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Abstract
This study investigates how additional lignin powder affects the mechanical performance and fire behaviour of particle-
board (PB). Particleboards were manufactured from an industrial wood particle mixture bonded with phenol–formaldehyde 
(PF) resin (10 wt% constant content) using hot pressing at 7.8 MPa and 210 °C for a total pressing time of 4 min (press 
time factor was 15 s·mm− 1). Three board formulations were produced: control boards without lignin addition (PB-0 L), 
boards containing 10 wt% added lignin powder (PB-10  L), and boards containing 20 wt% added lignin powder (PB-
20 L). Fire performance was evaluated using a cone calorimeter under a heat flux of 50 kW·m⁻². In addition, artificial 
neural network (ANN) models were developed to predict the carbon monoxide release rate (CORR) and smoke produc-
tion rate (SPR) based on selected cone calorimeter parameters. The results demonstrate that the incorporation of 20 wt% 
lignin powder significantly improves fire performance, leading to an almost threefold reduction in total carbon monox-
ide production, from 735 to 250  g·m⁻². Simultaneously, the modulus of elasticity increased substantially, from 1855 to 
2639 N·mm⁻². Conversely, the addition of lignin negatively affected the internal bond strength, which decreased from 0.48 
to 0.25 N·mm⁻². The developed ANN models exhibited high predictive accuracy, with normalized root mean square errors 
below 6% for CORR and approximately 2% for SPR. These findings indicate that lignin powder has strong potential as 
a sustainable additive for enhancing the fire performance and stiffness of particleboard, although optimization is required 
to mitigate its adverse effects on internal bonding.
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Lignin paradox: selective property enhancement in particleboard

Jozef Martinka1  · Charalampos Lykidis2  · Viktor Wallisch3  · Peter Rantuch1  · Tomáš Štefko1  · 
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1  Introduction

Agglomerated wood-based products are manufactured from 
lignocellulosic raw materials (e.g., sawdust, particles, chips, 
flakes, fibres, strands, or veneers) bonded with synthetic or 
natural adhesives and consolidated by hot pressing. In some 
products, surface layers (e.g., laminates or foils) are applied 
to improve surface resistance, aesthetics, and emission con-
trol. The main advantage of agglomerated wood products is 
the possibility of producing large-format panels from low-
value or waste wood resources. The principal categories of 
such products include particleboard (PB), fibreboard, ori-
ented strandboard, and plywood.

As a versatile wood-based composite, PB has become an 
essential material in numerous sectors, including construc-
tion, furniture manufacturing, interior applications (e.g., 
wall panelling and decoration), packaging, and flooring 
(Dukarska et al. 2017; Yang et al. 2024; Long et al. 2026).

The development of sustainable PB production tech-
nologies has become increasingly important in response 
to environmental pressures such as deforestation, waste 
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accumulation, and the energy-intensive nature of conven-
tional manufacturing processes. One promising strategy is 
the incorporation of recycled wood-based materials (e.g., 
plywood or PB waste) and alternative lignocellulosic 
resources such as eucalyptus, which contributes to circular 
material flows and reduces reliance on virgin raw materials 
(Ranjan et al. 2025). Furthermore, PB can be produced from 
a wide range of alternative or underutilised materials, either 
as sole feedstocks or in combination with conventional wood 
particles. These include, for example, sugar cane bagasse 
(Bonilla et al. 2015), green coconut waste (Lim et al. 2021), 
rice husks (Olupot et al. 2022), hemp shives (Papadopoulou 
et al. 2023), pineapple leaves, recycled extruded polysty-
rene foam (Cagadas et al. 2023), municipal waste (Lykidis 
and Grigoriou 2011; Hrušovský and Réh 2024), coconut 
fibres (Bawono et al. 2025), and various other agricultural 
residues and industrial by-products (Lykidis et al. 2014).

Wood is a complex lignocellulosic material composed 
primarily of cellulose (40–55 wt%), hemicelluloses (24–40 
wt%), and lignin (18–35 wt%) (Kumar and Sharma 2017a; 
Haq et al. 2020), together with minor amounts of extrac-
tives (approximately 2–10 wt%, occasionally 1–14 wt%) 
and ash (typically 0.2–1 wt%, occasionally up to ≈ 5 wt%) 
(PETTERSEN 1984). The proportions of these components 
depend on species, growth conditions, sampling location 
within the tree, and analytical methodology. In addition, the 
ash content may be artificially increased by the presence of 
bark in the analysed material.

Many studies (Stamm 1956; Ramiah 1970; Sebio-Puñal 
et al. 2012; Senneca et al. 2020) have demonstrated that 
lignin is thermally more stable than cellulose and hemicel-
luloses under thermal analysis conditions. Moreover, lignin 
can act as a natural thermoplastic binder during hot press-
ing of wood-based materials such as particleboards, pellets, 
and fibreboards, as discussed by Ko et al. (2018), Zhao et 
al. (2020), and Mili et al. (2022). Phenolic hydroxyl groups 
in lignin play a crucial role in this binding mechanism (Kai 
et al. 2016). In addition, lignin exhibits a relatively hydro-
phobic character, which can contribute to improved water 
resistance of the final products.

