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A B S T R A C T

Novel composites were successfully produced using renewable green sources, furfuryl alcohol resin, commonly 
obtained from biomass, and wood flour. Compared with a conventional melt-blending technique used for the 
preparation of wood-plastic composites, this unique approach, utilizing low-viscosity thermoset resin with high 
affinity for wood, enables the avoidance of excessive treatment of wood flour. Four flame retardants possessing 
different flame-retardant mechanisms (expandable graphite (EG), ammonium dihydrogen phosphate (ADP), 
Exolit OP560 and dimethyl propane phosphonate) at two loading levels (7.5 and 15 wt%) were used to suppress 
the flammability of the composites evaluated by a cone calorimeter test, limiting oxygen index and UL 94. All 
investigated flame retardants significantly reduced maximum value of heat release rate (HRR) (EG and ADP 
approx. up to 75 %) and, moreover, ADP and EG significantly reduced the total smoke production (EG up to 25 % 
and ADP up to 96 %) confirming outstanding and unusual flammability suppression considering HRR reduction 
and a decrease in smoke production rate (SPR) at the same time. Besides that, the neural network prediction 
models for HRR and SPR from test time and mass loss rate were created and trained, giving the possibility to 
predict HRR and SPR values from simple and cheap tests, providing only mass loss rate at specific conditions.

1. Introduction

Due to efforts to reduce the utilization of fossil sources and with 
pressure for sustainability, there are tendencies to find novel material 
compositions involving renewable sources. Wood flour (WF) is a cheap 
resource obtained from renewable wood waste and is often used in 
combination with thermoplastic polymers for the preparation of well- 
known wood-plastic composites (WPCs). Wood-plastic composites are 
thus materials combining a commonly thermoplastic polymer matrix 
with wood using melt blending and are utilized in many applications, 
such as terrace planks, various automotive components, pallets, furni
ture, etc. [1,2]. Commonly, WPCs enable overcoming drawbacks arising 
from the inherent nature of either plastic or wood materials, e.g., wood 
absorption of moisture and degradation stability of polymeric materials. 
From an application point of view, however, important properties such 
as the flammability of the entire composite have to be suppressed using 
additive substances. Moreover, insufficient compatibility between 
thermoplastic resins and WF may lead to inferior performance of the 

composites.
Thermosetting systems may be used for large-wood parts impreg

nation to resist moisture and microbial decay, keep dimension stability 
[3], resist biological factors and for an aesthetic appearance [2,4]. For 
example, a furfurylation is a chemical modification of wood improving 
its application properties [5] by reducing its hygroscopicity [6], 
improving dimensional stability [7] and hardness, and enhance 
biodegradation [8]. Furfuryl alcohol (FA) is a low-viscosity liquid with 
high affinity for wood enabling its entrance to wood cells and chambers, 
where FA may be permanently fixed through polymerization to poly 
(furfuryl alcohol) (pFA) using a proper curing agent (e.g. maleic anhy
dride (MA)) [9,10]. Due to the sufficient compatibility of FA and wood, 
there is no need for additional treatment of used WF as in the case of 
WPCs prepared through a melt-blending process. Moreover, FA is pre
pared via hydrogenation of furfural, which may be obtained as a 
by-product from agricultural waste through biomass digestion and is 
therefore considered as a green and renewable source. In addition, MA 
was proven as a good compatibilizer for particulate filler and resin, 
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leading to an increase in the storage modulus of the composites [11].
Recently, thermoset systems have been used as a matrix and a binder 

in composites with WF, leading to superior WF-based composites 
(WFCs) when compared with WPCs prepared through melt blending. 
Xiao et al. [12] have introduced green WF-based thermosetting com
posites from castor-oil-based polyurethane containing up to 87.5 % of 
biomass, divided among 70 % of WF and 17.5 % of castor oil. This 
system exhibited enhanced interface compatibility and higher bending 
strength when compared with a similar WPC system based on poly
propylene and WF prepared through a melt-blending method. Consid
ering the internal structure, unlikely in WPCs, using adhesives may 
generally create chemical bonds and further physical cross-linking 
provides the compatibility leading to superior properties of the com
posite when compared to WPCs [12]. Mandal et al. [13] prepared WFCs 
using chemically modified epoxidized soybean oil, involving an exces
sive amount of chemicals and catalysts with an initiator. Similarly, the 
preparation of a green composite may be realized by utilizing conju
gated linseed and soybean oil with a high content of wood fibers or WF 
(up to 85 %) [11]. Nabinejad et al. [14] have introduced a thermoset 
resin-based composite based on WF, oil palm shells and conventional 
unsaturated polyester, vinylester and epoxy resin produced from 
petrochemical resources. Distinguishing pre-treatments of WF showed a 
significant impact on the wettability of the WF by thermoset resin, 
leading to modification of the mechanical properties. To further increase 
of mechanical properties of prepared WFCs, additive manufacturing 
implementing 3D printing [15] has been applied. While a non-printed 
composite (a molded sample), utilizing WF and urea formaldehyde 
resin as a binder, showed flexural modulus and tensile strength of 5.4 
GPa and 9.7 MPa, respectively, its 3D-printed analogue exhibited values 
of 6.8 GPa and 17 MPa. The increase in the mechanical properties can be 
explained by better densification of the system, leading to a significant 
decrease in void content in the sample [15]. Other bio-based systems 
utilized soy or wheat gluten protein to create outstanding wood adhe
sives for plywood preparation through a cross-linking reaction [16,17].

