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Abstract  

 

Thermal insulation materials made from natural fibrous materials, such as cellulose 

fibers, have advantages over others from a sustainability point of view. However, 

cellulosic materials are generally prone to mold and absorb moisture, and these 

have negative effects on the insulation properties, the durability of insulation 

materials, and interior air quality. In this thesis, cellulose-fiber-based insulation 

foams were prepared from bleached chemithermomechanical softwood pulp, and 

these foams showed promising thermal insulation properties and fungal resistance. 

Hydrophobic extractives were isolated from birch (Betula verrucosa) outer bark 

and used to improve the water resistance of the foams, which were impregnated in 

solutions of extractives and then dried. The modified foams showed greater water 

resistance, and the modification had no negative effects on the thermal insulation, 

fungal resistance, and compressive strength of the foams.  

 

Another potential problem with low density cellulosic thermal insulation materials 

is their poor reaction-to-fire properties. Cellulose-fiber-based insulation foams 

were prepared from formulations containing bleached chemithermomechanical 

softwood pulp and commercial fire retardants to improve the reaction of the foams 

to fire. Single-flame source test results showed that the foams containing 20% 

expandable graphite (20% EG) or 25% synergetic (25% SY) fire retardant had 

significantly improved reaction-to-fire properties and passed class E, which 

reflected that they can resist a small flame attack without substantial flame 

spreading for a short period according to EN 13501-1. Compared with the reference 

without any fire retardant, the peak heat release rate of the 20% EG and 25% SY 

decreased by 62% and 39% respectively when the samples were subjected to a 

radiance heat flow of 25 kW m-2 in a Cone Calorimeter. 

 

The thesis demonstrates that it is possible to produce cellulose-fiber-based 

insulation materials with improved properties in terms of fungal resistance, 

improved water resistance and reaction-to-fire properties. 

Keywords  

biorefinery, birch bark, cellulose, reaction-to-fire properties, fungal resistance, 

thermal insulation, water resistance  



 

Sammanfattning 

Värmeisolering baserad på naturliga fibrösa material, såsom cellulosafibrer, har 

fördelar gentemot andra fibrer, ur ett hållbarhetsperspektiv. Men cellulosamaterial 

i allmänhet är benägna att mögla och absorberar fukt, vilket har negativ påverkan 

på resultatet för isolerande material, såsom isolerande egenskaper, hållbarhet och 

inre luftkvalitet. I denna avhandling framställdes cellulosafiberbaserade 

isoleringsskum från blekt kemitermomekanisk massa, vilka visade lovande resultat 

med avseende på värmeisolering och motstånd mot svampangrepp. 

 

Hydrofoba extraktivämnen isolerades från björknäver (ytterbark Betula verrucosa) 

och användes för att förbättra vattenbeständigheten hos skum. Skummet 

impregnerades i lösningar innehållande extraktivämnen och torkades därefter. Det 

modifierade skummet påvisade bättre vattenbeständighet. Dessutom hade 

modifieringen inga negativa effekter på isoleringsförmågan, svampmotståndet eller 

kompressionsstyrkan för skummet. 

 

En annan utmaning för lågdensitet cellulosa värmeisoleringsmaterial är det låga 

brandmotståndet. Cellulosafiberbaserade skum framställdes från formuleringar 

innehållande mekanisk massafibrer och kommersiella brandskyddsmedel med 

syftet att förbättra brandskyddet. “Singel-flame test” resultat visade att skummen 

vilka innehöll 20% expanderbar grafit (20% EG) eller 25% synergetisk (25% SY) 

brandskyddsmedel förbättrade avsevärt brandskyddet och uppnådde brandklass E, 

vilket innebär att de kan motstå en liten flamma utan spridning under en kort 

period enligt EN 13501-1. Jämfört med referensen utan tillsatt brandskyddsmedel, 

minskade “peak heat release rate” för 20% EG och 25% SY med 62% respektive 39%, 

vilket visade förbättrat brandskydd. 

Nyckelord 

Bioraffinaderi, björkbark, brandskyddsmedel, cellulosa, näver, svampbeständighet, 

vattenbeständighet, värmeisolering   
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1 Introduction 

The building sector is the biggest single contributor to the world’s energy 

consumption and greenhouse gas emissions (Allouhi et al. 2015). i.e., buildings are 

responsible for 40% of the global energy consumption and 30% of global CO2 

emissions (Omrany et al. 2016). Space heating accounts for over 50% of the energy 

consumption in the residential sector. Energy efficiency for space heating can be 

improved by a more efficient and effective thermal insulation of new buildings and 

refurbishment of old ones, maintaining the temperature within buildings at a 

comfortable range (International Energy Agency 2014). Based on the recent 

regulation in the Energy Performance of Buildings Directive, all new buildings are 

expected to be nearly zero-energy by the end of 2020 (European Parliament and 

Council 2010). It is therefore a priority to improve the energy efficiency of buildings. 

1.1 Thermal insulation market and trends 

Thermal insulation is very important in maximizing the energy efficiency of 

buildings. A variety of traditional thermal insulation materials are applied in 

buildings, such as stone wool, glass wool, oil-based foams, cork, and cellulose, and 

some newly developed thermal insulation materials are under evaluation, such as 

vacuum insulation panels, gas-filled panels, aerogels, and phase-change materials 

etc (Jelle 2011). 