Kraft lignin is a major by-product of the pulp and paper 
industry (hereafter referred to as technical lignin). This 
material can be valorised either through material recycling 
(e.g., in wood-based composites) or through energy recov-
ery. According to the cascade utilisation principle, material 
use of lignin should be prioritised over its combustion (Sir-
kin and Houten 1994; Keegan et al. 2013). However, the 
majority of technical lignin is still used for energy recovery 
(Ragauskas et al. 2014; Kumar and Sharma 2017b; Dess-
besell et al. 2020; Trezza et al. 2025). The application of 
technical lignin in wood-based composites has therefore 
attracted increasing research interest. Its use as a partial 

or complete substitute for synthetic resin binders has been 
extensively investigated and recently reviewed (Younesi-
Kordkheili et al. 2016; Owodunni et al. 2020; Conti Silva et 
al. 2024; Němec et al. 2024, 2025; Paez and Fatehi 2025). 
Alternative approaches based on chemical pretreatment of 
biomass, including in situ lignin polymerisation (Gong et al. 
2025) or oxidative cross-linking of natural polymers (Ju et 
al. 2024), have also been reported. Although these advanced 
approaches have produced materials with promising prop-
erties, their industrial implementation remains limited 
due to process complexity and cost. Consequently, indus-
trial practice favours simpler and more robust approaches 
that are compatible with existing large-scale production 
technologies.

In line with the need for practical industrial applications, 
several studies have investigated the direct incorporation of 
lignin, either as a sole binder, a co-adhesive, or a surface 
treatment, with varying degrees of success. When used as 
the sole adhesive, unmodified and oxidized lignin pow-
ders have historically yielded extremely low internal bond 
strengths (0 to 0.03 N·mm⁻²) in PBs (Hemmilä et al. 2013). 
More recent chemical modifications have shown improve-
ment; for instance, Salim et al. (2024) utilized a demeth-
ylated bark-lignin gel blended with ammonium chloride, 
achieving a ≈ 36% increase in the modulus of elasticity com-
pared to urea-formaldehyde (UF) bonded boards, though 
internal bond strength remained 20% lower. Blending lig-
nin with existing synthetic resins has proven more stable, 
as Martínez et al. (2021) demonstrated that the physical and 
mechanical properties of PBs can be fully maintained up to 
a 3:1 ratio of Klason lignin to UF resin. Beyond mechanical 
performance, emerging research has begun to touch upon 
the fire properties of lignin-enhanced wood products. Shi 
et al. (2025) reported improvements in both the mechanical 
and fire properties of poplar wood coated with lignin pow-
der and subsequently hot-pressed. However, their study did 
not isolate the specific contributions of the lignin powder 
versus the hot-pressing densification, and the fire perfor-
mance was limited to a basic flame spread test.

Despite extensive research on lignin as a binder compo-
nent, its use as a direct particulate additive in particleboard 
and its influence on fire behaviour, particularly carbon mon-
oxide emissions, remains insufficiently explored. Address-
ing this gap is essential for improving both the sustainability 
and fire safety performance of wood-based composites.

Therefore, the aim of this study was to produce particle-
boards from a mixture of industrial wood particles (derived 
from construction and carpentry waste), lignin powder 
(originating from the paper industry), and a commercial 
phenol–formaldehyde resin using hot pressing. The spe-
cific objectives were (i) to evaluate the mechanical and fire 
performance of these boards, and (ii) to develop and train 
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artificial neural network models capable of predicting the 
carbon monoxide release rate (CORR) and smoke produc-
tion rate (SPR) based on readily measurable cone calorim-
eter parameters.

2  Materials and methods

Particleboards (PBs) were manufactured from industrial 
wood particles (derived from construction and carpentry 
waste) with a particle size below 8 mm. The furnish con-
sisted of approximately 70% softwoods (predominantly 
pine Pinus spp. and spruce Picea spp.) and 30% hardwoods 
(mainly oak Quercus spp. and beech Fagus spp.). The 
particle size distribution comprised four fractions: coarse 
(8–4 mm, 4.13 ± 0.01 wt%), medium (4–2 mm, 29.18 ± 0,02 
wt%), and fine (2–1 mm, 50.64 ± 0.01 wt%) and ultra-fine 
(< 1 mm, 16.07 ± 0.01 wt%). The material was supplied by 
AKRITAS S.A. (Alexandroupolis, Greece). Prior to board 
manufacture, the particles were dried in a laboratory dryer 
at 60–70 °C to a moisture content of approximately 3 wt%.

Phenol–formaldehyde (PF) resin, supplied by NTL 
Chemical Consulting S.A. (Thessaloniki, Greece), was used 
as the adhesive system. The basic properties of the resin are 
summarised in Table  1. Commercial lignin powder (deal-
kaline lignin, L0045, CAS RN 8061-51-6) was purchased 
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 
The lignin was supplied as a dry powder with particle sizes 
ranging from 10 to 100 μm and a pH of 3–4.