Wood flour composites are thus very promising systems that can be 
used in many applications and their properties may be further modified 
through particulate fillers [18] and, moreover, may be prepared from 
renewable sources. For systems based on conventional thermoset ma
terials like epoxy resins or polyurethanes, many flame retardants with 
sufficient suppression of flammability have been developed and inves
tigated. Besides well-known flame-retardant systems industrially 
implemented for thermosets, even flame retardants at research scale 
enhancing flame retardancy as well as mechanical and thermal behavior 
of the system based on variously modified polyhedral oligomeric silse
quioxanes [19–23], barium phytate exhibiting synergistic effect with 
zinc oxide [24], organic sepiolite modified with coupling agent [25], 
and zinc borate together with aluminum diethyl phosphite [26] have 
been introduced. To evaluate the flammability of the composites, a cone 
calorimeter test, limiting oxygen index (LOI), and UL 94 test are 
commonly used [25,27]. To our best knowledge, however, in the case of 
WFCs based thermoset resins, information about their flammability is 

very limited, and there are only a few papers dealing with flammability. 
For example, excellent flammability suppression was tested by LOI and a 
cone calorimeter test of WFCs was achieved using sodium silicate and 
phytic acid [28]. On the other hand, Grzybek et al. [29] has tested 
various flame retardants for WFCs epoxidized with linseed oil, among 
which only clay with sodium silicate led to a reduction of heat release 
and smoke production at the same time.

In this study, the novel approach for the preparation of WFCs using 
renewable and green sources based on FA and WF is introduced, and 
their flammability is tested using flame retardants with various flame- 
retardant mechanisms. Furfuryl alcohol, commonly obtained from 
renewable biomass, was used as a thermoset matrix and a binder for WF. 
The goal was to evaluate the flammability of the composites imple
menting four different flame retardants (expandable graphite (EG), 
ammonium dihydrogen phosphate (ADP), Exolit OP560 and dimethyl 
propane phosphonate (DMPP)) and find the most suitable flame retar
dant considering their various retardant mechanism using a cone calo
rimeter test, LOI and UL 94 test. Upon heating, EG increases its volume 
[30] through an endothermic process and creates a foam layer and ADP 
thermally degrades to ammonia and phosphoric acid, which supports 
the creation of a charring layer on the burning wood surface [31,32]. 
Commercial flame retardants Exolit OP560 and DMPP are both liquid 
halogen-free phosphorus-based flame retardants (Fig. 1). Exolit OP 560 
promotes char formation during combustion due to phosphorus content 
and hydroxyl groups, leading to a protective carbonaceous layer on the 
surface of a condensed phase. On the other hand, DMPP acts mainly in a 
gas phase, due to its decomposition to phosphorous molecules, inhibit
ing flame propagation through scavenging of radicals. Moreover, many 
research groups and institutes engaged in the investigation of material 
flammability do not have equipment for heat release rate (HRR) and 
smoke production rate (SPR) measurements due to their high acquisition 
costs. Therefore, the neural network models for HRR and SPR from test 
time and mass loss rate were created and trained in this study. Trained 
neural networks are available on request and can be used for HRR and 
SPR prediction from data that are obtained using relatively cheap and 
simple methods (test time and mass loss rate).

2. Experimental

2.1. Materials and chemicals

Furfuryl alcohol (purity 98 %, Sigma Aldrich, USA) and MA (purity 
99 %. Acros Organics, USA) were used as delivered without any puri
fication. As flame retardants, polyol with high content of phosphorus 
Exolit OP560 (Clariant, Switzerland), DMPP (Levagard, Lanxess, Ger
many), ADP (PENTA Chemicals, Czech Republic) and EG (AMG Graphite 
GK, Germany; carbon content >92 %, 80 % particles >150 μm) were 
used. Wood flour (type 15 E) was supplied by La.So.Le (Italy). The 
chemical structures of commercial products DMPP and Exolit OP560 are 
captured in Fig. 1.