1.1.1 Thermal insulation theory  

Thermal insulation materials aim to decrease heat transfer and their insulation 

properties are derived from their chemical nature and/or their physical structure 

(ISO 2007). The key property of these materials is their thermal conductivity. By 

definition, it is the rate of a steady state heat flow (W) passing through a unit area 

of 1 m thick homogeneous material in a direction perpendicular to isothermal 

planes, induced by a unit (1 K) temperature difference across the sample (ASTM 

2013). The thermal conductivity of a flat-slab material is expressed by: 
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𝜆 =
𝑄

𝐴

𝐿

Δ𝑇
                                        (1) 

 

Where 

λ:   thermal conductivity, W m-1K-1   

Q:  heat flow rate, W 

A:  area through which heat passes, m2 

L:  thickness of the sample across which the temperature difference ∆T exists, m 

∆T: temperature difference, K 

 

Normally, thermal insulation materials can prevent heat from flowing from one side 

to the other. This is attributed to the numerous microscopic dead air cells within 

the materials, which suppresses (by preventing air from moving) convective heat 

transfer. It is the air entrapped in the insulation materials that provides the thermal 

resistance, not the components that build up the insulation material (Al-Homoud 

2005).  

 

A lower thermal conductivity contributes to better thermal insulation. There are 

also other factors that influence the thermal conductivity. For example, at the 

microscopic level, the apparent thermal conductivity is decided by cell size, 

diameter, and arrangement of fibers or particles, transparency to thermal radiation, 

type and pressure of the gas, bonding materials, etc. At the macroscopic level, the 

apparent thermal conductivity depends on density, moisture content, and 

temperature (Al-Homoud 2005).  

 

Common methods for measuring the thermal conductivity include steady state and 

transient techniques, but they are only suitable for a limited range of materials, 

depending on the thermal properties and the medium temperature: 

 

1) the steady-state technique measures a heat transfer that is in complete 

equilibrium, by establishing a temperature difference that does not alter with time. 

The most common steady state techniques are the guarded hot plate (GHP) and 

heat flow meter (HFM) methods. The GHP is based on establishing a steady 

temperature gradient over a known sample thickness and controlling the heat flow 

from one side to the other (Al-Ajlan 2006). HFM measures the heat flow rate 
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through the sample by a temperature difference generated by this heat flow across 

the sample and the heat flow meter itself (CEN 2001). The disadvantages of these 

steady-state methods are that they often take a long time to reach the required 

equilibrium steady state, and require a large sample size (30× 30 cm2). The contact 

resistance between the temperature sensors and the sample surface is the main 

source of error (Al-Ajlan 2006). 

 

2) the transient technique has been developed to overcome the disadvantages of the 

steady-state technique. A measurement is performed while heating up the sample. 

The advantage of the measurement is that it is relatively quick since it is not 

necessary to wait for a steady-state situation, the contact resistance can be 

minimized for the transient technique. Sample preparation is quicker (smaller 

sample size) and the surface roughness or surface color does not affect the 

measurements. Since the heat source in a transient technique is supplied either 

periodically or as a pulse, resulting in periodic or transient temperature changes in 

the sample, it is an absolute technique and calibration is not required.  

 

There are several types of transient techniques, such as the pulsed power, hot-wire, 

transient plane source (TPS), and laser flash thermal diffusivity methods (Zhao et 

al. 2016). TPS utilizes a thin disk-shaped temperature-dependent resistor as the 

temperature sensor and the heat source, for measuring the thermal conductivity 

and thermal diffusivity at the same time. The sensor is sandwiched between two of 

the sample halves (Log and Gustafsson 1995), as indicated in Figure 1.  

Figure 1. A test set up for the TPS method (Log and Gustafsson 1995). 

The TPS method has been applied in the evaluation of thermal insulation properties 

of materials such as rock wool, glass wool, and foams developed from fossil 

resources. The thermal conductivity of these materials with different densities has 

been analyzed at different temperature levels. It has been shown that the thermal 

TPS sensor 

Sample pieces 
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conductivity increases with increasing temperature and decreases with increasing 

density over density ranges of 19–120 kg m-3, and the thermal conductivity is 

comparable to the value obtained using steady-state methods (Log and Gustafsson 

1995; Al-Ajlan 2006). The thermal conductivity of cellulose-based thermal 

insulation materials (Northern bleached softwood kraft pulp foam materials) has 

been evaluated by the TPS method, and the results indicated that the thermal 

conductivity of a cellulosic foam with 54% air-content (the thermal conductivity was 

about 0.04 W m-1K-1) was comparable to that of the commercial thermal insulation 

materials (polyurethane foam, expanded polystyrene, and extruded polystyrene 

foam) (Jahangiri et al. 2014).  

1.1.2 Current commercially available thermal insulation materials 

In Europe, the total market for thermal insulation materials was around 234 million 

m3 in 2014 (7.4 million tons). It is predicted to grow to 270 million m3 by 2019. The 

European thermal insulation market in 2014 is illustrated in Figure 2 (IAL 

Consultants 2015). EU Climate Action has become a strong driver directing the 

market towards a higher energy efficiency.  

Figure 2. European thermal insulation market in 2014. 

The dominant commercial thermal insulation materials are glass wool, stone wool, 

and expanded polystyrene (EPS). Other types of the product include extruded 

polystyrene (XPS), rigid polyurethane (PUR), polyisocyanurate (PIR), recycled 

paper, wood fiber, recycled textile, cotton, flax, hemp, and sheep wool etc. The 

classification of thermal insulation materials is shown in Figure 3. The market share 

Glass wool

      36%

EPS

27.1%

Stone wool

     22%

PU/PIR

  8.1%

XPS

6.4%

Other 0.4%

Phenolics 0.1%
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of thermal insulation materials developed from renewable resources is very limited 

compared to glass fiber, stone wool, expanded polystyrene, and polyurethane foam.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, due to the increased concerns about the environment and sustainability, 

cellulose-based thermal insulation materials should be a promising alternative 

since they are developed from renewable resources. Also, the utilization of wood-

based material will reduce energy consumption in the production process, and 

decrease the carbon footprint of materials. Compared with other types of insulation 

materials, cellulosic insulation materials have the lowest environmental impact. In 

addition, cellulose has the lowest embodied energy, which reflects that less energy 

is demanded in its production (Hammond et al. 2008). Cellulose-based thermal 

insulation would show an upward trend in the market due to its advantages of 

environmental benefit and sustainability.   