2.1  Particleboard preparation

The PF resin was applied to the wood particles in a labora-
tory rotary drum blender at a rate corresponding to 10 wt% 

resin solids (based on oven-dry wood mass). The blender 
operated at approximately 1 Hz and was equipped with an 
atomiser supplied with compressed air at 0.25 MPa and a 
resin feed pressure of 0.1 MPa.

Lignin powder was incorporated as a partial substitu-
tion for wood particles as a filler (on a dry mass basis) at 
three levels: 0 wt% (PB-0 L), 10 wt% (PB-10 L), and 20 
wt% (PB-20 L), while maintaining a constant PF resin con-
tent. The lignin powder was added after resin spraying. For 
PB-10 L, the lignin was introduced in two equal portions 
(50:50), each followed by 30  s of mixing. For PB-20  L, 
the lignin was divided into three equal portions and incor-
porated in the same manner, with 30  s mixing after each 
addition. Lignin addition after spraying allowed the tacky 
resin film on the particle surfaces to improve its distribu-
tion and retention. This approach avoided pre-blending lig-
nin into the liquid PF resin, which would increase viscosity 
and induce premature reaction. Therefore the PF resin con-
tent was held constant for PB-OL, PB-10  L, and also for 
PB-20 L. Consequently, the lignin introduction adds unres-
inated material that may interrupt the inter-particle bonded 
network, potentially affecting internal bond strength.

The mat was manually formed in a forming frame of 
350 × 300  mm. The mat moisture content was 9–10%, 
measured using a Precisa HA60 moisture analyser (Pre-
cisa Gravimetrics AG, Switzerland). Hot pressing was 
carried out in a hydraulic press (400 × 400 mm) equipped 
with heated platens maintained at 210 °C and controlled by 
proportional–integral–derivative (PID) controllers. Board 
thickness was controlled using 12.0  mm hardened steel 
stops. The pressing cycle consisted of three stages: (i) pres-
sure increase to 7.8  MPa within 30 ± 3  s, (ii) pressing at 
constant pressure (7.8 MPa) for 180 ± 3 s, and (iii) decom-
pression within 30 ± 3 s.

Four panels were produced for each lignin content level, 
with a target density of 680 kg·m⁻³ at 6.5 wt% water con-
tent. The final boards were single-layer PB, of uniform com-
position through the thickness (no separate face and core 
layers).

Representative microscopic images of PB-0 L, PB-10 L, 
and PB-20  L surfaces are shown in Fig.  1. In PB-0  L 
(Fig.  1a), light regions correspond to wood particles and 
dark regions to the PF resin matrix. In PB-10 L and PB-20 L 

Table 1  Properties of the used phenol-formaldehyde resin
Property Value
pH (–) 11.62
Viscosity at 25 °C 440
Solids content at 2.0 g / 120 °C/ 2 h (wt%) 49
Density (kg·m− 3) 1240
Alkalinity (wt%) 6.8
Gel time at 0.6 g/ 130 °C (min) 3.5
Molar ratio (-) 1:2.1
Free urea content (wt%) 2

Fig. 1  Microscopic image of 
investigated PB samples surface: 
a – PB without extra added lignin; 
b – PB with 10 wt% extra added 
lignin; c – PB with 20 wt% extra 
added lignin
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(Fig. 1b, c), the dark phase represents a hybrid matrix con-
sisting of PF resin and lignin formed during hot pressing.

2.2  Mechanical and physical properties

The following properties were determined according to 
European Standards: density (EN 323:1993), modulus 
of rupture in static bending (MOR), modulus of elasticity 
in static bending (MOE) (EN 310: 1993), internal bond 
strength (IB) (EN 319:1993), thickness swelling (TS), and 
water absorption (WA) (EN 319:1993).

Prior to testing, specimens were conditioned at 20 ± 0.1 °C 
and 65 ± 1% relative humidity until constant mass was 
achieved. Thickness swelling and water absorption were 
measured after immersion in water for 2, 24, and 48 h.

The statistical significance of the effect of lignin content 
on mechanical properties was evaluated using the Kruskal–
Wallis test (significance level α = 0.05), followed by Dunn’s 
post hoc test with Holm–Bonferroni correction, imple-
mented in MATLAB 2025b.

2.3  Thermogravimetric analysis

Thermogravimetric (TG) measurements were performed 
using a NETZSCH STA 449 F5 Jupiter analyser (Netzsch 
Gruppe, Selb, Germany). Samples of 10 ± 1 mg were heated 
from 35 to 650 °C at a heating rate of 10 °C·min⁻¹. Analy-
ses were conducted in two atmospheres: nitrogen (purity 
99.9%) and synthetic air (80% N₂ and 20% O₂, both 99.9% 
purity), with a gas flow rate of 100 mL·min⁻¹.