Fig. 1. Chemical structure of commercial fire retardants: (a) DMPP; and (b) Exolit OP560.
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2.2. Composite preparation

Firstly, MA was completely dissolved in FA in a weight ratio of 10:90 
and the flame retardant was added. The mixture was homogenized using 
a glass stick and subsequently intensively mixed together with WF using 
a vacuum mixer (Twister venturi, Renfert, Germany) at 150 rpm for 10 
min. The thoroughly mixed samples were then molded and cured at 
120 ◦C for 20 min. A schematic illustration of the preparation process is 

captured in Fig. 2. In the case of samples with ADP, ADP was dissolved in 
a low amount of demineralized water before its addition into FA/MA 
solution. The flame retardants were used at two loading levels – 7.5 and 
15 wt% of the total composite mass. The composition of the prepared 
samples is summarized in Table 1.

2.3. Composite characterization

A differential scanning analyzer (DSC; Mettler Toledo DSC1; Mettler 
Toledo; Switzerland) was used to characterize curing process of the 
prepared systems. Dynamic scans were performed with heating rate of 
10 ◦C/min in a temperature range of 25–250 ◦C. In the case of isothermal 
scans, the sample was put into the furnace and immediately heated to an 
experiment temperature (no heating rate was set, the instrument 
reached the experiment temperature as fast as possible to avoid losing 
unnecessary curing heat). All the samples were loaded into an aluminum 
crucible closed with a lid with a pinhole on its top. A thermogravimetric 
analysis (TGA) was performed to observe thermal degradation of the 
prepared WFCs using a thermogravimetric analyzer (TGA Q500, TA 
Instruments, USA). The measurement ran at heating rate of 10 ◦C/min in 
a temperature range of 25–800 ◦C in an air atmosphere to simulate real 
conditions during combustion of the sample.

Fig. 2. A schematic illustration of preparation of wood-flour composite based on wood flour and furfuryl alcohol: a) various components used for production of the 
wood-flour composites - wood flour, furfuryl alcohol as a resin, maleic anhydride as a curing agent and various flame retardants (liquid or particulate flame re
tardants); b) saturated wood flour with furfuryl alcohol resin; c) the wood-flour composite prepared using a molding technique at 120 ◦C for 20 min.

Table 1 
Composition of the prepared WFCs with various flame retardants (wt%).

Sample label WF FA MA DMPP OP560 ADPa EG

WFC 50 45 5 – – – –
DMPP-7.5 50 38.25 4.25 7.5 – – –
DMPP-15 50 31.5 3.5 15 – – –
OP560–7.5 50 38.25 4.25 – 7.5 – –
OP560-15 50 31.5 3.5 – 15 – –
ADP-7.5 50 38.25 4.25 – – 7.5 –
ADP-15 50 31.5 3.5 – – 15 –
EG-7.5 50 38.25 4.25 – – – 7.5
EG-15 50 31.5 3.5 – – – 15

a The ADP was dissolved in demineralized water before its mixing with the 
thermoset system. Water content is not included due to presumption of its 
evaporation upon thermal treatment and chemical inertness regarding the used 
curing system.

Fig. 3. DSC analysis of the prepared mixtures of FA/MA: (a) isothermal DSC scans of FA/MA (90:10 (w/w)) at various temperatures; (b) dynamic DSC scans for the 
systems with 15 wt% of flame retardants.
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2.4. Water absorption test

Water absorption (WA) tests were performed using disk-shaped 
samples of approximately 20 mm and 3 mm in diameter and thick
ness, respectively. The specimens were immersed in 60 ml of distilled 
water at 23 ◦C and subsequently at certain time intervals, they were 
removed and weighed. Water absorption was calculated using the 
following equation (Eq. (1)) [33]: 

WA (%)=
Wc − W0

W0
× 100 (1) 

where Wc is the weight of the specimen after immersion in the water and 
W0 represents its original weight.

2.5. Fire hazard test

Fire hazard of investigated WFCs was evaluated based on key fire 
properties determined by the cone calorimeter quantifying (i) released 
heat as heat release rate (HRR), total heat release (THR), effective heat 
of combustion (EHC); (ii) released smoke as smoke production rate 
(SPR) and total smoke production (TSP); (iii) and mass loss as mass loss 
rate (MLR) and total mass loss (TML). Time to flashover was calculated 
from HRR according to Kokkala et al. [34] and C/VM2:2014 [35]. Both 
the cone calorimeter (Dual Cone Calorimeter, Fire Testing Technology, 
The United Kingdom) and measurement procedure were in accordance 
with ISO 5660–1:2015 standard [36]. The sample dimensions were 

Fig. 4. Water absorption of prepared WFC with various flame retardants at 
loading level 7.5 %.