1.1.3 Cellulosic thermal insulation and foam-forming technique  

Wood-based thermal insulation made of sawdust or newspaper has been used for a 

long time. e.g., traditional cellulosic insulation is made of recycled newspaper 

(unsold or recovered paper). Although northern Europe owns approximately 60% 

of the newsprint market share, the production of newsprint has declined for several 

consecutive years due to a decrease in consumer needs (Fisher International 2016), 

THERMAL INSULATION MATERIALS 

INORGANIC MATERIALS ORGANIC MATERIALS COMBINED MATERIALS NEW MATERIALS 

FIBROUS 
-Glass wool 
-Stone wool 

FOAMY 
-Foam glass 

FOAMY 
-Expanded polystyrene 
-Extruded polystyrene 
-Polyurethane foam 

FOAMY EXPANDED 
-Cork 
-Melamine foam 
-Phenolic foam 

FIBROUS 
-Sheep wool 
-Cotton 
-Coconut fibers 
-Wood fiber 

-Siliconated Calcium 
-Gypsum foam 
-Wood wool 

-Transparent materials 
-Dynamic materials 

Figure 3. Classification of the common thermal insulation materials (Papadopoulos 2005). 
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and, it is therefore a priority to seek alternative raw materials for producing 

cellulosic insulation, where mechanical pulp could be an option. 

 

Mechanical pulps are cheaper (approximately 50%) than chemical pulps and are 

produced in a high yield range of 85–95% (Höglund 2009; Bajpai 2012). They have 

been considered to be an economic raw material for a value-added insulation 

product, because of their renewability, and environmental friendliness, which can 

utilize the over capacity of the pulp industry (Isaksson et al. 2012). It has been 

demonstrated that it is possible to produce thermal insulation using pulp fibers as 

raw materials (Al-Homoud 2005; Xie et al. 2011; Jahangiri et al. 2014; Jahangiri et 

al. 2016; Korehei et al. 2016). 

 

Apart from the potential raw material alternatives, the production process is also 

crucial. Based on the different processes, cellulose insulation is categorized into fluff 

(loose wool), rigid panels, and flexible (semi-rigid) panels. The different kinds 

depend on the applications, such as cavity wall, external wall, internal wall, and roof 

(Tommerup and Svendsen 2006). Compared with the traditional fluffed cellulose 

loose fill, a thermal insulation panel is advantageous for wall or roof installation 

without any extra equipment and it is less dusty. The panels are produced by both 

wet and dry processes.  

 

The wet process is like the papermaking process, and it could probably be applied 

in the current facility of a pulp mill. By adding foaming agents or surfactants, the 

air bubbles created in the mechanical mixture would be beneficial for giving a highly 

porous insulation material (Pöhler et al. 2016). This foam-forming technique in 

papermaking dates from the mid-1970s, when the surfactant was added to the pulp 

and foam was produced by injecting air (Kidner 1974). The effects of various types 

of surfactants and pulp fibers, surfactant and fiber concentrations on the 

foamability, foam stability, and bubble size distribution of the foam-fiber systems 

were studied in detail (Lappalainen et al. 2014; Mira et al. 2014). This technique 

can be used to prepare cellulosic insulation foams with low densities that exhibit 

good thermal insulation properties with thermal conductivity in the range of 0.035- 

0.056 W m-1K-1) (Xie et al. 2011; Jahangiri et al. 2014; Jahangiri et al. 2016; Korehei 

et al. 2016).  

 

However, these thermal insulation materials produced from cellulose have some 

drawbacks which need to be improved. 
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1.1.4 Challenges with cellulose thermal insulation 

1.1.4.1 Fungus and moisture  

Cellulosic materials tend to mold and absorb moisture, and this leads to a 

deterioration in the performance of the materials, such as insulation properties, 

durability, and interior air quality (Ezeonu et al. 1994; Vėjelis et al. 2006). An 

increase in moisture content leads to a decrease in thermal insulation capacity, due 

to thermal conduction through water (Budaiwi and Abdou 2013).  Furthermore, a 

higher moisture content increases the risk of fungal growth (Sedlbauer 2002), 

which can create indoor air quality deterioration and reduce the durability of the 

cellulosic insulation material (Karunasena et al. 2001; Herrera 2005).   

 

To deal with these problems, some waterproofing agents, such as chlorinated 

paraffin (Cai et al. 2016) and paraffin wax have been used in cellulosic insulation 

materials and wood-based materials (Keskin et al. 2015; Taghiyari et al. 2015), but 

they are produced from non-renewable resources. Hydrophobic compounds that 

can be readily isolated from birch (Betula verrucosa/pendula) outer bark by solvent 

extraction (Ekman 1983; Hammond et al. 2008; Pinto et al. 2009; Li et al. 2015; 

Fridén et al. 2016) could be a renewable alternative to improve the water repellency 

of the cellulosic insulation materials. The outer bark contains 35–40% of 

extractives, which primarily consist of betulin (Figure 4) (Krasutsky 2006).  

