (2020), with specimens’ vacuum-treated for
20 min and leached in water replaced ten times over 14 days.
After this period, the surface of the samples was dried, and
the samples were weighed to determine the water uptake,
according to the equation:

Moy — M1

WU = x 100%

mi

where WU is water uptake (%); m, is the weight of the dry-
oven sample after the corresponding solution impregnation
(g); m,, is wet weight of the sample after leaching test (g).

Subsequently, the leached specimens were oven-dried
at 103 °C, before measuring the dry mass. In this experi-
ment the leach retention (LR; the weight of impregnation
substance retained in the sample after leaching test) was
calculated from:

mi—my

LR = (1— ) x 100%

mip — Mo

where LR is leach retention (%); m, is the weight of the dry-
oven sample after the corresponding solution impregnation
(g); m, is initial the dry-oven weight of the sample (g); m;is
the weight of dry oven sample after the leaching test.

2.11 Thermogravimetric analysis

Thermogravimetric analysis (TGA) analysis was performed
to assess the thermal degradation of various wood samples.
The study included raw wood (RW), furfuryl alcohol-treated
wood (FA-W), AMP-treated wood (AMP-W), and wood
treated with both furfuryl alcohol and AMP (FA+AMP-W).

Measurements were taken on samples before and after a
leaching process.

Measurements were performed using a Netsch STA 449
F5 Jupiter instrument. Each sample was prepared by crush-
ing and drying at 103 °C to a constant weight, with a final
weight of approximately 5 mg. The analysis was carried out
under a inert (N,) atmosphere (60 mL/min) with a heating
rate of 10 °C/min, from 35 °C to 800 °C.

2.12 Fire performance test

The fire hazards of the materials were determined using
a cone calorimeter, following the ISO 5660-1:2015 stan-
dard (International Organization for Standardization 2015).
This standard specifies the procedure for assessing the
heat release rate, smoke production, and mass loss rate of
materials.

Samples were exposed to an external radiant heat flux of
50+0.5 kW m2 Three individual replicates of each mate-
rial type (RW, AMP-W, FA-W, and FA+AMP-W) were
tested for their fire performance. The measurements were
conducted both before and after a leaching procedure to
evaluate the durability of the fire performance properties.

For each material, four replicate measurements were used
to calculate sample densities. These values, along with the
ambient measurement conditions, are presented in Table 2.

2.13 Limiting oxygen index

The Limiting Oxygen Index (LOI) test was conducted to
evaluate the flammability of the samples. This standard
method determines the minimum concentration of oxy-
gen, expressed as a percentage, required in a mixture with
nitrogen to support the sustained combustion of a mate-
rial. The LOI tests were performed in accordance with ISO
4589-2:2017 standards using a customized LOI apparatus
(International Organization for Standardization 2017b).
Each sample was cut into rectangular specimens measur-
ing 100 mm x 10 mm x 4 mm. The specimens were held
vertically in a glass chimney, and a mixture of oxygen and
nitrogen was introduced from the bottom. An external flame
was used to ignite the top of the specimen. The oxygen
concentration was then systematically adjusted to find the
minimum value at which the sample continued to burn for
at least 3 min, or over a length of 50 mm, after the external
flame was removed. This procedure was repeated for each
sample type to ensure reproducibility.

2.14 Flame test

The flame retardancy of the wood samples was qualitatively
assessed using an in-lab direct flame test (Xie et al. 2024).
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Table 2 Density of tested specimens and ambient laboratory conditions during fire performance test (cone calorimetry) for raw wood (RW) and
modified wood samples before leaching (NL) and after leaching (L). Values are given as mean+standard deviation (n=3)

Sample Density Ambient temperature [°C] Ambient pressure Air humidity
[gem ] [kPa] [%]
RW /NL 0.384+0.001 26.5+0.7 100.21+0.28 20.00+1.41
RW /L 0.387+0.008 253+1.2 100.96+1.21 23.67+4.62
AMP-W /NL 0.436+0.022 25.0+1.0 100.90+1.20 24.00+4.36
AMP-W /L 0.427+0.006 24.5+0.7 100.32+0.88 22.00+3.60
FA-W /NL 0.475+0.007 25.0+1.0 100.86+1.23 23.67+1.23
FA-W /L 0.472+0.009 251+1.2 100.85+0.49 20.25+1.50
FA+AMP-W /NL 0.508+0.020 24.3+0.6 100.24+1.19 26.67+4.93
FA+AMP-W /L 0.480+0.044 24.0+1.0 100.91+0.87 21.30+4.10

RW: raw wood; FA-W: furfuryl alcohol-treated wood; AMP-W: ammonium phytate-treated wood; FA+AMP-W: combined treatment; NL:

non-leached samples; L: leached samples

Table 3 Impregnation formulation (wt% in water), weight% gain (WPG) [%], and oven-dry density before (po) and after treatment (p:1) [g cm ™3]
for raw wood and modified wood samples. Values are reported as mean=standard deviation (n=3)

Samples Impregnation solution WPG [%] py [g cm™] p; [gem™]
RW - - 0.382+0.019 -

FA-W 15wt% FA; pH adjusted to ~2 with H;PO, 20.31+1.74 0.364+0.007 0.456+0.003
AMP-W 4wt% AMP; pH adjusted to =2 with H;PO, 9.55+0.88 0.376+0.009 0.417+0.011
FA+AMP-W 15wt% FA; 4wt% AMP; pH adjusted to ~2 with H;PO, 21.72+1.61 0.394+0.015 0.499+0.013

RW: raw wood; FA-W: furfuryl alcohol-treated wood; AMP-W: ammonium phytate-treated wood; FA+AMP-W: combined treatment; values

are given as mean+standard deviation (n=3)

Samples were secured in a stainless-steel clamp and posi-
tioned 10 cm from the tip of a propane torch. After ignition,
the samples were exposed to the flame, and the time required
for the flame to burn through the sample was recorded. The
flame spread process was documented using a video cam-
era, with simultaneous still photographs taken (0's, 10 s and
after flame-out).

2.15 Statistical analysis

Statistical significance of differences in the measured values
among the investigated wood modifications was evaluated
using Duncan’s multiple range test at a significance level
of a=0.05. Results of Duncan’s test are indicated by letter
indexes in the figures. Because listing all Duncan test out-
comes for the tables would be excessively long in the main
text, the complete pairwise comparison results are provided
in Supplementary Material A. Duncan’s coefficients were
calculated using StatSoft Statistica 10 software.

3 Results and discussion

3.1 Chemical and physical characterization of
unmodified and modified poplar wood

The weight% gain (WPG) and density data in Table 3

demonstrate the effectiveness of the modification process,
showing how the uptake of impregnation solutions alters
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the poplar wood’s density. The lowest WPG was achieved
in AMP-W samples, namely 9.55+0.88, while the average
density of the samples changed from 376 g cm > to 416 g
cm 3. WPG of FA-W and FA+AMP-W reached similar. The
data suggest that FA and AMP successfully permeated the
wood structure, contributing to an enhanced density.