Fig. 5. Thermogravimetric analysis of prepared pFA WFC with various flame retardants at their concentration (a) 7.5 % and (b) 15 %. Measurements were performed 
in an air atmosphere.

Fig. 6. A dependence of derivative weight loss obtained from thermogravimetric analysis of prepared pFA WFC with various flame retardants at their concentration 
(a) 7.5 % and (b) 15 %. Measurements were performed in an air atmosphere.
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(100x100x3)±0.5 mm (length x width x thickness) and the heat flux 
from a cone heater to the sample surface was 50 ± 0.5 kW m− 2. Mea
surement of each WFCs sample was repeated three times and average 
values together with standard deviations are presented as final results.

The four models of neural network prediction have been created in 
the MATLAB 2020b software (in the Neural Network Toolbox environ
ment). The first model for prediction of HRR from MLR; the second 
model for prediction of SPR from MLR; the third model for prediction of 
SPR from HRR; and, finally, fourth model for prediction of SPR from 
both parameters MLR and HRR. The test time (in seconds) together with 
MLR (g m− 2 s− 1) were used as an input in the first and second prediction 
model. The HRR (kW m− 2) or SPR (m2 m− 2 s− 1) were used as a desired 
output in the first or second prediction model, respectively. The test time 
together with HRR was used as the input and SPR was used as desired 
output in the third prediction model. Finally, test time together with 

MLR and HRR were used as the input and SPR was used as the desired 
output in the fourth model. The three-layer (input layer with two or 
three neurons, hidden layer with twenty neurons and an output layer 
with two neurons) feed-forward neural network was used. Sigmoid 
activation function for hidden neurons and linear activation function for 
input and output neurons were used. The Levenberg–Marquardt training 
algorithm was used. A total 3249 tuple values (3-tuple for the first to 
third model and 4-tuple for the fourth model) were used for training 
(2275 values), validation (487 values) and testing (487 values) of neural 
network models. For their testing, data used for the training or valida
tion phase was excluded. Details regarding the structure and theory of 
the used neural network may be found for example in Martinka et al. 
[37] and Godovcin et al. [38].

The limiting oxygen index (LOI) was measured according to ISO 
4589–2:2017 (under ambient temperature) [39]. Sample dimensions 
were: (150 × 7 × 3)±0.5 mm (length × width × thickness).

The flammability performance of WPC materials was evaluated ac
cording to the UL 94 – Standard for Safety of Flammability of Plastic 
Materials for Parts in Devices and Appliances. For the test, test speci
mens of dimensions 125 × 13 mm were prepared. Each specimen was 
suspended vertically, and a Bunsen burner flame was applied to the 
bottom edge for 10 s. If the flame was extinguished, after 15 s it was re- 
applied for another 10 s. A cotton indicator was placed below the sample 
in case of dripping particles.

3. Results and discussion

To determine the temperature for molding of the samples, curing 
reactions of pFA were investigated at isothermal conditions at temper
atures of 100, 120, 130, and 140 ◦C. At 100 ◦C, the characteristic 
exothermic peak representing curing reaction was not observed (Fig. 3a) 
and a curve exhibited just a slight increase within 10 min indicating too 
low temperature for curing of the samples [40]. With increasing tem
perature of the experiment, the characteristic curing peak occurred 
confirming undergoing curing reaction; nevertheless, at temperature 
140 ◦C and 130 ◦C the WF begin to degrade according to further in
vestigations. Since it has been proved that higher temperature or longer 
curing time can lead to a denser cross-linked network, it can also initiate 
degradation of the WF filler leading to inferior properties of the com
posite [11]. Therefore, curing temperature 120 ◦C was found to be the 
most appropriate with a reasonable curing time and without noticeable 
degradation of the WF.