 

 

 

Extractives are compounds with low molecular weight that are extracted from wood 

or bark (Jansson and Nilvebrant 2009). A betulin-enriched extractive could make 

paper- and cellulose-based textile fibers hydrophobic (Holmbom and Holmbom 

2014) because of their limited solubility in water (<1 mg L−1) (Cichewicz and Kouzi 

2004; Symon et al. 2005).   

Figure 4. Chemical structure of betulin. 
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1.1.4.2 Fire 

As mentioned before, thermal insulation foams made from cellulose fibers have 

advantages over other materials, from a sustainability point of view. However, the 

reaction-to-fire properties of cellulosic foams need to be improved to ensure fire 

safety in buildings. Various types of fire retardants, such as intumescent and 

halogen fire retardant, can be added into the insulation materials to improve their 

reaction-to-fire properties. The former is more eco-friendly and safer than the latter 

since they do not produce toxic gasses in the fire (Modesti and Lorenzetti 2002; 

Ghanadpour et al. 2015; Koklukaya et al. 2015). The intumescent fire retardants 

have been used in oil-based thermal insulation foams (Modesti et al. 2002), but 

their application in cellulose-fiber-based foams has rarely been reported.  

 

Two types of commercial intumescent fire retardants have here been used to 

improve the reaction-to-fire properties; an expandable graphite fire retardant and 

a synergetic fire retardant. Expandable graphite can expand into a “worm”- like char 

layer. The expansion of the expandable graphite results from a redox process 

between H2SO4 and the graphite that lead to blowing gasses based on the reaction: 

 

 

The blowing effect increases the volume of the materials by about 100 times when 

the temperature is above 200°C. The “worm”- like structure formed by graphite 

expansion suppresses the flame and the char layer formed prevents heat and mass 

transfer from the material to the heat source, hindering further decomposition of 

the material (Camino et al. 2001). 

 

The commercial synergetic intumescent fire retardants consist of 50% ammonium 

sulfate, 10% ammonium polyphosphate, and 40% aluminum hydroxide. 

Ammonium sulfate decomposes at about 284°C to generate NH3, a diluent that 

reduces gas phase combustion, and H2SO4 – a catalyst for the dehydration reaction 

which improves char formation. The char serves as a thermal barrier, reducing heat 

transfer to the internal material and lowering the rate of decomposition 

(Statheropoulos and Kyriakou 2000). Ammonium polyphosphate (APP) can 

enhance char formation by catalysis of the char generation of polyphosphates 

created during the combustion. APP can also increase the char amount by cross-

linking carbonaceous structures in the wood fibers, and APP also produces 

ammonia that dilutes the combustible gasses (Seefeldt et al. 2012). Aluminum 

hydroxide or Alumina Trihydrate (ATH) decomposes into alumina and water vapor 
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at about 180°C, and absorbs a large amount of heat in the process and produces 

water vapor, and it is thus very effective as a smoke suppressant. The water vapor 

can dilute the combustible gasses. In addition, the alumina or aluminum oxide 

(Al2O3) acts as a protective layer especially on the surface and this prevents the 

material from contact with oxygen (Musbah Redwan et al. 2015). 

 

Low-density thermal insulation materials need to meet the criterion of class E to 

obtain a CE-mark to trade within the EU market, according to the European 

Construction Products Directive (Östman and Mikkola 2006), which defines 

different performance classes (A to F) for walls, roofing products, and floor-

coverings. The standard “Single Flame Source Test” (Figure 5) is based on “EN ISO 

11925-2: Reaction to fire tests for building products-Part 2: Ignitability when 

subjected to direct impingement of flame”  

 

 

It is used to determine ignitability of building products in a vertical orientation. A 

20 mm high small flame is applied on the surface or edge of a sample (250 mm 

length and 90 mm width). The flame application time is 15 s, and the total duration 

time is 20 s after the flame is applied. The tests are divided into surface exposure 

and edge exposure. For each exposure condition, 6 replicates need to be evaluated 

to confirm the fire class. If the flame tip does not reach 150 mm above the flame 

application point during the 20 s, the tested sample can be classified as E. The 

materials that achieve fire class E (normal flammability) can resist a small flame 

attack without substantial flame spreading for a short period.  

 

 

 

sample surface 

sample 

burner 

burner 

sample 

sample edge 

Figure 5. Single flame source test (CEN ISO 2010). 
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The cone calorimeter (Figure 6) test determines the rate of heat release, which 

significantly influences the fire safety of materials as it is related to the “flashover” 

in a real fire: the lower the peak HRR the safer are the materials in a fire 

(Vanspeybroeck et al. 1993), according to the ISO 5660 standard: 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). 

Based on the empirical observation, heat release from the burning materials is 

directly proportional to the amount of oxygen consumed during the combustion. A 

truncated conical heater is used to irradiate the sample with heat fluxes up to 100 

kW m-2. In addition, smoke production can be determined by measuring 

transmitted light intensity through a volume of combustion products. The cone 

calorimeter can evaluate the ignition followed by a flaming combustion. The 

ignition parameter “time to ignition” depends on the thermal inertia, critical heat 

flux, and critical mass loss for ignition, or alternatively the critical surface 

temperature for ignition. Fire-response parameters measured in the cone 

calorimeter include time to ignition (TTI), heat release rate (HRR), total heat 

release (THR), smoke production, mass loss, and CO production. These data can be 

used to compare the fire response of materials and to evaluate their fire 

performance and simulate or predict full-scale fire behavior. e.g., a longer time to 

ignition and a slower heat release rate contribute to better reaction-to-fire 

properties (Schartel and Hull 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hood 

heater 
spark plug sample and retainer frame 

weighting device 

smoke measurement section 

Figure 6. Cone calorimeter (ISO 2015). 
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1.2 Objectives 

1) To prepare thermal insulation foams from wood fibers such as mechanical pulp 

and to evaluate the performances of foams and their thermal insulation properties. 