3.2 Fourier-transform infrared spectroscopy

To support identification of ammonium phytate-related
functional groups in the treated wood, FTIR spectra of
phytic acid (PA), urea, and ammonium phytate (AMP)
were additionally recorded as reference materials (Fig. 1).
The FTIR spectrum of PA exhibited a broad absorption
band at 3268 cm™, attributed to O—H stretching vibrations
associated with extensive hydrogen bonding. The promi-
nent bands at 1133 and 981 cm™ correspond to phosphate-
related vibrations (P=0 and P-O—C structures), consistent
with previous reports (Xie et al. 2024). In the FTIR spec-
trum of urea, characteristic absorption bands were observed
at 3426 and 3323 cm™!, corresponding to asymmetric and
symmetric N-H stretching vibrations, respectively. The
band at 1676 cm™ was assigned to C=0 stretching vibra-
tions, while N-H bending vibrations appeared at 1590 cm™
and the band at 1457 cm™ was attributed to C-N stretch-
ing (Grdadolnik and Maréchal 2002). The FTIR spectrum
of AMP showed peaks at 1071 and 939 cm™, corresponding
to phosphate-related vibrations (P-O and P-O-C stretch-
ing modes). In addition, bands at 3219 and 1452 cm™ were
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Fig. 1 FTIR analysis of the phytic
acid, urea and synthesised ammo-
nium phytate

Absorbance [-]

4000 3600 3200

Fig.2 FTIR analysis of the raw 1
wood (RW); furfuryl alcohol-
treated wood (FA-W); ammo-
nium phytate-treated wood
(AMP-W); furfuryl alcohol and
ammonium phytate-treated wood
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assigned to NH4* ionic vibrations, confirming the formation
of ammonium phytate, in agreement with the literature (Xie
et al. 2024).

FTIR-ATR spectroscopy was employed to identify
the functional groups present in wood and to evaluate the
chemical changes resulting from modification (Fig. 2).
In the spectrum of unmodified wood (RW), characteristic
absorption bands were observed at 3309 cm™!, correspond-
ing to O-H stretching vibrations of cellulosic hydroxyl
groups (Yang et al. 2022b; Zhang et al. 2022b; Ni et al.
2024; Xie et al. 2024; Brisebois et al. 2025). The band at
1719 cm™ was attributed to unconjugated C=0 stretching
in xylan, a hemicellulose component (Yang et al. 2022b).
Bands at 1591, 1506, and 1421 cm™ corresponded to aro-
matic skeletal vibrations in lignin (Liu et al. 2022; Zhang
et al. 2022b; Ni et al. 2024; Brisebois et al. 2025), while
the band at 1451 cm™ represented C—H deformation cou-
pled with aromatic skeletal vibration (Zhang et al. 2022b).
Further peaks were detected at 1364 cm™ (C-H deforma-
tion in cellulose and hemicellulose) (Zhang et al. 2022b;
Brisebois et al. 2025), 1152 cm™ (C-O-C antisymmetric
bridge stretching in cellulose and hemicellulose) (Zhang et
al. 2022b; Xie et al. 2024), 1102 cm™ (C-O stretching in
hemicellulose) (Brisebois et al. 2025), and 1019 cm™ (C-O
stretching mainly in cellulose) (Yang et al. 2022a).

2700 1600 1200 800 400
Wavenumber [cm™]

3100

Following furfurylation, notable changes were observed
in the regions around 3300, 1731, 1589, 1508, 1455, 1419,
and 1363 cm™ in the spectra of FA-modified wood (FA-W
and FA+AMP-W). The reduced intensity of the O—H band
(~3300 cm™) indicates decreased hydroxyl accessibility due
to PFA formation within the cell wall (Zhang et al. 2022b).
The unconjugated C=0 stretching band of xylan shifted
slightly to lower wavenumbers (from 1731 to 1700 cm™),
accompanied by a decrease in intensity and peak broaden-
ing. Such changes are attributed to the incorporation of fur-
fural resin, characterized by a C=0 stretching vibration of
y-diketone groups near 1724 cm ™! arising from opened furan
rings (Yang et al. 2022b; Zhang et al. 2022b). A decrease in
the band at 1363 cm™ was also observed, likely resulting
from acid hydrolysis of polysaccharides during modifica-
tion. The reduction in intensity of aromatic skeletal vibra-
tion bands at 1589, 1508, 1455, and 1419 cm™ suggests
interactions between lignin and furfuryl alcohol during the
polycondensation process. These results are consistent with
the findings reported by Zhang et al. (2022b). However, due
to overlapping contributions in this spectral region, these
variations should be interpreted as indicative of structural
modification rather than definitive evidence of specific
covalent bonding.
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After the addition of AMP, further spectral variations
were evident in the regions 1510-1770, 1240, and 1030—
1200 cm™ in both AMP-W and FA+AMP-W samples. The
1510-1770 cm™ region encompasses contributions from
lignin aromatic vibrations and carbonyl stretching bands;
therefore, changes in this region cannot be solely attributed
to phosphate-related vibrations. While phosphate-containing
compounds may contribute to absorptions in this range (Liu
et al. 2018; Xie et al. 2024), significant band overlap with
inherent wood components limits definitive assignment.

The peak near 1240 cm™ can be associated to P=0O
stretching (Feng et al. 2017; Liu et al. 2018), although
this region may also overlap with C—O vibrations of wood
polysaccharides. Similarly, the peaks between 1030 and
1200 cm™ may include contributions from P=0 and P-O-C
vibrations of ammonium phytate (Feng et al. 2017; Fang
et al. 2022), but this region strongly overlaps with C-O
stretching vibrations of cellulose and hemicellulose. There-
fore, these bands are interpreted as supportive evidence of
AMP incorporation rather than conclusive proof of specific
phosphate—wood covalent bond formation.

Moreover, characteristic absorption bands at 3220 and
1400 cm™ were detected in AMP-W and FA+AMP-W, cor-
responding to the stretching and bending vibrations of NH4"
ions (Liu et al. 2018; Xie et al. 2024). The absence of clearly
distinguishable NH4" bands in some spectra may result from
overlap with the strong, broad O-H and C-H vibrations
intrinsic to the wood matrix.

Overall, the FTIR results confirm chemical modification
and the presence of phosphorus-containing species in the
treated samples. Nevertheless, due to intrinsic band overlap
and the qualitative nature of FTIR analysis, definitive con-
clusions regarding specific bonding configurations require
complementary analytical techniques.

3.3 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to examine
the microstructural changes in poplar wood after treatment
with ammonium phytate (AMP), furfuryl alcohol (FA), and
their combination (FA+AMP), as presented in Fig. 3.

The raw wood (RW) exhibited a typical porous struc-
ture with clearly visible vessels, fibres, and interconnected
voids (Fig. 3a, e). The lumina were open and no deposits
were observed, confirming the untreated morphology of the
wood.

After impregnation with AMP (AMP-W), the over-
all anatomical structure remained preserved (Fig. 2b, f).
Compared to RW, the porous network appeared less open,
indicating partial densification of the wood matrix. In addi-
tion, non-uniform deposits were observed within lumina
and intercellular regions. These features may result from
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both AMP deposition and structural densification occurring
during drying. Although SEM images alone cannot fully
distinguish between these effects, SEM—EDX analysis con-
firmed the successful incorporation of AMP in the wood, as
nitrogen and phosphorus were clearly detected in AMP-W
(Table 4). The AMP-W sample contained 1.68% N and
0.66% P, verifying the presence of the nitrogen—phospho-
rus flame-retardant system within the treated wood. Such
nitrogen-phosphorus incorporation is consistent with previ-
ous work using ammonium phytate and related phosphates
as flame retardants for lignocellulosic materials (e.g., Feng
et al. 2017; Zhang et al. 2023), where elemental analysis
similarly confirmed N and P introduction.

