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ABSTRACT: The poor reaction-to-fire properties of 
cellulosic thermal insulation need to be improved to meet 
the safety regulations for building materials. In this study, 
cellulose-fiber-based insulation foams were prepared 
from formulations containing mechanical pulp and 
commercial fire retardants. Results of single-flame source 
tests showed that foams developed from the formulations 
with 20% expandable graphite (EG) or 25% synergetic 
(SY) fire retardants had substantially improved reaction-
to-fire properties, and passed fire class E according to EN 
13501-1. The results indicated that the foams could resist 
a small flame attack without serious flame spreading over 
a short period of time. Compared with the reference foam 
that contained no fire retardant, the peak heat release rate 
of the 20% EG and 25% SY foams decreased by 62% and 
39% respectively when the samples were subjected to a 
radiance heat flux of 25 kW m-2 in a cone calorimeter, 
which suggested enhanced reaction-to-fire properties of 
these foams. 
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Introduction 
Thermal insulation materials made from cellulose-based 
fibers have advantages over other types of materials from 
a sustainability point of view (Bribián et al 2011). To 
obtain a good thermal insulation property, cellulosic 
thermal insulation materials shall have a low density to 
ensure a low thermal conductivity (Xu et al 2004). 
However, as building components, the poor reaction-to-
fire properties of cellulosic thermal insulation with low 
density have to be improved to ensure fire safety. 
Halogen and intumescent fire retardants are commercially 
used to improve the reaction-to-fire properties of thermal 
insulation. Compared with the former, the latter is more 
eco-friendly and safer, since no toxic gasses are produced 
during its combustion (Modesti, Lorenzett 2002 
;Ghanadpour et al 2015; Koklukaya et al 2015). The 
intumescent fire retardants have been widely utilized in 
thermal insulation foams developed from fossil resources 
(Modesti et al 2002), but such applications in cellulosic 
foams have rarely been reported.

In the present study, the commercial intumescent fire 
retardants such as an expandable graphite (EG) fire 
retardant and a synergetic (SY) fire retardant have here 
been used to improve the reaction-to-fire properties of 
cellulosic thermal insulation foams. In principle, EG can 

expand and form a “worm”-like char layer on the surface 
of the cellulose fiber upon heating. The char layer can 
suppress the flame and hinder heat and mass transfer 
from the material to the heat source, and thereby limit 
further thermal decomposition of the thermal insulation 
material (Camino et al 2001). The expansion of EG is 
initiated by a redox reaction between H2SO4 and the 
graphite that leads to the blowing:  

C + H2SO4 → CO2 + 2H2O + 2SO2 [1] 

The blowing effect can lead to an increase in the volume 
of the thermal insulation material by approximately 100 
times when the temperature is above 200oC. 

The SY fire retardants are made up of 50% ammonium 
sulfate, 10% ammonium polyphosphate, and 40% 
aluminum hydroxide. Ammonium sulfate decomposes at 
284°C to generate ammonia (NH3) that can dilute the 
combustible gasses in the fire, and sulfuric acid (H2SO4) 
that can catalyze the dehydration of cellulose to facilitate 
char formation. As a thermal barrier, the char can reduce 
the heat transfer from the external to the internal material 
as well as the speed of decomposition (Statheropoulos, 
Kyriakou 2000). Ammonium polyphosphate (APP) can 
also decompose to generate ammonia and polyphosphate 
that plays the same role as sulfuric acid. In addition, 
polyphosphoric acid and phosphoric acid produced by 
APP can improve the char amount by cross-linking 
carbonaceous structures from the decomposition of 
cellulosic fibers (Seefeldt et al 2012). Aluminum 
hydroxide decomposes into alumina and water vapor at 
180°C, absorbing a large amount of heat. Water vapor 
can also dilute the combustible gasses. Moreover, the 
alumina or aluminum oxide (Al2O3) can form a protective 
layer on the surface and this obstructs the further reaction 
of the material with oxygen (Redwan et al 2015). 