 

2) To improve the water resistance of the foams by using hydrophobic extractives 

from a renewable resource–birch outer bark.  

 

3) To enhance the reaction-to-fire properties of foams by adding two kinds of 

commercial fire retardants, and the fire performances of the foams could be tested 

by the single flame source test and cone calorimetry to determine whether the 

materials fulfilled the requirements of fire class E. 

 

4) To improve the performance of foams using these above treatments and evaluate 

how such treatments affect the performance of thermal insulation foams.

The objectives of the work described in this thesis are: 
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2 Experimental 

2.1 Materials 

Bleached chemithermomechanical pulp (CTMP) was provided by Rottneros 

Company (Söderhamn, Sweden). Birch (Betula verrucosa) outer bark was collected 

in the forest near the KTH Royal Institute of Technology (Stockholm, Sweden). 

Ethanol (99.5%) and sodium dodecyl sulfate (≥99.0%) were purchased from Sigma-

Aldrich (Stockholm, Sweden). A commercial cellulose-based insulation panel was 

made of newsprint and plastic fiber. Commercial fire retardant-expandable 

graphite was provided by GrafTech (USA), and a commercial synergetic fire 

retardant (50% ammonium sulfate, 10% ammonium polyphosphate, and 40% 

aluminum hydroxide) was obtained from a local company. 

2.2 Preparation of fungal and water-resistant insulation materials  

2.2.1 Preparation of insulation foams 

A suspension of pulp with a consistency of 4% was mixed with 1.5 g of sodium 

dodecyl sulfate surfactant, and the mixture was mechanically stirred at 3000 rpm 

for 10 min using an L&W Pulp Disintegrator (ABB, Zürich, Switzerland) and then 

transferred to molds to form mats. The wet mats were then dried in a TS8000 oven 

(TERMAKS, Bergen, Norway) at 90°C for 8 h to prepare insulation foams. 

2.2.2 Isolation of birch outer bark extractives 

The birch outer bark particles were Soxhlet-extracted in ethyl acetate for 24 h. 

Following solvent evaporation, the extractives were further dried in an oven at 80°C 

for 24 h. The gravimetric yield was 34% and the purity was determined in 400 

Ultrashield NMR (Billerica, Massachusetts, USA), the extractives primarily 

consisted of betulin (60%), as indicated by 1H-NMR (CDCl3) δ (ppm): 4.69 (m, 1H, 

29-H), 4.59 (m, 1H, 29-H), 3.81 (d, 1H, J = 10.90 Hz, 28-H), 3.35 (d,1H, J = 10.70 

Hz, 28-H) 3.20 (m, 1H, 3-H), 2.40 (m, 1H, 19-H), 1.03–2.03 (complex, CH2 and 

CH), 1.01, 0.95, 0.95, 0.83, 0.76 (all s, 15-H, 5 × CH3). 

2.2.3 Modification of insulation materials with birch outer bark extractives 

The insulation foams were impregnated in ethanol solutions of extractives at 

concentrations of 1% (w/v), 2%, and 3% for 20 min and then dried in a TS8000 

oven (TERMAKS, Bergen, Norway) at 105°C for 4 h. Unmodified foams and 

modified foams denoted Funmod and Fmod respectively. Foams modified by treatment 
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with solutions of bark extractives with concentrations of 1%, 2%, and 3%, denoted 

F1%, F2%, and F3% respectively.   

2.3 Preparation of insulation materials with fire retardants 

A 4.5% bleached mechanical pulp suspension was mixed with 0.3 g of sodium 

dodecyl sulfate surfactant and either 5%, 10%, 15%, 20%, 25%, 30% expandable 

graphite or the synergetic intumescent fire retardant in water. The mixtures were 

mechanically stirred (3000 rpm, 15 minutes) in an L&W Pulp Disintegrator (ABB, 

Zürich, Switzerland) to form foams, which were then dried (90°C, 8h) in a TS8000 

oven (TERMAKS, Bergen, Norway) to prepare insulation materials. Foams 

containing fire retardants denoted 5–30% EG or 5–30% SY respectively. Reference 

materials were prepared without any fire retardant.   

2.4 Characterization 

2.4.1 Retention of extractives 

The amount of extractives absorbed by the insulation foams was calculated as: 

 

𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =
𝑚2 − 𝑚1

𝑚1

×100%                   (3) 

    

where m1 and m2 are the dry weights of the insulation foams before and after the 

modification, respectively. 

2.4.2 Scanning electron microscopy (SEM) 

Scanning electron micrographs were obtained using a Hitachi S-4800 FE-SEM 

scanning electron microscope (JEOL, Ltd., Japan) after sputtering the samples with 

gold/palladium. 

2.4.3 Water resistance and moisture absorption   

The oven-dried unmodified and modified foams (size 15×15×20 mm3) were 

immersed in water at 23°C for 24 h to 7 days to assess the water resistance. To 

measure the moisture absorption, the unmodified and modified foams were 

conditioned at 20°C and 85% RH for 24 h, 72 h, and 120 h. 