In contrast, FA-treated wood (FA-W) showed a markedly
different morphology compared to both RW and AMP-W.
SEM images revealed pronounced filling of lumina and
partial coverage of internal surfaces with a resin-like phase
(Fig. 3c, g), characteristic of in situ polymerization of FA
into poly(furfuryl alcohol) (PFA) under acidic conditions
(Kong et al. 2018; Esteves and Pereira 2008). This polymer-
ized phase formed within the porous structure and adhered
to cell walls, explaining the high retention of FA after leach-
ing and its contribution to dimensional stability and durabil-
ity (Shen et al. 2020).

The combined FA+AMP treatment (FA+AMP-W)
produced the most uniform microstructural modification
(Fig. 3d, h). The FA+AMP-W sample exhibited a more
continuous matrix and fewer discrete deposits, indicating
that AMP was immobilized within the PFA network rather
than present as loosely deposited particles. SEM—EDX con-
firmed that FA+ AMP-W contained both N (2.11%) and
P (0.71%), at levels comparable to AMP-W, demonstrat-
ing that the presence of furfurylation did not inhibit AMP
incorporation.

To visualize elemental distribution, elemental mapping
was conducted for the FA+ AMP-W sample (Fig. 4). Maps
of carbon (C), oxygen (O), and phosphorus (P) show that
P is distributed across the analysed cross-sectional region
rather than localized in isolated clusters. This relatively
homogeneous P distribution supports the SEM observations
and indicates that phosphorus-containing flame-retardant
species are dispersed throughout the wood matrix. Map-
ping evidence of distributed flame-retardant elements has
likewise been reported in studies where polymer networks
were used to fix phosphate or phosphonate flame retardants
in cellulosic substrates (Lin et al. 2021a; Kong et al. 2018).

Together with FTIR phosphate-related bands, these
results support efficient immobilization of AMP in the mod-
ified wood. The fixation is most plausibly governed by a
combination of physical encapsulation by PFA and strong
ionic/hydrogen-bonding interactions; however, covalent
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Fig. 3 Scanning electron micro-
graphs (SEM) images of the pre-
pared wood samples in cross-sec-
tion. The images show the surface
morphology of: (a, e) raw wood
(RW); (b, f) AMP-treated wood
(AMP-W); (¢, g) furfuryl alcohol-
treated wood (FA-W); and (d, h) RW
furfuryl alcohol and ammonium
phytate-treated wood (FA+AMP-
W). Figures a — d captured at 50x
magnification; e — h captured at
250x magnification

AMP-W

FA-W

FA+AMP-W |

Table 4 Elemental composition (wt%) of raw wood and modified wood samples determined by SEM—-EDX (normalized to 100%). n.d. = not
detected

RW FA-W AMP-W FA+AMP-W
C 36.85% 53.90% 49.26% 52.55%
O 63.15% 46.10% 48.40% 44.63%
N n.d. n.d. 1.68% 2.11%
P n.d. n.d. 0.66% 0.71%
Total 100.00% 100.00% 100.00% 100.00%

RW: raw wood; FA-W: furfuryl alcohol-treated wood; AMP-W: ammonium phytate-treated wood; FA+AMP-W: combined treatment; values
are given as mean=+standard deviation (n=3)
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Fig.4 SEM-EDX elemental mapping of the FA+ AMP-W sample: a SEM micrograph of the analysed cross-sectional area; b carbon (C) distribu-
tion map; ¢ oxygen (O) distribution map; and d phosphorus (P) distribution map

I54=150780)

@gd=k14518]

ba=122%22)
NE[S127;

b*=20.53
AE=-

Fig. 5 Photographs of wood samples: a raw wood (RW); b AMP-
treated wood (AMP-W); ¢ furfuryl alcohol-treated wood (FA-W); d
furfuryl alcohol and AMP-treated wood (FA+AMP-W). The table
below the images provides the CIELAB colour parameters for each

bonding cannot be confirmed within the scope of the pres-
ent characterization.

Overall, the combined SEM and SEM—EDX results pro-
vide direct evidence that the phosphoric-acid-catalysed in
situ polymerization of FA promotes immobilization of AMP
and enhances fixation of the nitrogen-phosphorus system
within the wood structure. This structural and chemical inte-
gration explains the improved leach resistance and durable
flame-retardant performance observed for FA+AMP-W,
consistent with mechanistic insights into phosphorus-medi-
ated char formation and gas-phase dilution effects reported
in earlier flame-retardant wood studies (Horold 2014; Qin
et al. 2023).

3.4 Colour measurements

Colorimetric analysis using the CIELab model was per-
formed to quantify colour changes and identify premium
wood species with similar aesthetic qualities to the modi-
fied wood. Figure 5 demonstrates a progressive shift
towards a yellowish-brown hue and increased darkening
in the following order: AMP-W, FA+AMP-W, and FA-W.
The pronounced colour change in FA-containing samples
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sample: L (lightness), as (green-red axis), b (blue-yellow axis), and
AE (total colour difference). The AE values are calculated relative to
the raw wood (RW) sample

is consistent with in situ polymerization of furfuryl alco-
hol and formation of conjugated structures, which typically
induce wood darkening. These changes may provide not
only improved fire performance but also an aesthetically
attractive appearance for high-value interior applications.

3.4.1 Hardness

The hardness of modified wood is critical for its intended
applications and the results of both Shore D and Janka hard-
ness measurements, are summarized in Fig. 6. The raw
wood (RW) samples served as the baseline, and the reached
values (50 Shore D — 50; Janka — 18 N mm?) are consistent
with other works (Candan et al. 2013; Zhou et al. 2019). The
AMP-W samples showed no significant change in Shore D
and Janka hardness compared to RW. In contrast, the FA-W
samples demonstrated a notable increase in both Shore D
(7.1%) and Janka (18.0%) hardness. The most prevalent
increase in Shore D hardness (12.2%) was observed for the
FA+AMP-W samples. Janka hardness reached similar val-
ues as FA-W (18%). The incorporation of FA significantly
improves the hardness of wood, as evidenced by the increase
in both Shore D and Janka hardness values. However, the
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Fig.6 Shore D and Janka hard- 70 - -~ 25
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ammonium phytate-treated wood 60 |
(AMP-W); and furfuryl alcohol 50.0% 18* 4 20
and ammonium phytate-treated 551 | 45.5
wood (FA+AMP-W). Superscript _ &
*a, *b, *c, and *d indicate that = E
there is no statistically significant § 40 ] s
difference between the correspond- k= b
ing values (based on Duncan’s = s
multiple range test) g 30 | 1l 108
& :
20 t =
15
10
0 0

RW

addition of AMP alone does not appear to have a significant
impact on either Shore D or Janka hardness. The signifi-
cantly higher Shore D hardness observed for FA+AMP-W
compared to FA-W suggests that the presence of AMP
contributes to increased resistance to localized indenta-
tion. This effect may be associated with additional rigid
inorganic/phosphate-rich domains and stronger interfacial
interactions within the furfurylated matrix, as supported by
the confirmed presence and distribution of phosphorus in
SEM-EDX analysis.