Utilizing dynamic heating scans (Fig. 3b), a curing reaction of pFA 
starts around 100 ◦C and 100 % degree of conversion is achieved slightly 
over 150 ◦C with the value of the total curing reaction enthalpy 345 J 
g− 1. Using flame retardants at the concentration of 15 wt% insignifi
cantly affected the pFA curing reaction except for DMPP, which shifted 
the curing temperature to higher values. The DMPP did not participate 
in the curing reaction and its molecule reduced the concentration of FA/ 
MA in the system and created possible steric barrier hindering proper 
curing process. Therefore, the curing process of such a system is much 
slower than in the case of others flame retardants. Unlikely DMPP, Exolit 
OP560 can be possibly involved in the curing reaction of pFA due to 
presence of hydroxyl groups. The system with Exolit OP560 exhibited 
the curing peak at the same position as pFA but with a lower value of the 
total enthalpy of curing 287 J g− 1. On the contrary, ADP solution 
significantly reduced the total enthalpy, however, in this case, the result 
is skewed because part of the exothermic reaction overlaps an endo
thermic area related to water evaporation. Nevertheless, it can be 
concluded that the flame retardants OP560 and ADP only slightly affect 
the curing reaction from the processing point of view. On the other hand, 
the flame retardant DMPP shifted the curing process to higher 
temperatures.

One of the most important characteristics of composites containing 
the wood is their WA characteristic. Generally, not only concentration 
but as well size of the wood particles considerably affects WA. Smaller 

Table 2 
Main fire characteristics of prepared pFA WFC with various content of flame 
retardants. The results of cone calorimeter test represent mean values of three 
independent measurements.

Properties WFC ADP-7.5 OP560–7.5 DMPP- 
7.5

EG 7.5

TTI (s) 18 ± 2 26 ± 1 17 ± 2 21 ± 5 20 ± 1
tFO (min) 2 to 10 2 to 10 2 to 10 2 to 10 2 to 10
HRRmax (kW 

m¡2)
675 ±
14

305 ± 9 591 ± 35 553 ± 17 182 ± 5

Time to 
HRRmax (s)

90 ± 5 63 ± 3 113 ± 3 95 ± 5 190 ±
10

MARHE (kW 
m¡2)

330 ± 1 149 ± 2 285 ± 9 275 ± 9 136 ± 2

THR (MJ m¡2) 95.2 ±
0.5

56.5 ±
0.2

106.5 ± 1.5 86.5 ±
0.5

76.0 ±
2.7

EHC (MJ 
kg¡1)

22.87 ±
0.51

19.74 ±
0.95

22.73 ±
2.13

20.46 ±
0.51

19.63 ±
0.72

MLRmax (g 
m¡2 s¡1)

62.7 ±
1.9

51.0 ±
5.1

58.3 ± 3.3 54.6 ±
5.4

18.7 ±
2.2

Time to 
MLRmax (s)

80 ± 5 48 ± 3 98 ± 8 78 ± 3 108 ±
68

SPRmax (m2 

m¡2 s¡1)
9.19 ±
0.30

0.67 ±
0.46

8.65 ± 1.2 10.44 ±
0.47

2.15 ±
0.08

Time to 
SPRmax (s)

80 ± 5 30 ± 15 100 ± 5 80 ± 2 190 ±
10

TSP (m2 m¡2) 352.8 ±
2.7

12.4 ±
5.0

424.5 ±
20.5

515.6 ±
210.0

263.2 ±
12.8

LOI (%) 20.8 30.5 25.1 27.7 25.6
UL 94 – V-0 V-0 V-0 –

Properties ADP-15 OP560-15 DMPP-15 EG 15

TTI (s) 39 ± 23 17 ± 2 12 ± 1 30 ± 2
tFO (min) 2 to 10 2 to 10 2 to 10 2 to 10
HRRmax (kW m¡2) 185 ± 7 482 ± 23 476 ± 54 147 ± 9
Time to HRRmax (s) 83 ± 3 115 ± 5 113 ± 3 210 ± 5
MARHE (kW m¡2) 98 ± 22 262 ± 12 282 ± 11 103 ± 4
THR (MJ m¡2) 53.5 ± 4.5 91.6 ± 4.2 101.5 ± 1.8 68.7 ± 2.6
EHC (MJ kg¡1) 16.09 ±

1.77
19.58 ±
0.11

22.01 ±
0.50

18.84 ±
0.37

MLRmax (g m¡2 

s¡1)
37.6 ± 3.2 51.9 ± 1.6 47.5 ± 3.6 12.0 ± 0.1

Time to MLRmax (s) 78 ± 3 105 ± 5 100 ± 3 193 ± 3
SPRmax (m2 m¡2 

s¡1)
1.27 ± 0.05 6.59 ± 0.76 8.75 ± 0.56 1.07 ± 0.05

Time to SPRmax (s) 58 ± 28 108 ± 3 103 ± 3 168 ± 23
TSP (m2 m¡2) 43.6 ± 10.7 309.5 ±

27.0
538.5 ±
18.1

109.2 ± 3

LOI (%) 30.6 27.2 27.7 31.2
UL 94 V-0 V-0 V-0 V-0

TTI: time to ignition (s), tFO: time to flashover (min), HRRmax: maximum value of 
heat release rate (kW m− 2), MARHE: maximum average rate of heat emission 
(kW m− 2), THR: total heat release (MJ m− 2), EHC: effective heat of combustion 
(MJ kg− 1), MLRmax: Maximum mass loss rate of per one square meter of sample 
(g m− 2 s− 1), SPRmax: Maximum smoke production rate per one square meter of 
sample (m2 m− 2 s− 1), TSP: total smoke production per one square meter of 
sample (m2 m− 2), sign ± denotes standard deviation.
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particles fill the voids in the interface area between WF and the sur
rounding pFA matrix eliminating the moisture flow paths [41].