To obtain a CE-mark and be allowed to trade within the 
EU market, thermal insulation with low density needs to 
achieve fire class E (Östman, Mikkola 2006), as stated by 
the Construction Products Regulation (CPR), and to be 
certified in this case according to European Assessment 
Document (EAD). Different performance classes (A to F) 
for walls, roofing products, and floor-coverings are 
classified according to the standard test method (CEN 
ISO, 2010) “The Single Flame Source Test EN ISO 
11925-2: Reaction to fire tests for building products-Part 
2: Ignitability when subjected to direct impingement of 
flame”. If the flame tip does not reach 150 mm above the 
flame application point during 20 s when a single flame is 
applied on the sample, the tested samples can be 
classified as E. Fire class E materials are able to resist a 
small flame attack without substantial flame spreading 
for a short period.  

To evaluate the ignition behavior, the fire performance, 
and simulate or predict full-scale fire behavior of the 
cellulosic thermal insulation materials that pass class E, 
the cone calorimeter can be used to determine fire 
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response parameters, such as time to ignition (TTI), heat 
release rate (HRR), total heat release (THR), smoke 
production, mass loss, and CO production. A longer time 
to ignition and a lower heat release rate indicate a better 
reaction-to-fire properties (Schartel, Hull 2007). 

In the present study, two types of commercial 
intumescent fire retardants were added at different weight 
ratios to the formulations to prepare cellulosic thermal 
insulation foams by the wet foaming technique. The fire 
performances of the foams were tested by the single-
flame source test and cone calorimeter fire test. 

Materials and Methods    
Materials 
Bleached chemithermomechanical pulp (CTMP) with an 
average fiber length of 2.5 mm and width of 40 µm was 
provided by Rottneros Company (Söderhamn, Sweden). 
Sodium dodecyl sulfate (≥99.0%) was purchased from 
Sigma-Aldrich (Stockholm, Sweden). Commercial fire 
retardant-expandable graphite with a particle size of 250 
µm was provided by GrafTech (USA), and a commercial 
synergetic fire retardant with a composition of 50% 
ammonium sulfate, 10% ammonium polyphosphate, and 
40% aluminum hydroxide was supplied by a local 
company. 

Preparation of insulation materials with fire retardants 
Foam-forming technique was used to produce the 
cellulose-fiber thermal insulation materials (Al-Qararah 
et al 2012; Lehmonen et al 2013; Jahangiri et al 2014; 
Lappalainen et al 2014; Mira et al 2014; Jahangiri et al 
2016; Koponen et al 2016). 0.3 g of sodium dodecyl 
sulfate surfactant and 5%, 10%, 15%, 20%, 25%, or 30% 
of either expandable graphite or the synergetic 
intumescent fire retardant were mixed with 4.5% 
bleached mechanical pulp suspension. After mechanical 
stirring (3000 rpm) for 15 minutes in an L&W Pulp 
Disintegrator (ABB, Zürich, Switzerland) to form foams, 
the mats were dried at 90°C for 8h in a TS8000 oven 
(TERMAKS, Bergen, Norway). A pulp suspension 
without fire retardant was added to produce a reference 
insulation material.    

Test Methods 
Retention of fire retardants: The retention of fire 
retardants was determined as: 

݊݋݅ݐ݊݁ݐܴ݁				 ൌ
݉ଶ െ݉ଵ

݉ଵ
ൈ 100% ሾ2ሿ

where m1 and m2 are respectively the dry weights of the 
pulp fibers and of the insulation foam with fire retardants. 