However, this contribution does not translate into a fur-
ther increase in Janka hardness, indicating that the AMP-
related reinforcement is more pronounced at the microscale
surface response (Shore D) than in bulk resistance to deeper
indentation.

3.5 Flexural strength

Flexural testing was performed to evaluate the bulk mechan-
ical performance of the modified wood and to complement
the hardness results presented in the previous section and
was evaluated by three-point bending. Representative load—
deflection curves are presented in Fig. 7. For clarity and
direct comparison of failure behaviour, only the region close
to the maximum load was plotted. Although RW exhibited
progressive nonlinearity in the full load—deflection response,
this region was excluded in order to focus on the deforma-
tion behaviour immediately preceding fracture. All samples
showed an initial linear elastic response followed by devia-
tion from linearity as damage accumulated.

The calculated modulus of rupture (MOR) and modu-
lus of elasticity (MOE) values are summarized in Table 5.
Raw wood (RW) exhibited MOR and MOE values of

AMP-W FA+AMP-W

O Shore D & Janka

76.0+£4.8 MPa and 8.57+0.21 GPa, respectively. Furfury-
lation alone (FA-W) resulted in a slightly increased MOR
(79.5+£1.5 MPa), while the MOE decreased to 7.61+0.37
GPa. The AMP-treated sample (AMP-W) showed a MOR
of 80.88+5.2 MPa and a MOE of 8.37+1.04 GPa, indicat-
ing that AMP impregnation alone did not negatively affect
bending performance. This observation is consistent with
the hardness results, where AMP-W exhibited no significant
changes compared to RW.

In contrast, the combined FA+AMP treatment
(FA+AMP-W) resulted in a pronounced reduction in bend-
ing performance. The MOR decreased to 47.0+10.8 MPa
and MOE to 6.67+£1.42 GPa, corresponding to approxi-
mately a 38% reduction in MOR relative to RW. The larger
standard deviation observed for FA+ AMP-W further sug-
gests increased heterogeneity of the modified structure and/
or variation in local defect distribution, which can strongly
affect failure in bending.

The reduction in MOR and MOE for FA+AMP-W
may appear inconsistent with the hardness results, where
FA+AMP-W exhibited the highest Shore D hardness and
Janka hardness comparable to FA-W. However, this behav-
iour reflects the different nature of these tests. Hardness
measurements primarily assess localized resistance to inden-
tation (surface and microscale stiffness), whereas bending
performance depends on the integrity and toughness of the
bulk structure and its ability to redistribute stresses without
premature cracking.

The combined presence of polymerized FA and phos-
phate-nitrogen species from AMP likely increases local
rigidity but also introduces brittleness and reduces strain-
to-failure, leading to earlier fracture under flexural load-
ing. Similar trade-offs between increased surface hardness
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Fig. 7 Load—deflection curves 200 -
obtained from three-point bending
tests of poplar wood samples: raw
wood (RW), furfuryl alcohol—- 1
treated wood (FA-W), ammonium P
phytate—treated wood (AMP-W), 150 .‘______,’.--.—.-*' :
and the combined FA+AMP treat- s o 1
ment (FA+AMP-W) _ 1 P i .
E ; /"', ;’ - .
4 Rl aliRd |
'(-g 100 e o,
S .
- ] (e | :
e | !
[ 1
i : =
50 - 7o |
2,7 :
« 22 |
y ’/:’;,- C—
0 = 1 1 1 1 1 1 I
0 1 2 3 4 5
Deflection [mm]
----- RW ---FA-W —AMP-W —--FA+AMP-W

Table 5 Flexural properties of raw wood and modified wood samples
determined by three-point bending (EN ISO 178)

MOR [MPa] MOE [GPa]
RW 76.0+4.8 8.57+0.21
FA-W 79.5+1.5 7.61£0.37
AMP-W 80.9+5.2 8.37+1.04
FA+AMP-W 47.0+10.8 6.67+1.42

RW: raw wood; FA-W: furfuryl alcohol-treated wood; AMP-W:
ammonium phytate-treated wood; FA+AMP-W: combined treat-
ment; values are given as mean+standard deviation (n=6)

and reduced flexural performance have been reported for
chemically modified wood and phosphorus-treated systems,
where increased crosslinking and stiffness reduce ductility
and damage tolerance (Esteves and Pereira 2008; Horold
2014; Qin et al. 2023).

Overall, while the FA—AMP system improves flame
retardancy, leach resistance, and surface hardness, it reduces
flexural strength and stiffness. This highlights the need to
balance fire performance with mechanical integrity when
designing durable multifunctional wood modification
systems.

3.6 Water uptake and leaching test

The two-week water uptake (WU) measurements revealed
a clear trend among the tested wood specimens (Fig. 8).
The raw wood (RW) exhibited the highest water uptake at
170%. Treatment with ammonium phytate alone (AMP-W)
resulted in a modest reduction to 157%, while treatment with
furfuryl alcohol (FA-W) caused a more substantial decrease
to 117%. The most effective treatment was the combination
of furfuryl alcohol and ammonium phytate (FA+AMP-W),
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which showed the lowest water uptake at 106%, represent-
ing a significant improvement over the other treatments and
a reduction of nearly 38% compared to the RW.

Water uptake analysis confirmed that furfuryl alcohol
(FA) significantly enhances the dimensional stability of
wood by reducing its hygroscopicity. This effect is attrib-
uted to the in-situ polymerization of FA within the cell
wall, which fills nanopores and limits the availability of
hydrophilic sorption sites (Thygesen et al. 2010; Sun et al.
2022). Ammonium phytate (AMP) alone showed only a
minor reduction in water uptake; however, when combined
with FA, a synergistic effect was observed. The FA+AMP-
treated samples exhibited the lowest water uptake, suggest-
ing improved moisture resistance due to combined polymer
network formation and phosphate-based interactions.

This is supported by Xie et al. (2024), who demonstrated
that poplar wood modified via in situ polymerization of FA
and AMP exhibited exceptional water resistance and dimen-
sional stability, alongside significantly improved flame
retardant properties. These results indicate that dual modi-
fication with FA and AMP effectively enhances the wood’s
resistance to moisture, making it suitable for applications
in humid or variable environments. Kong et al. (2018)
demonstrated that combining furfuryl alcohol with ammo-
nium dihydrogen phosphate (a simple inorganic phosphate)
reduced water uptake and improved dimensional stabil-
ity. While ammonium phytate differs structurally, its simi-
lar phosphorus content may lead to analogous synergistic
effects when combined with FA, particularly in reducing
wood hygroscopicity and improving water resistance.

Leach retention (LR) was used to assess the effective-
ness of PFA and AMP fixation within the wood (Fig. 9). The
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Fig. 8 Two-week water uptake
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results indicate that furfuryl alcohol (FA) plays a critical
role in enhancing the retention and leaching resistance of
water-based additives in modified poplar wood.