2.4  Fire performance

Fire performance was evaluated using a dual cone calorim-
eter (Fire Testing Technology Ltd., East Grinstead, UK) in 
accordance with ISO 5660-1 (2015). Samples of dimen-
sions (100 × 100 × 12) ± 1 mm were exposed horizontally to 
an external heat flux of (50 ± 0.5) kW·m− 2. Three replicates 
were tested for each board type.

Prior to testing, samples were dried to constant mass at 
103 ± 2 °C and cooled in a desiccator at 23 ± 2 °C. This pro-
cedure ensured evaluation under a conservative, low-mois-
ture condition.

The effect size of lignin content on fire performance 
was evaluated using the absolute value of Cliff’s Delta (|δ|) 
calculated in MATLAB 2025b. Values of |δ| ≥ 0.474 were 

interpreted as a large effect size, following Romano and 
Kromrey (2006) and Wan et al. (2020).

2.5  Neural network modelling

Artificial neural networks (ANNs) were developed to pre-
dict the carbon monoxide release rate (CORR) and smoke 
production rate (SPR). Four input parameters were used: 
time from test start, lignin content, specific mass loss rate 
(SMLR), and heat release rate (HRR). The structure and 
value ranges of the input data are given in Table 2.

A total of 3249 data records were used, of which 2762 
were used for training and 487 for testing. Feedforward 
neural networks with three layers (4 input neurons, 10 
hidden neurons, and 1 output neuron) were implemented 
using MATLAB 2025b (Deep Learning Toolbox). Bayes-
ian regularisation was used as the training algorithm. The 
target outputs were CORR (0–0.76  g·m⁻²·s⁻¹) and SPR 
(0–7.3 m²·m⁻²·s⁻¹).

3  Results and discussion

3.1  Mechanical and physical properties

The mechanical and physical properties of the particle-
boards are summarised in Table 3. The measured thickness 
(11.61–11.86 mm), density (676–681 kg·m⁻³), and equilib-
rium moisture content (10.8–10.9%) did not differ signifi-
cantly among PB-0  L, PB-10  L, and PB-20  L, indicating 
that lignin addition did not result in systematic densification 
or moisture-related effects. Consequently, the observed dif-
ferences in performance can be attributed primarily to lignin 
incorporation.

Lignin addition had a positive effect on bending per-
formance. The modulus of rupture (MOR) increased from 
12.01 N·mm− 2 for PB-0 L to 14.79 N·mm− 2 for PB-20 L, 
while PB-10  L showed intermediate values without sta-
tistically significant differences from the other groups. A 
similar trend was observed for the modulus of elasticity 
(MOE), which increased from 1855 N·mm− 2 (PB-0 L) to 
2639 N·mm− 2 (PB-20 L), indicating a substantial increase 
in panel stiffness.

The hygroscopic performance also improved with 
increasing lignin content. Thickness swelling (TS) and 
water absorption (WA) after 2, 24, and 48 h immersion were 
reduced in boards containing lignin, with the most pro-
nounced improvement observed for PB-20 L. These results 
reflect the hydrophobic nature of lignin and its ability to fill 
voids within the structure, thereby reducing water uptake 
and limiting dimensional changes.

Table 2  Structure of input data of neural networks for prediction of CO 
release rate (CORR) and smoke production rate (SPR)
Time (s) Lignin content 

(wt%)
SMLR 
(g·m− 2·s− 1)

HRR 
(kW·m− 2)

0 to 1800 0 to 20 0 to 37.5 0 to 375
SMLR specific mass loss rate, HRR heat release rate
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In contrast, internal bond strength (IB) decreased with 
increasing lignin content. PB-20 L exhibited a significantly 
lower IB value (0.25  N·mm− 2) compared with PB-0  L 
(0.48 N·mm− 2) and PB-10 L (0.44 N·mm− 2), while no sig-
nificant difference was found between PB-0 L and PB-10 L. 
This reduction can be attributed to the lower reactivity of 
lignin compared with PF resin and the limited availability 
of reactive sites for cross-linking reactions (Ghaffar and Fan 
2014; Ang et al. 2019; Zhao et al. 2025).

The cause of MOE and MOR increase, while IB decreases 
with extra incorporated lignin increasing can be explained 
as follows. MOE and MOR are mainly defined by the stiff-
ness and continuity of the surface layers, where bending 
stress is highest and where flexural failure begins. During 
hot pressing the lignin powder softens, fills voids and stiff-
ens the matrix (higher MOE/MOR) and also reduces thick-
ness swelling and water absorption. IB instead exposes the 
low-density core under perpendicular tension: the extra 
incorporated lignin physically interrupts the inter-particle 
PF bonds and introduces a brittle, weakly cohesive phase, so 
core cohesion (IB) falls. This conclusion is consistent with 
(Nelis and Mai 2019).

Overall, the results indicate a trade-off between improved 
stiffness and moisture resistance on one hand and reduced 
internal bond strength on the other, highlighting the need for 
optimisation of lignin content and resin formulation.

3.2  Thermogravimetric analysis

Thermogravimetric (TG) and derivative thermogravi-
metric (DTG) curves obtained under inert and oxidative 
atmospheres are shown in Figs. 2 and 3 and summarised in 
Table 4.