Single-flame source test: A single-flame was applied to 
the surface or edge of the conditioned (23°C, 50% RH) 
samples (250 mm long by 90 mm wide), e.g., surface 
exposure was conducted when the flame was applied on 
the centerline of the sample surface, 40 mm above the 
bottom edge of the test sample; edge exposure was 
carried out when the flame was applied to the center of 
the width of the bottom edge of the test sample, following 
the method described in standard EN ISO 11925-2 (CEN 

ISO, 2010), and the position reached by the flame after 
the flame application time 15 s and duration time 20 s 
was recorded. The fire classification was 
evaluated according to the standard EN 13501-1 
(CEN, 2007) (if the flame tip does not reach the 150 
mm limit then the material is classified as class E). 

Thermogravimetric analysis (TGA): TGA was used 
to study the thermal behavior of the samples that 
have achieved fire class E, using a TGA/SDTA 851e 
(Mettler Toledo, Greifensee, Zürich, Switzerland). The 
samples were heated from 25 to 800°C at a rate of 10°C 
min-1 in a 50-mL min-1 flow of nitrogen. Two 
repetitions of every sample were carried out to 
evaluate the onset decomposition temperature (the 
temperature at which 10% of the weight loss 
appears), the maximum decomposition temperature 
(the peak temperature at which maximum 
decomposition rate occurs), and the residue at 800°C.

Cone-Calorimeter fire test: A Cone Calorimeter 
(Fire Testing Technology Ltd. UK) was used to 
study the combustion behavior. The samples (100 mm 
× 100 mm × 15 mm) were subjected to a 25 kW m-2 
of radiant heat flux following the procedure described 
in the standard ISO 5660-1 (ISO, 2015). The time to 
ignition (TTI, s), peak heat release rate (peak-HRR, kW 
m-2), and total heat release (THR, MJ m-2) were 
assessed. Two repetitions of each sample were 
performed. 

Scanning electron microscopy (SEM): The 
surface morphology of insulation foams before and 
after cone calorimeter test was observed in a 
Scanning electron microscope (Hitachi S-4800 FE-
SEM, JEOL Ltd., Japan) after gold/palladium sputtering. 

Thermal conductivity:The thermal conductivity of the 
fire-retardant insulation foams was determined by the Hot 
Disk TPS 2500S instrument (Hotdisk AB, 
Gothenburg, Sweden), with a 20 mW output power 
and a 40 s measurement time in the isotropic mode. 
A 6.4-mm Ni wire sensor and a bulk mode were used 
for the thermal conductivity determination (Hot Disk 
Thermal Analyser 7.2). Three measurements of each 
sample were performed at 25°C. 

Results and Discussion 
Retention of Fire Retardants 
In order to study the potential leaching of fire retardants 
during the dewatering process, the actual amounts of 
fire retardants retained in the final materials were 
calculated. The results are summarized in Table 1. 
Because of the insolubility in water of expandable 
graphite (EG), there was no difference between the 
retention of expandable graphite (EG) and the 
nominal fire retardant amount in the formulations, but 
there was a loss of the synergetic (SY) intumescent 
fire retardant, which could be due to the leaching of 
water-soluble ammonium sulfate (Table 1). The 
synergetic (SY) fire retardant retained in the foams 
may consist predominantly of 20% ammonium 
polyphosphate and 80% aluminum hydroxide.  
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Table 1 Retention of fire retardants of different percentages of fire retardants in the formulations. 

Sample  Content of fire retardant in the formulation (%) Retention/actual content of fire retardant in the foam sample (%) 