In the AMP-W sample, where only ammonium phytate
(AMP) was used, leach retention was low (35.6%), indicat-
ing weak affinity between AMP and the wood matrix. This
agrees with literature showing that phosphorus-based flame
retardants readily leach when not fixed within a polymeric
or crosslinked system, limiting their long-term effectiveness
(Rowell 2012; Horold 2014).

In contrast, FA-W samples exhibited near-complete
retention (98.5%), reflecting effective in-situ polymeriza-
tion of furfuryl alcohol within the cell walls. Acid-catalysed
polymerization, promoted here by phosphoric acid, leads

FA+AMP-W

to formation of a crosslinked poly(furfuryl alcohol) (PFA)
network that improves dimensional stability and fixation of
the modifying agent (Mubarok et al. 2023; Iroegbu and Ray
2024).

The combined FA+AMP-W treatment achieved similarly
high retention (91.5%), demonstrating that the PFA net-
work effectively immobilizes AMP within the wood struc-
ture. This immobilization likely results from both physical
entrapment within the polymer matrix and potential interac-
tions between AMP and the polymerizing FA. A comparable
effect was reported by Xie et al. (2024), where the combina-
tion of FA and AMP significantly improved retention com-
pared to AMP alone.

@ Springer



57 Page 14 of 23

European Journal of Wood and Wood Products

(2026) 84:57

The high retention observed in the present system is fur-
ther supported by the use of phosphoric acid as a catalyst,
which enables efficient FA polymerization while remaining
in the wood as a non-volatile phosphorus source. Compared
with stronger mineral acids, phosphoric acid provides effec-
tive catalysis while minimizing wood degradation (Zuo et
al. 2023). The slight decrease in retention compared to FA
alone could reflect either a minor disruption in FA polym-
erization due to the presence of AMP or partial leaching of
AMP that was not fully immobilized.

Overall, these results demonstrate that acid-catalysed fur-
furylation substantially enhances the fixation of water-solu-
ble flame retardants and that the FA-AMP-HsPO. system
provides a durable, multifunctional treatment combining
high leach resistance with improved flame retardancy.

3.7 Thermal stability

To fully understand the flame-retardant mechanism of
ammonium phytate (AMP) on wood, a thermogravimetric
(TGA) analysis of the pure AMP material was first per-
formed. This preliminary analysis allowed for the charac-
terization of its thermal decomposition pathway and the
identification of key degradation products, such as phos-
phoric acid, which is critical for its char-forming effect.
Based on the thermogravimetric (TG) analysis, the decom-
position of the prepared AMP occurs in four main stages, as
shown in Fig. 10:

e Stage 1: Mass loss of approximately 3.5% occurs be-
tween 80 °C and 122 °C, with a maximum degradation
rate observed at 114 °C.

e Stage 2: This is the most significant stage, occurring be-
tween 122 °C and 277 °C. The sample loses nearly 50%

of its mass, with a peak in the derivative thermogravi-
metric (DTG) curve at 170 °C.

e Stage 3: Between 277 °C and 412 °C, the sample loses
about 10% of its mass, and the maximum rate of mass
loss is at 313 °C.

e Stage 4: A mass loss of 19% occurs in the temperature
range of 412 °C to 615 °C, with the DTG peak occurring
at 547 °C.

This decomposition profile is consistent with and expands
upon findings in existing literature. Zhang et al. (2023)
identified three main decomposition stages for AMP. They
reported that the first stage (102 —232 °C) involves the
decomposition of ammonium phytate and urea, releasing
phosphoric acid and ammonia. While their subsequent two
stages of decomposition were similar to those observed for
phytic acid, their AMP analysis showed a broader DTG peak
between 230 °C and 400 °C. They attributed this broader
peak to secondary reactions of urea by-products. Similarly,
Fang et al. (2022) stated that AMP decomposes to produce
ammonia (at approximately 200 °C) and phosphate, which
then decomposes to phosphoric acid. This formation of
phosphoric acid is also supported by Feng et al. (2017), who
further noted that some —P—O—NH*" groups remain in the
charred residue of materials treated with AMP.

To evaluate the effectiveness of the treatments, thermo-
gravimetric analysis (TGA) was conducted on all wood
samples, comparing the thermal behaviour of the non-
leached (Fig. 11) and leached (Fig. 12) samples. All the
findings are presented in the Table 6.

The TG curves of the non-leached samples are shown in
Fig. 11. All samples showed a minor initial mass loss on the
TG curve at temperatures up to 115 °C. This phenomenon
is commonly observed in lignocellulosic materials and is
typically attributed to the evaporation of moisture (Li et al.

Fig. 10 Thermogravimetric (TG) TG /1% DTG /(%/min)
and derivative thermogravimet-
ric (DTG) curves of ammonium 1004 0
phytate (AMP)
80 | )
60 4 4
40 6
20 1 -8
100 200 300 400 500 600 700 800

Main  2025-05-07 17:19  User: Admin
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Fig. 11 Thermogravimetric (TG) TG /%
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2019; Vahedi et al. 2022; Zhang et al. 2022a). Given that the
materials were pre-dried at 103 °C before the analysis, this
initial mass loss likely corresponds to moisture adsorbed
during sample preparation.

In the second stage of mass loss, a significant difference
is observed between samples containing AMP and those
without it. The addition of AMP resulted in an accelera-
tion of sample decomposition, shifting the DTG peak from
approximately 350 °C to around 290 °C. Concurrently, the
total mass loss was less pronounced, leading to a much
higher char residue.

This phenomenon is caused by phosphoric acid, which
redirects the thermal decomposition of cellulose. According
to Zhang et al. (2023), the acid facilitates the production of
a higher yield of char and less flammable gases at reduced
temperatures.

300 400 500 600 700 800
Temperature /°C

The presence of furfuryl alcohol (FA) also had an evident
impact, leading to a more significant formation of char resi-
due. This outcome is consistent with prior work in the field,
such as C. Lin et al. (2021a) and Acosta et al. (2022).

The TG curves for the leached samples (Fig. 12) show
a very slight initial mass loss, similar to the non-leached
samples, which is attributed to moisture removal. The pro-
gression of the TG curve for the raw wood (RW) sample is
identical for both leached and non-leached wood.

However, a significant change is observed in the behav-
iour of the AMP-W sample, where its TG curve is practi-
cally identical to that of the RW sample. This suggests that
almost all the AMP was leached out, as its effect on the ther-
mal stability of the sample was no longer evident.