In nitrogen, two main mass-loss stages were observed. 
The first stage (approximately 50–150  °C) corresponds 
to moisture evaporation, while the second stage (approxi-
mately 220–400 °C) is associated with the decomposition 
of hemicelluloses and cellulose (Yang et al. 2007). Lignin 
degrades over a broader temperature range and contributes 
to increased char formation. Accordingly, lignin-containing 
boards exhibited higher residual mass than PB-0  L under 
inert conditions, confirming the greater thermal stability of 
lignin.

In oxidative conditions, a third mass-loss stage occurred 
at approximately 425  °C, corresponding to the heteroge-
neous oxidation of the remaining char. Despite this oxida-
tion, PB-20 L retained approximately 33% more residue at 
650 °C than PB-0 L, demonstrating enhanced char-forming 
capability.

Table 3  Mechanical properties and physical properties of PB-0  L, 
PB-10 L and PB-20 L
Sample PB-0 L PB-10 L PB-20 L
Thickness 
(mm)

11.86 ± 0.44a) 11.79 ± 0.49a) 11.61 ± 0.39

Density 
(kg·m− 3)

676.08 ± 33.13a) 680.80 ± 36.64a) 681.33 ± 41.34a)

MOR 
(N·mm− 2)

12.01 ± 0.90a) 12.95 ± 0.88a)b) 14.79 ± 1.68b)

MOE 
(N·mm− 2)

1855 ± 197a) 1993 ± 70a) 2639 ± 194

IB 
(N·mm− 2)

0.48 ± 0.04a) 0.44 ± 0.07a) 0.25 ± 0.06

TS 2 h (%) 28.25 ± 1.67a) 25.39 ± 1.59a) 23.19 ± 0.78
TS 24 h (%) 30.48 ± 1.92a) 28.24 ± 1.54a)b) 27.21 ± 1.26b)

TS 48 h (%) 30.72 ± 1.95a) 28.76 ± 1.36a)b) 28.46 ± 1.57b)

WA 2 h (%) 45.87 ± 1.26 42.76 ± 2.21a) 41.22 ± 3.01a)

WA 24 h (%) 49.46 ± 1.07 46.51 ± 1.89a) 45.70 ± 2.39a)

WA 48 h (%) 50.84 ± 1.24 48.18 ± 1.91a) 47.78 ± 2.35a)

MOR modulus of rupture, MOE modulus of elasticity, IB internal 
bond strength, TS thickness swelling after 2  h to 48  h, WA water 
absorption after 2 h to 48 h, upper indexes (a) and (b) in the one row 
indicate data with p values of Kruskal-Wallis Dunn’s post hoc test 
higher than 0.05 (no statistically significant difference)

Fig. 2  Thermogravimetric behaviour of particleboards with different 
lignin contents under nitrogen atmosphere. a – TG curves and b – 
DTG curves of particleboards without added lignin (PB-0 L), with 10 
wt% lignin (PB-10 L), with 20 wt% lignin (PB-20 L), and pure lignin 
(100 L), recorded in the temperature range 35–650 °C at a heating rate 
of 10 °C·min⁻¹
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These results confirm that lignin incorporation increases 
char yield and thermal stability, which are important factors 
influencing fire behaviour.

3.3  Fire performance and combustion behaviour

The time-dependent behaviour of heat release rate (HRR), 
carbon monoxide release rate (CORR), smoke production 
rate (SPR), and specific mass loss rate (SMLR) is presented 
in Fig. 4, with the corresponding time-integrated quantities 
of total heat release (THR), total CO release (TCOR), total 
smoke production (TSP), and residual mass (RM), shown 
as insets. Shaded areas in Figs. 4 and 5 represent standard 
deviations of the measurements. A comparable influence of 
lignin incorporation on HRR and SMLR has been reported 
by (Němec et al. 2025).

At first inspection, the differences among PB-0  L, 
PB-10  L, and PB-20  L appear relatively small, with the 
exception of CO-related parameters. The statistical sig-
nificance of lignin content on the principal fire properties 
is summarised in Table  5. Notably, TCOR (Fig.  4b inset) 
shows a substantial and statistically significant reduction for 
PB-20 L compared with PB-0 L.

The HRR, SPR, and SMLR curves (Fig. 4a, c, d) exhibit 
similar profiles. An initial peak occurs at ignition, followed 
by a sharp decline and a second peak. After the second peak, 
HRR decreases to approximately 60 kW·m− 2, while SPR 
and SMLR approach near-zero values. In contrast, CORR 
(Fig. 4b) displays a different behaviour, with elevated CO 
production during the later stage of combustion (approxi-
mately 400 s after ignition), corresponding to the formation 
and oxidation of the char layer.