Among all tested samples the highest WA value after 24 h was found 
for OP560–7.5 (41.5 %) and DMPP-7.5 (39.6 %). DMPP is a volatile low 
molecular weight substance unable to react with pFA and may be 
possibly washed from the material or migrate to its surface consequently 
promoting water absorption. In the case of sample OP560–7.5 a similar 

phenomenon can be expected, even though the Exolit OP560 may 
partially participate in the curing reaction due to presence of hydroxyl 
groups. On the other hand, samples ADP-7.5 and EG-7.5 exhibited even 
lower WA when compared with pure WFC sample. While EG, as the 
particulate flame retardant could possibly repulse the water molecules 
and act as a steric barrier to hinder absorption of water molecules, to the 
sample ADP-7.5 a define amount of water was added before molding 

Fig. 7. Heat release rate of pFA WFC with various flame retardants at two concentration levels: (a) 7.5 wt% and (b) 15 wt%. The inset represents the full-length HRR 
for entire duration of the measurement.

Fig. 8. Total heat release of pFA WFC with various flame retardants at two concentration levels: (a) 7.5 wt% and (b) 15 wt%.

Fig. 9. Mass loss release rate of pFA WFC with various flame retardants at two concentration levels: (a) 7.5 wt% and (b) 15 wt%.
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that could possibly lead to solidification of the composite and thus 
enhancing its barrier properties (Fig. 4).

Thermogravimetric analysis was performed in an air atmosphere in 
order to simulate real conditions during combustion of the material. The 
weight loss dependence of the samples on the temperature exhibited 3 
main areas (Fig. 5a and b). The first area up to 200 ◦C represents 
degradation of low molecular and volatile fractions together with 

moisture, whose amount can be possibly significantly higher for the 
samples with flame retardants due to their lower consistency when 
compared with reference WFC. In the second area from approximately 
200 ◦C up to 375 ◦C, hemicellulose and cellulose of WF is decomposed 
together with the flame retardants into char residues and low molecular 
compounds (CO2, CO, CH4 H2O etc.) [42,43]. Interestingly, the thermal 
stability of the cellulose of WF is better for the reference sample without 

Fig. 10. Total mass of pFA WFC with various flame retardants at two concentration levels: (a) 7.5 wt% and (b) 15 wt%.

Fig. 11. Smoke production rates from pFA WFC with various flame retardants at two concentration levels: (a) 7.5 wt% and (b) 15 wt%.

Fig. 12. Total smoke production rate from pFA WFC with various flame retardants at two concentration levels: (a) 7.5 wt% and (b) 15 wt%.
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addition of flame retardants (Fig. 6a and b). The peak of derivative 
weight, which represents the highest rate of decomposition, is shifted 
about 50 ◦C to lower temperatures for the samples containing flame 
retardants. On the other hand, the third drop in the weight over 375 ◦C 
represents mainly decomposition of pFA [44] and lignin, as the part of 
wood with the highest thermal stability due to aromatic character into 
basic molecular compounds as in the case of cellulose [45]. The peak of 
derivative weight of this drop is shifted to higher temperatures when 
compared with reference sample [42,46]. When compared with cellu
lose, due to aromatic structure of lignin during its decomposition 
significantly higher amount of char is produced (carbon residues) [45] 
that can be even promoted in the presence of flame retardants con
taining phosphor and phosphonic acid explaining the shift of the peak 
[31].