Conversely, the FA-W samples behaved nearly identi-
cally regardless of whether they were subjected to leaching.
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Table 6 Thermogravimetric analysis (TGA/DTG) parameters of raw wood (RW) and modified wood samples (FA-W, AMP-W, FA+AMP-W)
before leaching (NL) and after water leaching (L). The first step corresponds to moisture release, while the second step represents the main thermal

decomposition of wood polymers and/or modification products

Sample Leaching Ist step 2nd step Residue
Temperature tpTG [°C] Am [%] Temperature DTG [°C] Am [%] at 800 °C [%]
range [°C] range [°C]

RW NL 35-115 - 1.6 203-385 352.2 73.1 11.6

L 35-116 - 0.6 206402 370.0 77.7 11.8

FA-W NL 35-114 - 0.5 177-388 353.1 65.7 21.2

L 35-90 - 0.6 181-407 344.4 64.4 22.4
AMP-W NL 35-113 - 0.9 183-325 299.5 51.7 26.4
L 35-115 - 1.1 178-398 365.2 75.4 11.9
FA+AMP-W NL 35-92 - 0.8 159-296 278.4 31.5 35.7
L 35-90 - 0.9 168-317 288.5 37.2 30.0

t,prG — peak temperature of the derivative thermogravimetric (DTG) curve (maximum mass-loss rate); Am — mass loss within the given tem-
perature range; Residue at 800 °C corresponds to char yield at the end of the run; raw wood (RW); furfuryl alcohol-treated wood (FA-W);
ammonium phytate-treated wood (AMP-W); furfuryl alcohol and ammonium phytate-treated wood (FA+ AMP-W); NL-non-leached samples;

L-leached samples

In the case of FA+AMP-W, only a minor change was
observed after leaching. This indicates that a significant
portion of the AMP was not removed, suggesting that the
furfurylation process helped to prevent its leaching from the
wood.

3.8 Fire performance test

Cone calorimetry was used for a comprehensive evalua-
tion of the fire performance of raw and treated poplar wood,
with results summarized in Table 7; Fig. 13. The analysis
focused on comparing the performance between different
sample types (RW, AMP-W, FA-W, and FA+ AMP-W) and
assessing the durability of the treatments by testing samples
before (NL) and after (L) a rigorous 14-day leaching pro-
cedure. The statistical significance of investigated wood
modification methods (both with and without leaching) on
main fire performance parameters have been evaluated by
the Duncan'’s test at significance level a=0.05.

The time to ignition (TTI) was not significantly affected
by any of the treatments, remaining consistent at approxi-
mately 7-8 s for most non-leached samples. This suggests
the flame retardants act primarily during the combustion
phase rather than delaying the initial ignition.

The raw wood samples served as a baseline for com-
parison. As expected, RW exhibited poor fire performance,
characterized by a high MARHE of 172 kW m2 and a high
THR of 129 MJ m2. The combustion process left a minimal
RM of only 4.8%. The leaching process had a negligible
impact on the fire performance of raw wood, with all key
metrics remaining statistically similar after leaching.

Before leaching, the AMP-W samples showed a signifi-
cant improvement in fire retardancy compared to RW. The
MARHE was reduced by 28% to 124 kW m2, and the RM
increased nearly four-fold to 18.5%. This demonstrates the
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effectiveness of AMP in promoting char formation. How-
ever, this protective effect was almost completely lost after
leaching. The MARHE of the leached AMP-W sample rose
to 155 kW m™, nearly reverting to the level of raw wood,
and the RM dropped to 11.1%. This performance collapse is
directly explained by the poor leach retention of AMP (only
35.6%), confirming that the flame retardant was washed out
of the wood matrix. The thermogravimetric analysis (TGA)
further supports this, showing the thermal decomposition
curve of leached AMP-W is nearly identical to that of RW.

The FA treatment, both before and after leaching, did
not significantly improve the primary fire performance
indicators such as MARHE or HRR . compared to RW.
However, it did notably increase the RM to 17.5% before
leaching and 15.3% after, indicating that the polymerized
FA network contributes to char formation. Crucially, the
fire performance of FA-W was highly durable, with mini-
mal changes to key metrics after the leaching process. This
stability is attributed to the excellent leach retention of
the in-situ polymerized FA (98.5%), which forms a stable,
water-resistant matrix within the wood structure.

The combined FA+AMP (catalysed by H;PO,) treatment
demonstrated a powerful synergistic effect, resulting in the
best overall fire performance, which remained remarkably
durable even after leaching. The non-leached FA+AMP-W
samples showed outstanding fire retardancy. They achieved
the lowest MARHE (120 kW m™) and THR (81 MJ m™?) of
all samples, representing a 30% and 37% reduction com-
pared to RW, respectively. Most impressively, it produced
the highest RM at 32.7%, a nearly seven-fold increase over
RW, confirming a superior char-forming capability. The
treatment was also highly effective at mitigating secondary
fire hazards, significantly reducing TSP by 73% and COY by
22% compared to RW. While the leaching process slightly
diminished its effectiveness, the leached FA+AMP-W
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Table 7 Cone calorimetry results of raw wood (RW) and modified wood samples before leaching (NL) and after leaching (L). Tests were per-
formed according to ISO 5660-1 at a heat flux of 50 kW m2 (horizontal orientation). Values are reported as mean+standard deviation (n=3)

Sample RW AMP-W FA-W FA+AMP-W

Leaching NL L NL L NL L NL L

TTI [s] 74190 7419 7+19 7429 7+19 10+2 8+ 129 g+20°)
HRR,,,, 172599 174+10%Y) 124119 155+49 179+10 178499 120+129 15189
[kW m 2

MARHE 287+41% 26749 199+20° 256412 282430 296479 198+14° 267420
[kWm 2]

THR 129442 133+6 107+9 11542 13749 129412 81+4 93+4
[MJm 2]

EHC 15.9+0.6Y 16.0+£0.3% 14.4+1.4 14.6+0.4% 16.0+1.2% 14.7+0.2% 10.7+0.7 12.3+0.5
M kg™']

RM [%] 48+1.19 454049 18.5+1.2 11.1£1.2 17.5+1.5 153+0.8 32.7+0.7 30.6+£0.3
TSP 793+17% 740+35 350+79 680+67° 6731199 77444799 2134429 2094269
[m?m 2]

TCOP2 463+28 391+30 253+36% 2674229 272436 264+39% 337+22 315+41
[gm™]

coy 1 57.1+4.0 47.1+1.1 34.0+5.49 33.9+2.49 31.7+3.990) 30.1+4.2" 44.5+3.7 41.846.2
[gke ]

TTI: time to ignition; MARHE: maximum average rate of heat emission; HRR,.: maximum value of heat release rate during the test; THR:

max-*

total heat release; EHC: effective heat of combustion; RM: residual mass; TSP: total smoke production; TCOP: total carbon monoxide produc-

tion; COY: carbon monoxide yield;

Upper indexes a), b, ¢) and d) in one row indicate samples with no statistically significant difference values (Duncan'’s test p value is higher

than 0.05)

RW: raw wood; FA-W: furfuryl alcohol-treated wood; AMP-W: ammonium phytate-treated wood; FA+AMP-W: combined treatment; values

are given as mean=+standard deviation (n=3)

Fig. 13 provides a dynamic visu-
alization of the fire behaviour of
the different wood samples over
time, complementing the summary
data in Table 7. The graphs for
Heat Release Rate (HRR), Total
Heat Release (THR), CO produc-
tion and smoke production rates
clearly demonstrate the superior
and durable performance of the
combined FA+AMP (catalysed

by H;PO,) treatment as it creates

a highly effective flame-retardant
system. It excels at reducing the
main fire hazards—heat, smoke,
and toxic gases—and, most impor-
tantly, retains this high level of
performance after being subjected
to a rigorous leaching procedure
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samples still significantly outperformed all other samples,
including non-leached RW. Compared to the leached RW
control, the leached FA+AMP-W sample achieved a 30%
reduction in THR (from 133 to 93 MJ m), a 13% reduction
in the MARHE, a 72% reduction in TSP, and a nearly seven-
fold increase in RM, from 4.5% to over 30.6%.