The second HRR peak is generally attributed to two mech-
anisms. According to Sanned et al. (2023), it is governed 
by rear-side boundary conditions, where heat accumulation 

Table 4  Thermogravimetric characteristics of particleboards containing 0, 10, and 20 wt% lignin, determined under inert (N₂) and oxidative (80% 
N₂ + 20% O₂) atmospheres. The first stage corresponds to moisture evaporation, the second stage to devolatilisation of lignocellulosic components, 
and the third stage (in oxidative atmosphere) to char oxidation
Sample PB-0 L PB-10 L PB-20 L PB-0 L PB-10 L PB-20 L
Protective gas N2 80% N2 + 20% O2
1st step
Temperature range (°C) 50–118 50–148 50–134 50–148 50–136 50–135
Peak temperature(°C) 72 60.1 59.1 63.3 59.3 69.9
Mass loss (%) 1.5 1.4 1.2 1.6 1.5 1.1
2nd step
Temperature range (°C) 118–750 148–750 136–750 148–366 136–364 135–362
Peak temperature(°C) 348.3 326.2 319.6 318.2 317.1 313.5
Mass loss (%) 73.7 70.9 66.6 62.8 61.6 59.1
3rd step
Temperature range (°C) – – – 366–650 364–650 362–650
Peak temperature(°C) – – – 422.1 427.4 429.1
Mass loss (%) – – – 32.3 33.5 35.4
Residue at 650 °C (%) 24.8 27.7 32.2 3.3 3.4 4.4

Fig. 3  Thermogravimetric behaviour of particleboards with different 
lignin contents under oxidative atmosphere (synthetic air). a – TG 
curves and b – DTG curves of particleboards without added lignin 
(PB-0  L), with 10 wt% lignin (PB-10  L), with 20 wt% lignin (PB-
20  L), and pure lignin (100  L), recorded in the temperature range 
35–650 °C at a heating rate of 10 °C·min⁻¹
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within the sample promotes accelerated pyrolysis. Alterna-
tively, Babrauskas (2023) attributes the second peak to mul-
tiple degradation pathways in wood, resulting in different 
effective heats of combustion during flaming and glowing 
phases.

The time dependence of effective heat of combustion 
(EHC) is shown in Fig. 5. Comparison of Figs. 4 and 5 indi-
cates that the decrease of the second HRR peak to approxi-
mately 60 kW·m− 2 at around 400 s corresponds to a stepwise 
increase in EHC. This increase occurs after the second HRR 
peak, indicating a transition from flaming to char oxidation.

Fig. 5  Time dependence of the 
effective heat of combustion (EHC) 
of particleboards with different 
lignin contents during cone calo-
rimeter testing. Curves correspond 
to boards without added lignin 
(PB-0 L), with 10 wt% lignin 
(PB-10 L), and with 20 wt% lignin 
(PB-20 L), tested at an external 
heat flux of 50 kW·m− 2

 

Fig. 4  Time dependencies of a – heat release rate and total heat release 
rate (THR); b – CO release rate and total CO release (TCOR); c – 
smoke production rate and total smoke production (TSP); d – specific 
mass loss rate and residual mass (RM) of particle board without extra 

incorporated lignin (PB-0  L), with 10 wt% extra added lignin (PB-
10 L), and with 20 wt% extra incorporated lignin (PB-20 L) (shadow 
areas around lines indicate standard deviations)
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Average EHC values for three time intervals (0–330  s, 
330–510  s, and 510–1800  s) are summarised in Table  6. 
Statistical analysis (Kruskal–Wallis test with Dunn’s post 
hoc comparisons) shows that lignin addition does not sig-
nificantly affect EHC during the active flaming phase 

(HRR > 50 kW·m− 2) but leads to a significant increase dur-
ing the charring phase. This behaviour is consistent with 
results reported by (Todaro et al. 2015, 2020), who reported 
increased calorific value in lignin-rich materials.

The correspondence between HRR, SPR, and SMLR 
behaviour suggests that the second peak observed in SPR 
and SMLR originates from the same thermophysical mech-
anism as the second HRR peak, as proposed by Sanned et 
al. (2023).

Overall, the incorporation of lignin has only a moder-
ate effect on most fire performance parameters (Table  5). 
However, a pronounced and statistically significant reduc-
tion in all CO-related parameters is observed. The residual 
mass increases from approximately 3.2 wt% for PB-0 L to 
approximately 9.5 wt% for PB-20 L, which is relevant for 
improved fire resistance. In addition, the EHC increases by 
approximately 6%, which may be beneficial from an energy 
recovery perspective. The most notable finding is the sub-
stantial reduction in CO emissions, which warrants further 
mechanistic interpretation.

The HRR values of the investigated particleboards are 
comparable to those reported for fibreboards treated with 
fire retardants by Mantanis et al. (2020), indicating that 
lignin addition does not adversely affect the heat release 
characteristics of the material. In contrast, the CO yield of 
PB-0  L (approximately 90  g·kg− 1) is substantially higher 
than that reported for solid spruce wood (approximately 
30 g·kg− 1) by Martinka et al. (2014). The incorporation of 
20 wt% lignin reduces the CO yield to values comparable 
with solid wood, demonstrating a marked improvement in 
combustion efficiency and fire safety performance.