The main fire characteristics of investigated WFCs are shown in 
Table 2. Investigated flame retardants improved fire characteristics of 
WFCs (an increase in time to ignition and simultaneously a decrease in 
all other parameters in Table 2) in almost all cases. This behavior is 
unique, because most flame retardants usually improve only one group 
of properties (e.g. HRR and derived parameters), while other properties 
(e.g. smoke production) get worse. The behavior of typical (today 
common and known flame retardants) is described in Papaspyrides and 
Kiliaris [47] and Arao and Visakh [48]. Flame retardants exhibiting 
flame spread rate reduction and smoke suppression at the same time 
have been investigated and described in detail by Chen et al. [49] and 
Jiao et al. [50]. Flame retardants described in the cited scientific works 
have been developed and designed for synthetic polymers and plastics, 
however, in the case of wood and wood composites there are only few 
reports, where the flame retardants have both effects [29,31]. Obtained 
results (Table 2) proved that investigated flame retardants have 

significant both effects (flame and smoke suppression) and have po
tential to further fill this gap. The ADP and EG flame retardants seem to 
be very effective from this point of view, whereas OP560 and DMPP 
improved only parameters tied with HRR. It has been shown before that 
some liquid phosphor-containing flame retardants have only limited 
effect on flame reduction in pure furan resin [51].

Time to flashover in the range of 2–10 min (Table 2) categorizes all 
examined samples to Group Number 2 materials according to C/ 
VM2:2014 (flashover is reached later than 2 min, but before 10 min) 
[35]. Therefore, investigated flame retardants have virtually no effect on 
the flashover category according to C/VM2:2014 [35].

The sharp increase of HRR from the moment of ignition followed by a 
rapid decline (as a consequence of sample burn out) was observed for 
most samples (Fig. 7). WFCs samples treated by both EG and ADP shown 
different behavior (gradual growth and slow decline of HRR). Besides 
that, both EG and ADP showed significantly lower values of THR than 
untreated WFC reference samples (Fig. 8) due to formation of a solid 
charred layer on the surface of WFCs. Effect of EG and ADP as support 
for the formation of a carbon layer is generally known (EG during fire 
conditions increases volume and create foam layer, while ADP thermally 
degrade to ammonia and phosphoric acid). Phosphoric acid supports 
creation of charring layer on the burning wood surface. The composition 
and properties of the remaining carbon layer (created from wood and 
wood-based composites treated by ADP and/or EG were studied in some 
scientific works, e.g. Refs. [31,32]. The charred layer protects the sample 
from the flame and creates an insulating and compact layer providing 
thermal isolation and suppressing transition of gases and volatile sub
stances from/into the sample [52,53]. Thus, more components remain in 
the condensed phase in a form of char, and amount of volatile and toxic 
substances penetrating through the meso-phase serving as a fuel for the 

Fig. 13. Dependencies of (a) HRR on MLR, (b) SPR on MLR and (c) SPR on HRR for investigated WFC.
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Fig. 14. Regression of values predicted by the trained neural networks vs. true value during the testing phase for (a) prediction of HRR from MLR, (b) prediction of 
SPR from MLR, (c) prediction of SPR from HRR, and (d) prediction of SPR from both MLR and HRR.

Fig. 15. Correlation of limiting oxygen index (LOI) and (a) time to ignition (TTI), (b) time to HRRmax (TT to HRRmax), (c) HRRmax, and (d) HRRmax after discarding 
one extreme value.
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fire significantly decreases [20]. For flame retardants Exolit OP560 and 
DMPP, which are liquid halogen-free phosphorus-based flame re
tardants similar curve trends were found. Under combustion of material 
these flame retardants decompose to phosphorous radicals quenching 
with hydrogen and hydroxyl radicals in a gas phase [25,27]. Moreover, 
Exolit OP5650 may also promote isolative char layer formation due to 
higher amount of hydroxyl groups slightly shifting the position of the 
HRRmax.

The shapes of HRR curves (Fig. 7) corresponded well with MLR 
curves (Fig. 9). Besides that, the course of THR (Fig. 8) and inverse 
course of total mass (Fig. 10) are almost the same. The reason is fact, that 
HRR as well as THR are determined only by MLR of the sample and its 
effective heat of combustion (EHC) [54]. Thus, in addition to MLR, EHC 
is one of the most important fire parameters. Average EHC of wood and 
wood-based products according to Gunther et al. [55] is 17.72 ± 0.87 
MJ kg− 1, which is lower than EHC found for reference WFC (Table 2). 
This may be caused by higher water content in samples investigated by 
Gunther et al. [55] and simultaneously presence of pFA acting as the 
binder in WFCs investigated in this study.

Smoke production rate of pFA WFCs with various flame retardants is 
shown in Fig. 11 and TSP of the same samples during the cone calo
rimeter test is shown in Fig. 12. The course of SPR (Fig. 11) and TSP 
(Fig. 12) is very similar to HRR (Fig. 7) and THR (Fig. 8). Noticeably, 
there is an obvious significant impact of ADP at both concentration 
levels and EG at 15 wt% concentration on smoke reduction. The values 
of SPR and TSP for the reference sample WFC and WFCs treated with 
Exolit OP650 and DMPP are approximately (in the same order of a 
magnitude) the same as values for other organic polymers presented by 
Sonnier et al. [56,57]. However, values of SPR and TSP of ADP and 
EG-15 are significantly lower than data presented by Sonnier et al. [56,
57] confirming their very high efficiency for smoke reduction.