5% SY 5 1 

10% SY 10 1 

15% SY 15 5 

20% SY 20 6 

25% SY 25 17 

30% SY 30 19 

5% EG 5 5 

10% EG 10 10 

15% EG 15 15 

20% EG 20 20 

25% EG 25 25 

30% EG 30 30 

Ignitability 
Cellulosic foams with more than 20% of expandable 
graphite in the formulations reached class E as illustrated 
in Fig 1. For the foams with 15% and 20% SY in the 
formulations, they fulfilled the requirements of E class on 
one surface (Fig 2), but there were large burned areas in 
the edge exposure test (Fig 3), which could relate to the 
limited retention (5–6%) of the fire retardants (Table 1). 
The 20% EG, 25% EG, and 30% EG samples performed 
better than the 20% SY, 25% SY, and 30% SY samples, 
as shown in Fig 4. No obvious improvement in the 
reaction-to-fire properties could be observed when the 
content of fire retardant in the formulation was increased 
from 20 to 30%, which is probably due to an uneven 
distribution of fire retardant in the foams. Neither 10% 
EG nor 10% SY could achieve class E, indicating that 
this amount of fire retardant in the formulations was not 
enough to reduce the ignitability of the foams. Based on 
the results of the single-flame source test, samples 20% 
EG and 25% SY were subjected to testing in the cone 
calorimeter.  

Reference    10% EG     15% EG     20% EG      25% EG     30% EG    

Class E 

Fig 1 - Single-flame source (surface) test result for 
reference foam without fire retardant, and foams with 
10–30% expandable graphite (EG) fire retardant in the 
formulation.

Reference      10% SY      15% SY       20% SY       25% SY       30% SY 

Class E 

  15% SY      20% SY       25% SY       30% SY 

Class E 

Fig 2 - Single-flame source (surface) test result for reference 
foam without fire retardant, and foams with 10–30% synergetic 
(SY) fire retardant in the formulation. 

Fig 3 - Single-flame source (edge) test result for foams with 
15–30% synergetic (SY) fire retardant in the formulation. 
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Fig 4 - Single-flame source (edge) test result for foams with  
20–30% expandable graphite (EG) or synergetic (SY) fire 
retardant in the formulation. 

 
Fig 5 - a) Thermogravimetric (TG) and b) Derivative curves 
(DTG) for the reference and fire-retardant containing insulation 
foams. 
 
Table 2 - Thermogravimetric analysis results of the reference 
without fire retardant, 20% EG, and 25% SY. 

 
Reference 20% EG 25% SY 

Tonset 10% (oC) 269±1 226±4 235±0 
Tmax1 (oC) 331±1 193±1 245±2 
T max2 (oC) - 363±1 285±2 
Residue (%) 20±0 33±2 33±1 

 

Table 3 - Cone calorimeter test results of the reference without 
fire retardant, 20% EG, and 25% SY (incident heat flux  
25 kW m-2). 

 
Reference 20% EG 25% SY 

Time to ignition(TTI) 
(s) 

9.0±0.0 6.0±0.0 9.5±0.7 

Peak-HRR (kW m-2) 116.5±6.4 44.0±1.4 71.5±3.5 
Time to Peak-HRR (s) 15.0±0.0 10.0±0.0 15.0±0.0 
Total heat release 
(THR) (MJ m-2) 9.9±0.3 4.4±0.1 6.1±0.0 

 
Fig 6 - Heat release rate curves of the reference without fire 
retardant, 20% EG, and 25% SY from the cone calorimeter fire 
test (incident heat flux 25 kW m-2). 
 

Thermal Stability 
The thermogravimetric analysis curves are shown in  
Fig 5 and the numerical results are presented in Table 2.  

Compared with the reference foam without fire 
retardant, 20% EG and 25% SY had lower decomposition 
temperature for 10% weight loss (Tonset 10%) and a lower 
temperature at the maximum decomposition rate (Tmax1). 
The lower Tonset 10% and Tmax values indicate a lower 
thermal stability. A decrease in thermal stability favors 
early thermal decomposition of the foams and this 
facilitates the formation of a char layer on the foam 
surface at a lower temperature. The increase in residue or 
char (13%) can serve as a thermal barrier to protect the 
material from the external heat and hinder further 
combustion.   