The notable reduction in TSP and COY can be attributed
to the synergistic condensed- and gas-phase flame-retardant
mechanisms introduced by the phosphate/nitrogen system.
Phosphoric acid species promote dehydration and carbon-
ization of cellulose, yielding a stable and cohesive char
layer that inhibits the release of volatile combustibles and
soot precursors, thereby lowering smoke formation in the
condensed phase. Concurrently, the thermal decomposition
of ammonium-based moieties generates non-flammable
gases (NHs and H-0), which dilute combustible pyroly-
sis vapours and quench flame-propagating radicals in the
gas phase, leading to more complete combustion and cor-
respondingly lower CO and smoke yields. Similar dual-
mechanism suppression of heat release and smoke emission
has been reported for phosphorylated polysaccharides and
bio-based intumescent flame-retardant systems in wood and
transparent-wood composites (Guo et al. 2025a, b; Fang et
al. 2025).

Figure 13 Time-dependent fire performance of wood
samples from cone calorimeter tests, comparing raw wood
(RW), furfuryl alcohol-treated wood (FA-W), ammonium
phytate-treated wood (AMP-W), and the combined treat-
ment (FA+AMP-W). The figure shows: (a, b) Heat Release
Rate (HRR) and inset Total Heat Release (THR); (c, d)
Carbon Monoxide (CO) production rate and inset Total CO
Production; and (e, f) Smoke production rate and inset Total
Smoke Production (TSP). The left column (a, ¢, €) presents
data for samples before leaching, while the right column (b,
d, f) shows data after the leaching procedure. Solid lines
depict the mean values, with the standard deviations repre-
sented by the shaded regions.

In this study, we classify a flame retardant as ‘high-per-
formance’ based on a rigorous set of performance criteria
that exceed standard benchmarks. To be designated as such,
a system must demonstrate simultaneous improvement
across all key fire performance indicators.

Furthermore, at least three of these key characteristics
must show an improvement of at least 30%. In the case of
our FA+AMP-W modification, these criteria were met by
the RM, TSP, and TCOP parameters. While this is not a
legally mandated definition, a thorough analysis of existing
literature, e.g., (Lee et al. 2025) reveals that very few flame
retardants can satisfy this complex combination of improve-
ments simultaneously; thus, we consider them to be at the
top of their category.
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A particularly vital indicator is the Residual Mass (RM),
which increased more than sixfold in our system. RM is a
critical parameter for wood as it directly determines its fire
resistance and ability to maintain structural integrity during
combustion. The direct correlation between high RM and
the fire resistance of wood composites has been confirmed
in recent studies(Li et al. 2024b).

Even after leaching, FA+AMP-W maintained a high
flame-retardant efficiency, characterized by a high limiting
oxygen index (28%), significantly reduced peak heat release
rate and total heat release, and low smoke production, which
are comparable to the performance of state-of-the-art phos-
phorus—nitrogen flame-retardant wood systems (Lee et
al. 2025). This exceptional durability is a direct result of
the furfuryl alcohol polymer matrix effectively entrapping
and fixing the AMP flame retardant within the wood, as
evidenced by the high leach retention of 91.5%. The syn-
ergistic mechanism involves AMP’s nitrogen-phosphorus
action promoting a dense, insulating char layer (Qin et al.
2023), while the stable FA network ensures the flame retar-
dant remains in place to function effectively, even after pro-
longed water exposure (Lin et al. 2021b). This combined
action is the key to creating a durable, high-performance,
flame-retardant lignocellulosic material. The main flame-
retardant effect of phosphoric acid is the support of char
layer formation (Kim and Kim 2025).

3.9 Limiting oxygen index

Raw wood (RW) exhibits the lowest LOI value at 18%,
which is typical for untreated lignocellulosic materials and
indicates high flammability. Treatment with ammonium
phytate alone (AMP-W) increases the LOI to 26%, reflect-
ing the known flame-retardant effect of phosphorus-based
additives. Ammonium phytate functions primarily through
a condensed-phase mechanism, promoting char formation
and reducing the release of flammable volatiles during com-
bustion (Qin et al. 2023).

In contrast, furfuryl alcohol treatment alone (FA-W)
leads to a modest LOI increase to 21%. Although FA does
not act as a flame retardant per se, its polymerization within
the wood cell walls results in a denser, more thermally sta-
ble structure, which likely slows degradation and ignition.
This moderate increase supports the idea that FA contributes
indirectly to fire resistance through structural modification
and enhanced thermal insulation (Esteves and Pereira 2008).

The highest LOI (28%) is observed for the combined
FA+AMP-W treatment, indicating a clear synergistic
effect between furfuryl alcohol and ammonium phytate.
The improved retention of AMP due to the presence of FA
(as shown previously) ensures that the phosphorus-based
flame retardant remains in the matrix during combustion.
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Simultaneously, the furfurylated structure enhances the
thermal stability and promotes char formation. Together,
these effects suppress flaming combustion and increase the
oxygen concentration required to sustain burning. Such
synergistic improvements are consistent with other studies
where the incorporation of phosphorus compounds within
crosslinked polymer matrices significantly boosts flame-
retardant efficacy (Lin et al. 2021a; Ni et al. 2024).The
Limiting Oxygen Index (LOI) results presented in Fig. 14.
demonstrate significant improvements in flame retardancy
as a result of chemical modification.

3.10 Flame test

To evaluate the flame retardancy of the modified wood sam-
ples, a propane torch flame test was conducted. The igni-
tion behaviour and subsequent combustion characteristics
were documented (Fig. 15). When subjected to the flame,
raw wood (RW) demonstrated immediate ignition and rapid
flame spread. Following a 10-second exposure, the entire
wood block underwent vigorous combustion, culminating
in complete burning within 65 s.

Unlike the rapid ignition and continuous burning seen in
RW, AMP treated wood (AMP-W) showed a clear decrease
in flame size after being exposed to a flame for 10 s, and
it stopped burning on its own within another 37 s. This
improved resistance to fire results from a combination of
processes happening in both the gas and solid phases. When
burning, AMP breaks down due to heat, releasing gases that
don’t burn, like ammonia and water vapor, which reduce
the amount of oxygen available, thus suppressing the fire.
Additionally, the volatile products produced during this
breakdown include small molecules that act as scavengers
of free radicals, interrupting the chemical reactions that
keep a flame going. At the same time, the phosphoric acid
that is released as AMP decomposes acts as a dehydrating
agent, helping to form a protective layer of char from the

Fig. 14 Limiting Oxygen Index
(LOI) of raw wood (RW); ammo- 30

nium phytate-treated wood (AMP- _§
W); furfuryl alcohol-treated wood < 25
(FA-W); and furfuryl alcohol and L
. ©
ammonium phytate-treated wood c 20
(FA+AMP-W). Duncan’s Multiple -
Range Test is not applicable to LOI (J] 15
data due to the threshold-based &
nature of the LOI measurement s
10
oY)
C
2 5
E
-0

wood’s components and the PFA. The nitrogen contained
within AMP also plays a role in building this dense char
layer, which further enhances the material’s ability to resist
fire.