2.4.4 Thermal conductivity  

Thermal conductivity was assessed with a Hot Disk TPS 2500S instrument (Hotdisk 

AB, Gothenburg, Sweden) using a 20 mW output power and a 40 s measurement 



14 │ EXPERIMENTAL 

time in the isotropic mode. A 6.4-mm Ni wire sensor was used, and the samples 

were probed in the bulk mode to obtain values for the thermal conductivity. 

2.4.5 Compressive strength 

The compressive strength was measured in a 5566 universal testing machine 

(Instron, High Wycombe, UK). The samples (25×25×20 mm3) were conditioned at 

23°C and 50% RH. A 500-N load cell was used with a compression rate of 10% of 

the original sample thickness per min. The final strain was set to be 85% of the 

original sample height to evaluate the material behavior over a large deformation 

interval. 

2.4.6 Fungal resistance 

The fungal resistance of the foams was tested according to a standard test method 

(ASTM 2014), where 0.5 mL of fungi (A. brasiliensis) spore suspension (1×106 

spores per mL) was sprayed onto the surface of the sample. After incubating at 30°C 

and 95% RH for 4 weeks, the samples were inspected visually and observed by 

microscopy.  

2.4.7 Retention of fire retardants 

The amount of fire retardants retained in the insulation foams was calculated as: 

𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =
𝑚4 − 𝑚3

𝑚3

×100%                   (4) 

  

where m3 and m4 are the dry weights of the pulp fibers and insulation foams with 

fire retardants, respectively. 

2.4.8 Single-flame source test 

The samples (250 mm long by 90 mm wide) were conditioned at a temperature of 

(23±2)°C and a relative humidity of (50±5)%. Tests were performed according to 

EN ISO 11925-2 (CEN ISO 2010), with a flame application time of 15 s. Tests were 

conducted with both surface exposure and edge exposure. The fire classification was 

evaluated according to EN 13501-1 (CEN 2007). 

2.4.9 Thermogravimetric analysis (TGA) 

The thermal behavior of the samples was studied by thermal gravimetric analyses 

(TGA), 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 an inert 
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atmosphere (50 mL min-1 N2 flow). The onset temperature (temperature in 10% dry 

weight loss), maximum decomposition temperature and residue were determined.   

2.4.10 Cone Calorimeter fire test 

Samples with dimensions of 100 mm × 100 mm were subjected to a radiance heat 

flow of 25 kW m-2 in a Cone Calorimeter (Fire Testing Technology Ltd. UK) 

following the procedure described in the ISO 5660-1 standard (ISO 2015). 

Parameters such as time to ignition (TTI), heat release rate (HRR), and total heat 

release (TRR) were determined.   
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3 Results and discussion   

3.1 Cellulose-fiber-based fungal- and water-resistant insulation materials 
(paper 1) 

To enhance the water resistance of cellulose-fiber-based insulation foams made of 

bleached chemithermomechanical pulp (CTMP), the foams were impregnated with 

hydrophobic extractives (60% betulin) from the birch (Betula verrucosa) outer 

bark and dried. The distribution of the deposited extractives was determined by 

scanning electron microscopy (SEM). The influence of the extractives on the 

properties of insulation foams, such as water resistance, moisture absorption, 

thermal insulation properties, compressive strength, and fungal resistance was 

evaluated. 

3.1.1 Adsorption of extractives 

The retention of extractives increased from 19 to 36% when the concentration of 

extractives was increased from 1 to 3% (Figure 7). The particles of extractives 

covered the surfaces of the modified foams (Figure 8 b, c, and d). For F1%, the 

particles agglomerated and formed granules during the drying. For F2% and F3%, the 

extractives filled the interstitial spaces between fibers and covered the surfaces.  
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Figure 7. Retention of extractives by the foams after the modification. 
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Figure 8. SEM of the surfaces of unmodified foam (a), F1% (b), F2% (c), and F3% (d).  F1%, F2%, and F3% are 

foams modified by the solutions of bark extractives with concentrations of 1%, 2%, and 3% respectively. 

3.1.2 Water resistance and moisture absorption  

After 24 h immersion in water, the unmodified foam (Funmod) and F1% were totally 

submerged. But F2% was partially submerged in water, and F3% floated on the 

surface, which shows an improvement in water resistance. After 7 days’ immersion 

in water (Figure 9), the Funmod disintegrated, and some fibers dispersed in the water, 

but F1%, F2%, and F3% remained intact, which was attributed to the hydrophobic bark 

extractives deposited on the surface of the foams and preventing the water from 

wetting the fibers. 
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agglomeration 
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The moisture absorption after modification is shown in Figure 10. The modified 

foams (Fmod) showed a slower moisture absorption after 24 h, F3% having the slowest 

and Funmod having the fastest, but after 72h and 120h, there was little difference in 

moisture absorption between the Fmod and Funmod, due perhaps to incomplete 

coverage of cellulose with the hydrophobic extractives.  
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Figure 10.  Moisture absorptions of the unmodified foam, F1%, F2%, and F3%. F1%, F2%, and F3% are foams 

modified by treatment with solutions of bark extractives with concentrations of 1%, 2%, and 3%, 

respectively. 

 

Figure 9.  Unmodified foam, F1%, F2%, and F3% after 7 days’ immersion in water. F1%, F2%, and F3% are foams 

modified by the solutions of bark extractives with concentrations of 1%, 2%, and 3% respectively. 
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3.1.3 Thermal conductivity and compressive strength 

The thermal conductivity of the Funmod determined by the TPS method was close to 

the value of the commercial cellulose insulation panel (Table 1), and it was 

comparable to the value of pulp fibers based insulation material (0.042 W m-1K-1) 

(Jahangiri et al. 2014). Fmod and Funmod showed little difference in thermal 

conductivity. i.e., the impregnation with bark extractives had no detrimental 

influence on the thermal insulation properties of the foams, indicating the limited 

effect of a thin film (Figure 8) of extractives on the surface (Kerr et al. 2009). 