Tmax1 for the 20% EG sample was much lower than that 
for the 25% SY, but the temperature at the maximum 
weight loss rate (Tmax2) for 20% EG was obviously higher 
than that for 25% SY. The higher Tmax2 for 20% EG may 
be related to the formation of a thermally stable char due 
to graphite expansion at Tmax1 (Meng et al 2009). Two 
peaks were observed in the DTG curve of 25% SY. The 
first peak could result from the onset of decomposition of 
aluminum hydroxide at approximately 250°C giving 
Al2O3 and water (Arao et al 2014). The second peak 
could result from the loss of APP at 300°C due to the 
release of NH3 and H2O (Riva et al 2003). 

Heat Release  
The heat release rate curves are shown in Fig 6 and the 
numerical data are presented in Table 3. 

The peak heat release rate (Peak-HRR) and average 
HRR are crucial for explaining the rate of heat release 
during combustion. The HRR and the total heat release 
(THR) are also important in the evaluation of fire 
disaster. A lower heat release rate suggests better 
reaction-to-fire properties. 

As shown in Table 3, compared to the reference without 
fire retardant, the Peak-HRR of the 20% EG and 25% SY 
decreased by 62% and 39% respectively, and the total 
heat release (THR) decreased by 56% and 38% 
respectively. The shorter time to ignition (TTI) of 20% 

0 100 200 300 400
0

20

40

60

80

100

120

H
R

R
 (

kW
 m

-2
)

Time (s)

 Reference

 20% EG

 25% SY

   20% EG    25% EG       30% EG       20% SY      25% SY      30% SY  

Class E 

0 100 200 300 400 500 600 700 800

20

40

60

80

100

w
ei

gh
t 
pe

rc
en

ta
ge

 (
%

)

T (oC)

 reference
 20% EG
 25% SY

a) 

0 100 200 300 400 500 600 700 800

-0,0016

-0,0014

-0,0012

-0,0010

-0,0008

-0,0006

-0,0004

-0,0002

0,0000

dw
/d
t 
(m

in
-1
)

T (oC)

 reference
 20% EG
 25% SY

b) 



PAPER CHEMISTRY 
Nordic Pulp & Paper Research Journal Vol 32 no 3, 2017 --- DOI 10.3183/NPPRJ-2017-32-03-p466-472 

470 

EG could be related to the black color of the foams with 
EG as the fire retardant, which could absorb more radiant 
heat from the cone heater, and thus show a faster increase 
in the surface temperature and an earlier initiation of 
thermal degradation of the cellulose (Wei et al 2013).  

There are two peaks in the heat release rate for the 
reference in Fig 6. The first one may be due to the quick 
consumption of a large amount of oxygen after the 
ignition (Lindholm et al 2009), and the second peak arose 
when the surface char cracked (Schartel et al 2003). On 
the other hand, the peak heat release rate of both 20% EG 
and 25% SY was significantly lower, as a result of the 
heat absorption by the fire retardants. The expansion of 
EG and the formation of a char layer were initiated by a 
redox process between H2SO4 and the graphite layers 
(Fink 2013). Phosphoric acid produced from APP can 
also promote the formation of a char layer by an acid-
catalyzed dehydration of cellulose (Meng et al 2009; Wu, 
et al 2009). The char layer formed can protect the 
insulation material from heat and mass transfer, and thus 
reduce the heat release rate (Recasens et al 2005).  

As shown in Fig 7, only minor char residue was left at 
the end of the cone calorimeter test for the reference. 
However, char formation resulting from the combustion 
of 25% SY and 20% EG was obvious. A greater 
formation of char could provide protection against heat 
transfer and flame spreading (Wu et al 2009). The fact 
that the peak-HRR of 20% EG is lower than that of 25% 
SY is possibly related to the difference in char formation 
by the fire retardants. 25% SY broke into pieces during 
the combustion although it formed a more compact char 
than 20% EG, which could be the result of the further 
combustion when a crack developed on the surface. 