The furfuryl alcohol treated wood (FA-W) exhibited
similar characteristic behaviour to RW. After removing
the test flame the whole wood surface was engulfed with
flames accompanied by a significant crackling and pieces
of wood flying off the samples. While complete combus-
tion occurred within 79 s, the FA-treated wood yielded a
substantially greater amount of residual char compared to
untreated wood.

Unlike the previous observations, or the FA+AMP-
treated wood, self-extinguishment occurred remarkably
quickly, within 9 s after the flame removal. This rapid
response highlights the synergistic flame-retardant effect
between AMP and polymerized FA. AMP, through its nitro-
gen-phosphorus intumescent mechanism, and FA, by pro-
moting char formation, work together to create a dense char
layer. By creating a barrier, this layer limits heat transfer,
the release of combustible gases, and the entry of oxygen.
As aresult, it drastically lowers the intensity of combustion
and emissions. The combined action of these components
substantially enhances the wood’s flame retardancy.

While previous studies have investigated furfuryl alco-
hol (FA) in combination with phosphorus-based flame retar-
dants, the present work advances this concept in several
critical ways. Kong et al. (2018) demonstrated improve-
ments in dimensional stability and fire performance of
poplar by combining FA with ammonium dihydrogen
phosphate; however, the high loading levels and the inor-
ganic phosphate used resulted in limited leach resistance.
More recently, Xie et al. (2024) reported the use of FA
with ammonium phytate (AMP), yet their system required
higher concentrations of reagents and did not fully address
the durability of flame-retardant performance after leach-
ing. As summarized in Table 8, the FA-AMP system of

28

RW

FA-W AMP-W FA+AMP-W
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Fig. 15 Flame test progression of
various wood samples. The rows
display the temporal stages of

the test: 0 s (test flame applica-
tion), 10 s (test flame removal),
and flame extinction (except RW,
where a fully developed flame is
displayed). The columns cor-
respond to the following wood
treatments: raw wood (RW);
ammonium phytate-treated wood
(AMP-W); furfuryl alcohol-treated
wood (FA-W); furfuryl alcohol and
ammonium phytate-treated wood
(FA+AMP-W)

RW

AMP-W

FA-W FA+AMP-W

Table 8 Quantitative comparison of furfuryl alcohol (FA)-based flame-retardant wood modification systems reported in recent literature, includ-
ing formulation, catalyst type, weight% gain (WPG), limiting oxygen index (LOI), total heat release reduction (THR |), and leaching retention

FA [wt%]  Fire retardant [wt%]  Catalyst [wt%] WPG[%] LOI[%] THR | [%] Leachretention[%] Ref.

20 8 AMP 1.5 MA ~31 ~36 =49 ~40 (Xie et al. 2024)

15 0.8 ADP 3.2BA ~23 ~34 =37 n.d. (Zhang et al. 2022b)
30 5 GUP 3 MA, 1 TEA ~28 ~46 n.d. partial leaching (Lin et al. 2021b)
30 5 ADP 2MA ~68 n.d. ~34 ~57 (Kong et al. 2018)
18 10 APP 2 MA =36 ~48 =46 ~82 (Yiet al. 2023)

15 4 AMP 0.16 PA ~22 ~28" =37" ~92 This study

ADP: ammonium dihydrogen phosphate; AMP: ammonium phytate; APP: ammonium polyphosphate; BA: boric acid; GUP: guanyl-urea phos-
phate; FA: furfuryl alcohol; MA: maleic anhydride; PA: phosphoric acid; TEA: triethanolamine; n.d.: no data available;

WPG: weight% gain; LOI: limiting oxygen system; THR|: Total heat release decrement [%]

* dry basis

Xie et al. (2024) achieved a high LOI (=36%) and strong
THR reduction (=49%), but required 20 wt% FA and 8 wt%
AMP, resulting in a higher WPG (=31%) and only~40%
leach retention. In contrast, the present study employs lower
concentrations of both FA (15 wt%) and AMP (4 wt%) and
achieves a comparable THR reduction (=37%) with a mod-
erate WPG (=22%). Importantly, the leaching retention of
the present system (~92%) exceeds that of most compa-
rable FA-based flame-retardant systems reported in recent
literature (Table 8), confirming efficient immobilization of
the nitrogen—phosphorus flame retardant within the polym-
erized FA matrix. This improved durability is attributed to
the use of phosphoric acid as a dual-function agent, which
not only catalyses the in-situ polymerization of FA but also
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contributes additional phosphorus to promote dehydra-
tion and char formation. Moreover, unlike many previous
studies that report fire performance only for non-leached
samples, this work provides a systematic evaluation of
flame-retardant performance both before and after leaching,
demonstrating that the synergistic FA+ AMP+H:POa system
maintains high flame retardancy after water exposure.

Overall, the comparison confirms that the main practical
contribution of this work is the development of a low-con-
centration, bio-based, and highly leach-resistant FA+AMP
system catalysed by a small amount of phosphoric acid,
which provides competitive fire performance while maxi-
mizing leach resistance.
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4 Conclusion

A fully bio-based and durable flame-retardant modifica-
tion system for poplar wood was developed using an in-situ
polymerization approach combining furfuryl alcohol (FA)
and ammonium phytate (AMP), catalysed by phosphoric
acid. This treatment effectively immobilized AMP within
the wood structure, resulting in a weight% gain of 21.7%
and a leach resistance exceeding 91%, confirming efficient
fixation of the flame-retardant components.

The FA+AMP-modified wood exhibited substantially
improved fire performance. The limiting oxygen index
increased from 18% to 28%, while cone calorimetry showed
a 37% reduction in total heat release (from 129 to 8§81 MJ
m ?) and a 73% reduction in smoke production. In addition,
the residual mass increased from 4.8% to 32.7%, demon-
strating enhanced char formation. Direct flame tests fur-
ther confirmed improved flame resistance, as FA+ AMP-W
self-extinguished within 9 s, whereas raw wood burned
completely within 65 s. Importantly, the flame-retardant
performance remained largely unchanged after water leach-
ing, indicating excellent durability. The results suggest that
the improved fire behaviour is governed by a combination
of condensed-phase char promotion by phosphorus species
and gas-phase dilution effects associated with nitrogen-con-
taining components.

The mechanical evaluation showed that the modified
wood retained satisfactory structural integrity. While FA
incorporation increased hardness, the combined FA+AMP
treatment caused a reduction in flexural strength, indicating
a trade-off between improved fire safety and bulk mechani-
cal performance. Nevertheless, the overall multifunctional
behaviour of FA+AMP-W demonstrates a promising bal-
ance between durability, flame retardancy, and practical
usability for interior and semi-structural applications.

Future work should focus on long-term performance
under realistic service conditions, including cyclic humid-
ity, temperature variations, ultraviolet exposure, and biolog-
ical ageing. In addition, optimization of the impregnation
and curing process is required to improve scalability, reduce
energy and chemical consumption, and ensure consistent
quality. Comprehensive life-cycle assessment and cost—per-
formance analysis will also be necessary to evaluate indus-
trial feasibility. Overall, the proposed FA+AMP system
provides an environmentally friendly pathway for upgrad-
ing low-cost poplar wood into a fire-safe and durable mate-
rial with potential for construction, furniture, and interior
applications.
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