As mentioned above, the curves of MLR, HRR and SPR on the one 
hand, and THR, total mass and TSP have very similar course 
(Figs. 7–12). The mutual dependencies (regression) of MLR, HRR and 
SPR are shown in Fig. 13. Especially dependence of SPR on MLR is 
relatively strong (R2 is almost 0.80). From scientific papers of Sonnier 
et al. [56,57] it is obvious that the dependence of SPR on HRR corre
sponds with burning phase (ignition, flame combustion and flameless 
combustion). Consequently, the neural networks models for prediction 
of HRR and SPR from MLR considering the test time (the test time is 

associated with burning phase) have been designed and trained in this 
study. Results (regression of predicted vs. true values) for test data are 
shown in Fig. 13. Test data was used neither for training nor for vali
dation. Thus, Fig. 13 describes well-trained neural network model ac
curacy. The accuracy for prediction of HRR or SPR from MLR 
(Fig. 14a–c) is sufficient for large amount of application. Accuracy for 
SPR prediction form MLR and HRR (Fig. 14d) is excellent. This model 
can be used for very accurate SPR and TSP measurements by the cone 
calorimeter, while laser or gravimetric system for smoke measure is not 
needed. Designed and trained neural networks are available upon 
request.

Limiting oxygen index expresses to some extent the resistance of a 
material to ignition. Comparison of LOI with time to ignition, HRRmax 
and time to HRRmax indicate some correlation of LOI with these pa
rameters (Fig. 15). Fig. 15d shows relatively strong mutual correlation of 
LOI and HRRmax after discarding one extreme value. Comparison of 
obtained LOI values with values published in other scientific works [58] 
indicate that investigated flame retardants show similar LOI values than 
other recent flame retardants used for wood and wood based products. 
Specifically wood based products protected by flame retardant based on 
guanidine phosphate− zinc borate have LOI value in the interval from 
22.4 to 47.8 % [58].

UL 94 is a common test for plastic materials giving fast comparison of 
flammability among prepared specimens. While the reference sample 
WFC did not reach any rating according to UL 94 since the sample 
completely burnt, except the sample EG-7.5 all tested samples at both 
concentrations level reached rating V-0 (Table 2, Fig. 16). Even though 
during the combustion of the sample EG-7.5 expansion of EG occurred 
(Fig. 16), unlikely during the cone calorimeter test, the created carbon 
layer was not sufficient when the sample was exposed directly to a 
source of flame. However, even though the sample EG-7.5 completely 
burnt, the flame spread was significantly slower than in the case of WFC. 
In the case of other samples reaching rating V-0 after removal of the 
source of flame, the flame extinguished in few seconds (Fig. 16). For the 
other flame retardants than EG, only behavior of the samples with lower 
concentration is shown.

4. Conclusion

The impact of four flame retardants of (i) expandable graphite, (ii) 

Fig. 16. Images of the samples under investigation during UL 94 test: (0 s) – sample before the test; (5 s) – sample 5 s after removal of the source of flame; (30 s) – 
sample 30 s after removal of fire; (inF) – sample just before removal of the fire (exposure to fire 2 × 10 s).
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ammonium dihydrogen phosphate, (iii) polyol with high content of 
phosphor Exolit OP560 and (iv) dimethyl propane phosphonate at two 
loading levels (7.5 and 15 wt%) on the thermal stability (investigated by 
the thermogravimetric method) and on the fire hazard of novel fully 
green wood flour composites has been investigated in this study. The 
btained results proved a unique impact of two investigated flame re
tardants (ammonium dihydrogen phosphate and expandable graphite) 
on the flammability of the prepared wood flour-based composites. These 
two flame retardants significantly improved practically all fire charac
teristics and also thermal stability of the prepared composites (signifi
cantly reduced maximum values of heat release rate, total heat release, 
smoke production rate and total smoke production). All flame retardants 
further reduced the flammability of the composites tested by limiting the 
oxygen index test and UL 94.

Besides that, the neural network prediction models for the prediction 
of both heat release rate and smoke production rate from test time and 
mass loss rate were created and trained. The coefficient of determination 
(R2) for these prediction models was in the interval from 0.85 to 0.93, 
confirming the eligibility of these for heat release rate and smoke pro
duction rate prediction. The obtained results may be very useful for 
material design for a large number of applications where the flamma
bility of materials plays a crucial role, such as materials for outside 
constructions or basic furniture.
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