Surface morphology 
The surface morphology of the foams and the 
char morphology after cone calorimeter test are 
shown in Fig 8. The 25% SY and 20% EG samples 
showed a larger content of char than the reference. 
After combustion, 20% EG had a loose char layer due 
to the expansion of EG. The “worm”- like structure 
produced by graphite expansion can hinder the 
spreading of the flame, and the char layer can limit the 
heat and mass transfer, and hinder further 
decomposition of the insulation materials 
(Modesti et al 2002). Al2O3 particles from the 
decomposition of Al(OH)3 were observed in the 25% SY 
residue. 

Thermal Insulation 
The thermal conductivities of the 20% EG and 25% SY 
samples were similar to that of the reference (Table 
4). The slightly higher thermal conductivity of 25% SY 
may be due to the higher density as a result of the 
addition of fire retardant. According to Collet and 
Prétot (2014), higher density contributes to higher heat 
transfer through the solid component of the material, and 
this results in an increased conductivity. 
Furthermore, EG had no detrimental effect on 
the thermal conductivity of the cellulosic foams. 
This result is different from that the thermal 
conductivity of polyisocyanurate–polyurethane foams 
increased when EG was added (Modesti et al 
2002).  

Fig 7 - Residues of the reference without fire retardant, 
20% EG, and 25% SY at the end of the cone calorimeter test. 

Fig 8 - SEM of the outer surfaces of the reference, 25% SY and 
20% EG foams before and after the cone calorimeter test. 

Table 4 - Thermal conductivity and density of the reference 
without fire retardant, 20% EG, and 25% SY. 

Thermal Conductivity 
(W m-1K-1) Density (g cm-3) 

Reference   0.050±0.001 0.047±0.003 
20% EG 0.049±0.001 0.042±0.003 
25% SY 0.052±0.001 0.060±0.002 

Conclusions   
The reaction-to-fire properties of cellulosic thermal 
insulation foams with low density were substantially 
improved by adding either 20% expandable graphite or 
25% synergetic fire retardant into the formulation. 
According to the single-flame source test, the 
performances of these foams could meet the requirements 
of European fire class E. The results of the cone 
calorimeter fire test suggested that the peak heat release 
rate of these foams was significantly lower than that of 
the reference foam without the fire retardant. The foam 
with 20% expandable graphite fire retardant in its 
formulation had better reaction-to-fire properties than the 
foam with 25% synergetic fire retardant, and there is no 
negative effect on the thermal conductivity of the 
cellulosic foams. 

Reference  25% SY  20% EG  

d) 25% SY 

a) Reference

e) 20% EG f) 20% EG

b) Reference 

Al(OH)3 Al2O3 

EG 

c) 25% SY



PAPER CHEMISTRY 
Nordic Pulp & Paper Research Journal Vol 32 no 3, 2017 --- DOI 10.3183/NPPRJ-2017-32-03-p466-472 

471 

Acknowledgements 

Dr. Lazaros Tsantaridis (RISE Built Environment, Sweden) is 
thanked for his help with the single-flame source test and cone 
calorimeter fire test. Rottneros Bruk AB and GrafTech 
International are thanked for providing the pulp and fire 
retardants respectively. Chao Zheng thanks the China 
Scholarship Council for financial support. The Swedish 
Research Council Formas is acknowledged for financial support 
to the research project “Energy-efficient cellulosic insulation 
products/panels for green building solutions”.    
References 

Al-Qararah, A. M., Hjelt, T., Kinnunen, K., Beletski, N., and 
Ketoja, J.A. (2012): Exceptional pore size distribution in foam-
formed fibre networks, Nord. Pulp. Pap. Res. J., 27(2), 226. 

Arao, Y., Nakamura,S., Tomita, Y., Takakuwa, K., Umemura, 
T. and Tanaka, T. (2014): Improvement on fire retardancy of
wood flour/polypropylene composites using various fire
retardants, Polym. Degrad. Stabil., 100, 79-85.

Bribián, I.Z., Capilla, A.V. and Usión, A.A. (2011): Life cycle 
assessment of building materials: Comparative analysis of 
energy and environmental impacts and evaluation of the eco-
efficiency improvement potential, Build. Environ., 46(5), 1133-
1140. 