Incomplete combustion produces soot and partially oxi-
dised gaseous species, primarily CO. Because soot forma-
tion correlates with SPR (Östman 2009), trends in CO and 
SPR provide an indication of combustion efficiency. Visual 
analysis of Fig. 4 shows that PB-10 L and PB-20 L exhibit 
slightly higher initial CORR peaks and somewhat elevated 
second SPR peaks compared with PB-0 L; however, these 
differences have little influence on total emissions.

The most important observation is that the phase of 
substantially reduced CORR for lignin-containing boards 

Table 5  Fire performance parameters of particleboards containing 0, 
10, and 20 wt% added lignin determined by cone calorimeter test-
ing at an external heat flux of 50  kW·m⁻². Values are presented as 
mean ± standard deviation (n = 3)
Sample PB-0 L PB-10 L PB-20 L
Time to 
ignition 
(s)

9.34 ± 0.58a) 9.34 ± 1.15a) 13.67 ± 1.53

MARHE 
(kW·m− 2)

205.94 ± 5.17 197.86 ± 5.70 192.25 ± 2.44

HRRmax1 
(kW·m− 2)

277.09 ± 10.15 258.84 ± 8.50 285.04 ± 8.27

Time to 
HRRmax1 
(s)

20 ± 2 18.34 ± 1.53 30 ± 5

HRRmax2 
(kW·m− 2)

305.27 ± 19.09 361.01 ± 15.79 317.57 ± 11.62

Time to 
HRRmax2 
(s)

310 ± 2a)b) 308.34 ± 10.41a) 317.58 ± 10.41b)

THR 
(MJ·m− 2)

129.63 ± 5.68a) 129.23 ± 6.64a) 132.13 ± 9.39a)

EHC 
(MJ·kg− 1)

15.70 ± 0.64 16.24 ± 0.59 16.77 ± 0.65

Residual 
mass (%)

3.23 ± 3.80a) 5.60 ± 0.52a) 9.48 ± 0.63

TCOR 
(g·m− 2)

735.55 ± 75.84 624.42 ± 59.78 250.08 ± 102.28

COY 
per ML 
(g·kg− 1)

89.47 ± 7.78 78.32 ± 7.73 32.03 ± 14.09

COY 
per RH 
(g·MJ− 1)

5.69 ± 0.34 4.83 ± 0.954 1.92 ± 0.91

TSP 
(m2·m− 2)

1078.31 ± 101.39a) 1054.48 ± 35.71a) 1031.38 ± 82.37a)

SEA 
per ML 
(m2·kg− 1)

131.44 ± 7.92a) 132.58 ± 2.75a) 131.35 ± 14.53a)

SEA 
per RH 
(m2·MJ− 1)

8.37 ± 0.44a) 8.17 ± 0.18a) 7.86 ± 1.15a)

MARHE maximum average rate of heat emission, HRRmax1and 
HRRmax2 first and second peak values of heat release rates during the 
cone calorimeter test, respectively, THR and EHC total heat release 
and effective heat of combustion respectively, TCOR total CO release, 
COY per ML and COY per RH carbon monoxide yield per mass loss 
of sample or per unit of released heat, respectively, TSP total smoke 
production, SEA per ML and SEA per RH smoke extinction area per 
mass loss of sample or per unit of released heat, respectively, upper 
indexes
(a) and (b) in one row indicate data with Cliff’s Delta (|δ|) absolute 
value of |δ| ˂ 0.474, which corresponds to a negligible effect size 
according to Romano and Kromrey (2006) and Wan et al. (2020)

Table 6  Effective heat of combustion (EHC) of PB with 0 to 20 wt% 
extra incorporated powder lignin at the three time intervals
Time interval (s) EHC (MJ·kg− 1)

Extra incorporated lignin (wt%)
0 10 20

0 to 330 11.46 ± 0.75a) 11.40 ± 0.86a) 11.28 ± 0.90a)

330 to 510 22.15 ± 7.32b) 21.74 ± 7.19b) 23.33 ± 7.61b)

510 to 1800 28.21 ± 3.57 31.95 ± 4.85 34.75 ± 4.93
Upper indexes (a) and (b) indicate data with p values of Kruskal-Wallis 
Dunn’s post hoc test higher than 0.05 (statistical no significant dif-
ference)
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begins at approximately 600 s (Fig. 4b), corresponding to 
the glowing phase of char oxidation. This indicates that lig-
nin primarily influences CO generation during the char oxi-
dation stage rather than during flaming combustion.

The reduction in CO emissions is therefore likely asso-
ciated with the properties of the lignin-derived char layer. 
Lignin pyrolysis produces a higher yield of phenolic com-
pounds and hydroxyl functional groups (Jiang et al. 2010; 
Zhang et al. 2023), which may promote oxidation of CO to 
CO₂ (Moulijn and Kapteijn 1995). In addition, lignin forms 
a denser and less porous char than cellulose-derived mate-
rial (Moulijn and Kapteijn 1995; Sharma et al. 2004; Yang 
et al. 2007; Xiang et al. 2025). This results in a thicker and 
more compact char layer that restricts oxygen diffusion to 
the underlying material, thereby modifying the combustion 
regime.