Table 1. Density, thermal conductivity, and compressive strength of Comm. insul., unmodified foam, F1%, 

F2%, and F3%. 

Material 

 

Density  

(g cm-3) 

Thermal 

conductivity 

(W m-1K-1) 

Compressive 

strength 

(MPa) 

Comm. insul. 0.043±0.002 0.047±0.001 0.047±0.006 

Funmod  0.025±0.001 0.048±0 0.025±0.001 

F1% 0.026±0.003 0.047±0.001 0.037±0.012 

F2% 0.032±0.002 0.048±0 0.049±0.012 

F3% 0.028±0.002 0.048±0.001 0.043±0.012 

Comm. insul. is Commercial cellulose insulation.  F1%, F2%, and F3% are foams modified by treatment with the solutions 

of bark extractives with concentrations of 1%, 2%, and 3%, respectively. 

 

The compressive strength of the Funmod was lower than that of the low-density pulp 

fiber foam (0.17 MPa, density 0.056 g cm-3) (Xie et al. 2011), which could be 

attributed to the difference in their densities since the compressive strength 

increases with increasing density. An analysis of variance (Pr > F was 0.1) showed 

that there was no significant difference in compressive strength between Fmod and 

Funmod. 
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3.1.4 Fungal resistance 

After 4 days of incubation, fungal growth was visible on the wood sample, but no 

fungal growth was observed on Funmod after 4 weeks. SEM showed branching and 

thread-like mycelia on the surface of the reference wood (Figure 11 a and b), but 

mycelia were not found on the surface of Funmod (Figure 11 c), indicating positive 

fungal resistance. The absence of nutrients in the foams could contribute to the 

fungal growth resistance (Hoang et al. 2010). Similarly, Fmod did not show any 

fungal growth (Figure 11 d, e, and f). 

Figure 11.  SEM of the reference wood sample (a, b), unmodified foam (c), F1% (d), F2% (e), and F3% (f). F1%, 

F2%, and F3% are foams modified by treatment with solutions of bark extractives with concentrations of 1%, 

2%, and 3%, respectively. 

d) 

b) mycelia a) mycelia 

c) 

e) f) 
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3.2 Cellulose-fiber-based insulation materials with improved reaction-to-fire 

properties (paper 2) 

3.2.1 Retention of fire retardants 

The retention of the fire retardants was calculated to make it possible to evaluate 

the loss of fire retardants during the wet production process. The retention of 

expandable graphite (EG) was the same as the nominal fire retardant amount added 

in the pulp suspension, due to its insolubility in water. A loss of synergetic (SY) 

intumescent fire retardant was observed, which could be due to the loss of water-

soluble ammonium sulfate (Table 2). The fire retardant retained in the foams could 

consist mainly of 20% ammonium polyphosphate and 80% aluminum hydroxide.  

3.2.2 Single-flame source test  

Results of the single-flame source test showed that cellulosic foams containing more 

than 20% of expandable graphite fire retardant fulfilled the criterion of class E 

(Figure 12). Foams with 15% and 20% synergetic fire retardant in the formulations 

met the requirements of E class on one surface (Figure 13), but there was a large 

burned area on their rear surfaces (Figure 14), which could result from the poor 

retention (5–6%) and an uneven distribution of fire retardants (Table 2).  

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 

Table 2. Retention of fire retardants of different percentages of fire retardants in the formula. 
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Figure 12.  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. 

 

Figure 13.  Single-flame source (surface) test result for reference foam without fire retardant, and foams with 

10–30% synergetic (SY) fire retardant in the formulation. 
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Figure 14.  Single-flame source (rear surface) test result for foams with 15–30% synergetic (SY) fire retardant 

in the formulation. 

 

Figure 15.  Single-flame source (edge) test result for foams with 20–30% expandable graphite (EG) or 

synergetic (SY) fire retardant in the formulation. 
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The samples that passed the surface test were evaluated by the edge exposure flame 

test. Samples 20%EG, 25%EG, and 30% EG exhibited better reaction-to-fire 

properties than 20% SY, 25% SY, and 30% SY (Figure 15). No significant 

improvement in the reaction-to-fire properties was seen when the amount of fire 

retardant was increased from 20 to 30% in the formulations, which might result 

from an uneven distribution of fire retardants in the foams. The fire performances 

of foams containing 10% fire retardants could not fulfill the requirement of class E, 

indicating that such an amount of fire retardant was insufficient to decrease the 

ignitability of the foams. Based on the single flame source test, samples 20% EG and 

25% SY were subjected to the cone calorimeter test to evaluate their fire behaviors.  

3.2.3 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis results are summarized in Table 3, and the curves are 

shown in Figure 16. 

Table 3. Thermogravimetric analysis results of the reference without fire retardant, 20% EG, and 25% SY. 

 

Compared with the reference without any fire retardant, the onset decomposition 

temperature (temperature in 10% mass loss-Tonset 10%) and the temperature at the 

maximum weight loss rate of insulation foams 20% EG and 25% SY were lower. The 

reduced thermal stability could induce earlier decomposition of the insulation 

foams and generate a char layer on the surface at a lower temperature. The final 

residue of the fire-retardant insulation foams increased by around 13%. The 

increased char acts as a thermal barrier to prevent the material from the external 

heat and suppress further combustion.   

 

There were two temperatures at the maximum weight loss rate (Tmax1 and Tmax2). 