Camino, G., Duquesne, S., Delobel, R., Eling, B., Lindsay, 
C. and Roels, T. (2001): Mechanism of expandable graphite
fire retardant action in polyurethanes. In Nelson, G. L. and
Wilkie, C. A. (eds.), Fire and Polymers American Chemical
Society, Washington, DC. pp. 90-109.

CEN (2007): Standard 13501-1: Fire classification of 
construction products and building elements. Classification 
using test data from reaction to fire tests.  European Committee 
for Standardization, Brussels, Belgium. 

CEN ISO (2010): Standard 11925-2: Reaction to fire tests. 
Ignitability of products subjected to direct impingement of flame. 
Single-flame source test.  International Organization for 
Standardization, Switzerland. 

Collet, F. and Prétot, S. (2014): Thermal conductivity of hemp 
concretes: Variation with formulation, density and water 
content, Constr. Build. Mater., 65, 612-619. 

Fink, J. K. (2013): Polyurethanes. In Ebnesajjad, S. (ed.), 
Reactive Polymers Fundamentals and Applications: A Concise 
Guide to Industrial Polymers Elsevier Science, Waltham, 
Massachusetts. p. 70. 

Ghanadpour, M., Carosio, F., Larsson P.T. and Wågberg, L. 
(2015): Phosphorylated cellulose nanofibrils: a renewable 
nanomaterial for the preparation of intrinsically flame-retardant 
materials, Biomacromolecules, 16(10), 3399-3410. 

ISO (2015): Standard 5660-1: Reaction-to-fire tests Heat 
release, smoke production and mass loss rate  Part 1: Heat 
release rate (cone calorimeter method) and smoke production 
rate (dynamic measurement).  International Organization for 
Standardization, Switzerland. 

Jahangiri, P., Korehei, R., Zeinoddini, S.S., Madani, A., 
Sharma, Y., Phillon, A., Mrtinex, M. and Olson, J.A. (2014): 
On filtration and heat insulation properties of foam formed 
cellulose based materials, Nord. Pulp. Pap. Res. J., 29(4), 584-
591. 

Jahangiri, P., Logawa, B., Korehei, R., Hodgson, M., 
Martinex, D. M., and Olson, J.A. (2016): On acoustical 
properties of novel foam-formed cellulose-based material, Nord. 
Pulp. Pap. Res. J., 31(1), 14-19. 

Koklukaya, O., Carosio, F., Grunlan, J.C. and Wågberg,L.. 
(2015): Flame-retardant paper from wood fibers functionalized 
via layer-by-layer assembly, ACS Appl. Mater. Interfaces, 7(42), 
23750-23759. 

Koponen, A., Torvinen,K., Jäsberg, A. and Kiiskinen, H.. 
(2016): Foam forming of long fibers, Nord. Pulp. Pap. Res. J., 
31(2), 239-247. 

Lappalainen, T., Salminen, K., Kinnunen, K., Järvinen, M., 
Mira, I. and Andersson, M. (2014): Foam forming revisited. 
Part II. Effect of surfactant on the properties of foam-formed 
paper products, Nord. Pulp. Pap. Res. J., 29(4), 689-699. 

Lehmonen, J., Jetsu, P., Kinnunen, K. and Hjelt, T.. (2013): 
Potential of foam-laid forming technology in paper applications, 
Nord. Pulp. Pap. Res. J., 28(3), 392-398. 

Lindholm, J., Brink, A. and Hupa, M. (2009): Cone 
Calorimeter—A Tool for Measuring Heat Release Rate. 
Finnish- Swedish Flame Days Conference, Naantali, Finland, 
January 28-29, 2009, Åbo Akademi Process Chemistry Centre 
Finland pp. 1-5. 