These combined chemical and structural effects are con-
sidered to be the primary reasons for the observed reduction 
in TCOR and CO yield in lignin-containing particleboards.

Comprehensive comparison of the effect of extra incor-
porated lignin on mechanical and physical properties, ther-
mal analysis, and fire performance indicates adding 10 
wt% of lignin is more beneficial than 20 wt% of lignin. An 
exception may be the need to significantly reduce the carbon 
monoxide yield, when the addition of 20 wt% lignin is very 
advantageous.

3.4  Neural network prediction of CORR and SPR

The predictive performance of the developed artificial 
neural networks (ANNs) for carbon monoxide release rate 
(CORR) and smoke production rate (SPR) is summarised in 
Tables 7 and 8 and illustrated in Fig. 6.

The ANN models achieved high predictive accuracy for 
both target variables. For CORR prediction, the coefficient 
of determination (R2) reached 0.962 in the testing phase, 
with a normalised root mean square error (NRMSE) below 
6%. Similarly, for SPR prediction, the testing-phase R2 
exceeded 0.97, while the NRMSE was approximately 2%. 
These results indicate strong agreement between predicted 
and measured values across the full range of experimental 
conditions.

The model performance is further supported by low mean 
square error (MSE) and root mean square error (RMSE) val-
ues, as well as acceptable coefficients of variation of RMSE. 
The consistency between training and testing datasets con-
firms that the models do not suffer from significant overfit-
ting and exhibit good generalisation capability.

Comparison with previously published machine-learning 
approaches in fire engineering and wood science (Yuen et 
al. 2006; Kopúnek et al. 2024; Zhang et al. 2025; Mozafari 
Parsa and Tahsini 2025) demonstrates that the present ANN 

models achieve comparable or superior predictive accuracy. 
This confirms that reliable prediction of CORR and SPR can 
be achieved using a limited set of readily measurable input 
parameters, namely time, lignin content, heat release rate, 
and specific mass loss rate.

The trained neural network models are provided in the 
Supplementary information (Supplementary Information A 
for CORR prediction and Supplementary Information B for 
SPR prediction). These models can be directly implemented 
for prediction of CO and smoke emission behaviour of par-
ticleboards based on experimentally accessible cone calo-
rimeter data, facilitating their use in fire safety engineering 
and material development.

4  Conclusion

PBs were manufactured from industrial wood particles, PF 
resin, and extra incorporated technical dealkaline lignin 
powder at three different contents: 0, 10, and 20 wt%.

Obtained results prove that 10 wt% extra incorporated 
lignin maintain or slightly improve most of mechanical, 
physical, and fire performance properties of PBs. Waste 
dealkaline lignin at 10 wt% is therefore suitable for recov-
ery as filler in the production of PBs.

On the other hand, 20 wt% extra incorporated lignin 
significantly improve most of mechanical, physical, and 
fire performance properties, e.g. MOR, MOE, TS, WA, 
MARHE, residual mass, and carbon monoxide yield. Other 

Table 7  Performance metrics of the artificial neural network model for 
prediction of carbon monoxide release rate (CORR) during training 
and testing phases
Parameter Training Testing
MSE (g·m− 2·s− 1) 0.0017 0.0020
RMSE (g·m− 2·s− 1) 0.0412 0.0447
R2 (-) 0.9688 0.9621
NRMSE (%) 5.42 5.89
CV(RMSE) (%) 13.86 15.03
MSE mean squared error, RMSE root mean square error, R2 coef-
ficient of determination, NRMSE normalized mean square error, 
CV(RMSE) coefficient of variation of root mean square error

Table 8  Performance metrics of the artificial neural network model for 
prediction of smoke production rate (SPR) during training and testing 
phases
Parameter Training Testing
MSE (m2·m− 2·s− 1) 0.0264 0.0250
RMSE (m2·m− 2·s− 1) 0.1625 0.1581
R2 (-) 0.9782 0.9793
NRMSE (%) 2.23 2.17
CV(RMSE) (%) 27.78 27.02
MSE mean squared error, RMSE root mean square error, R2: coef-
ficient of determination, NRMSE normalized mean square error, 
CV(RMSE) coefficient of variation of root mean square error
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fire properties were maintained or only slightly (practically 
insignificant) deteriorated. The key problem remains IB 
reduction from 0.48  N·mm− 2 to 0.25  N·mm− 2. Therefore 
the role of lignin at 20 wt% appears paradoxical. While 
most properties improved, IB deteriorated significantly. 
Future research should focus on improving IB at 20 wt% 
lignin content. Solving this problem would enable lignin to 
become a high-performance, eco-friendly CO suppressant.

In addition to the experimental work, artificial neural 
network models were developed to predict carbon monox-
ide release rate (CORR) and smoke production rate (SPR) 
from readily measurable cone calorimeter parameters. The 

trained models achieved high predictive accuracy, with nor-
malised root mean square errors of approximately 6% for 
CORR and 2% for SPR.
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