Meng, X. Y., Ye, L., Zhang, X.-G., Tang, P.-M., Tang, J.-H., Ji, 
X and Li, Z.-M. (2009): Effects of expandable graphite and 
ammonium polyphosphate on the flame‐retardant and 
mechanical properties of rigid polyurethane foams, J. Appl. 
Polym. Sci., 114(2), 853-863. 

Mira, I., Andersson, M., Boge, L., Blute, I., Carlsson, G., 
Salminen, K., Lappalainen, T. and Kinnunen, K. (2014): 
Foam forming revisited Part I. Foaming behaviour of fibre-
surfactant systems, Nord. Pulp. Pap. Res. J., 29(4), 679-688. 

Modesti, M. and Lorenzetti A.  (2002): Halogen-free flame 
retardants for polymeric foams, Polym. Degrad. Stabil., 78(1), 
167-173.

Modesti, M., Lorenzetti, A., Simioni, F. and Camino, G. 
(2002): Expandable graphite as an intumescent flame retardant 
in polyisocyanurate–polyurethane foams, Polym. Degrad. 
Stabil., 77(2), 195-202. 

Redwan, A. M., Badri, K.H. and Tarawneh, M.A. (2015): The 
Effect of Aluminium Hydroxide (ATH) on the Mechanical 
Properties and Fire Resistivity of Palm-Based Fibreboard 
Prepared by Pre-Polymerization Method, Adv Mat Res., 1087, 
287-292.

Recasens, R., Martínez, A., Jimenéz, F. and Bianchetto, H. 
(2005): Effect of filler on the aging potential of asphalt mixtures, 
J Transport Res., 1901, 10-17. 

Riva, A., Camino, G., Fomperie, I. and Amigouet, P. (2003): 
Fire retardant mechanism in intumescent ethylene vinyl acetate 
compositions, Polym. Degrad. Stabil., 82(2), 341-346. 

Schartel, B., Braun, U., Schwartz, U. and Reinemann, S. 
(2003): Fire retardancy of polypropylene/flax blends, Polymer, 
44(20), 6241-6250. 

Schartel, B. and Hull, T.R. (2007): Development of fire‐
retarded materials— Interpretation of cone calorimeter data, 
Fire Mater., 31(5), 327-354. 

Seefeldt, H., Braun, U. and Wagner, M.H. (2012): Residue 
stabilization in the fire retardancy of wood–plastic composites: 



PAPER CHEMISTRY 
Nordic Pulp & Paper Research Journal Vol 32 no 3, 2017 --- DOI 10.3183/NPPRJ-2017-32-03-p466-472 

472 

Combination of ammonium polyphosphate, expandable 
graphite, and red phosphorus, Macromol. Chem. Phys., 
213(22), 2370-2377. 

Statheropoulos, M. and Kyriakou, S. (2000): Quantitative 
thermogravimetric-mass spectrometric analysis for monitoring 
the effects of fire retardants on cellulose pyrolysis, Anal. Chim. 
Acta, 409(1), 203-214. 

Wei, P., Bocchini, S. and Camino, G. (2013): Flame retardant 
and thermal behavior of polylactide/expandable graphite 
composites, Polimery-w., 58(5), 361-364. 

Wu, K., Song, L., Wang, Z., Hu, Y., Kandare, E. and Kandola, 
B.K. (2009): Preparation and characterization of core/shell-like 
intumescent flame retardant and its application in 
polypropylene, J. Macromol. Sci. Pure, 46(8), 837-846. 

Xu, J., Sugawara, R., Widyorini, R., Han, G. and Kawai, S.. 
(2004): Manufacture and properties of low-density binderless 
particleboard from kenaf core, J. Wood. Sci., 50(1), 62-67. 

Östman, B. A.-L. and Mikkola, E.  (2006): European classes 
for the reaction to fire performance of wood products, Holz. 
Roh. Werkst., 64(4), 327-337. 

Manuscript received June 12, 2017 
Accepted September 19 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