Tmax1 for 20% EG was much lower than that for 25% SY. On the other hand, Tmax2 

for 20% EG was significantly higher than that for 25% SY. The second temperature 

at maximum weight loss rate was attributed to a formation of a more thermally 

stable char. The stable expanded layer can act as a thermal insulation barrier 

Sample  Tonset 10% (oC) Tmax1 (oC) Tmax2 (oC) Residue (%) 

Reference 269±1 331±1  - 20±0 

20% EG 226±4 193±1 363±1 33±2 

25% SY 235±0 245±2 285±2 33±1 
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between the flame and the material. The result confirmed that EG induced the 

formation of a thermally stable char for thermal insulation (Meng et al. 2009).  

For the 25% SY, there were two peaks in the DTG curve, the first one is probably 

related to the onset of decomposition of aluminum hydroxide at ca. 250°C that 

generated Al2O3 and water (Arao et al. 2014). The second one was probably related 

to the APP weight loss at 300°C due to the release of NH3 and H2O (Riva et al. 2003). 

3.2.4 Cone Calorimeter fire test  

The cone calorimeter fire test results are summarized in Table 4, and the heat 

release rate is shown in Figure 17.  

Table 4. Cone calorimeter test results of the reference without fire retardant, 20% EG, and 25% SY (incident 

heat flux 25 kW m-2). 

 

Sample  Time to ignition 

(TTI) (s) 

Peak-HRR  

(kW m-2) 

Time to Peak-

HRR (s) 

Total heat release 

(THR) (MJ m-2) 

Reference 9.0±0.0 116.5±6.4 15.0±0.0 9.9±0.3 

20% EG 6.0±0.0 44.0±1.4 10.0±0.0 4.4±0.1 

25% SY 9.5±0.7 71.5±3.5 15.0±0.0 6.1±0.0 
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Figure 16.  a) Thermogravimetric (TG) and b) Derivative curves (DTG) for the reference and fire-retardant-

conditioning insulation foams. 
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The Peak Heat Release Rate (Peak-HRR) and average HRR are important 

parameters that reflect the rate of heat release during combustion, and total heat 

release (THR) is also crucial in the fire disaster evaluation. A lower heat release rate 

means lower oxygen consumption during the combustion and better reaction-to-

fire properties. 

 

As shown in Table 4, compared with the reference that had no fire retardant, the 

Peak-HRR of the 20% EG and 25% SY reduced by 62% and 39% respectively, and 

the total heat release (THR) decreased by 56% and 38% respectively.  

 

20% EG showed a slightly shorter Time to ignition (TTI), which could relate to the 

black color of the foam. The black color leads to an increase in radiant heat 

absorption from the cone heater, and this can lead to a faster rise in the surface 

temperature of the graphite compounds and an earlier initiation of thermal 

degradation of the pulp fiber, which could result in the generation of flammable 

degradation products to achieve the lower flammability limits and earlier ignition 

(Wei et al. 2013).  
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Figure 17.  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). 
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In Figure 17, the reference shows two peaks in the heat release rate, the first peak 

came after ignition because of a large amount of oxygen was consumed immediately 

after ignition (Lindholm et al. 2009). The second peak occurred when the char 

structure broke up (Schartel et al. 2003). The heat release rate peaks of 20% EG and 

25% SY were suppressed significantly due to the heat absorption by fire retardant. 

The expansion of EG and the formation of a char layer were attributed to a redox 

process between H2SO4 and the graphite layers (Fink 2013). Ammonium 

polyphosphate (APP) also forms phosphoric acid and promotes the char layer 

formation by acid catalysis (Meng et al. 2009; Wu et al. 2009). The char layer 

generated can prevent the insulation material from transferring heat and mass, and 

reduce the heat release rate (Recasens et al. 2005).  

 

There was almost no residue left at the end of the cone calorimeter test for the 

reference. But there was an obvious improvement in the formation of final char in 

the 25% SY and 20% EG (Figure 18). The protective char barrier can prevent heat 

transfer and flame spread (Wu et al. 2009). Moreover, 20% EG had a lower peak-

HRR than the 25% SY, which is probably due to the difference in char formation 

induced by the different fire retardants. Although a more compact char was formed 

from 25% SY than 20% EG, 25% SY broke into pieces during the combustion, which 

could be due to further combustion when a crack developed on the surface.  

 

 

 

 

Reference  25% SY  20% EG  

Figure 18.  Residues of the reference without fire retardant, 20% EG, and 25% SY at the end of the cone 
calorimeter test. 
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3.2.5 Scanning electron microscopy (SEM) 

The surface of the insulation foams and the char morphology after cone calorimetry 

were observed by SEM (Figure 19).  

Figure 19.  SEM of the outer surfaces of the reference, 25% SY and 20% EG foams before and after the 

Cone calorimetry test. 
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Compared to the reference, the larger amount of char was obvious for the 25% SY 

and 20% EG. After combustion, the 20% EG had a loose char layer with the presence 

of “worms”, derived from the expansion of EG. The “worm”- like structure 

generated by graphite expansion retarded the flame and the char layer can limit the 

heat and mass transfer from polymer to the heat source, hindering further 

decomposition of the insulation materials (Modesti and Lorenzetti 2002), but 25% 

SY had numerous Al2O3 particles in the residue from the decomposition of Al(OH)3. 

3.2.6 Thermal conductivity 

The thermal conductivities of the 20% EG and 25% SY samples were similar to the 

reference (Table 5). For the 25% SY, the thermal conductivity increased slightly due 

to the increase in density. According to Collet and Prétot (2014), a higher density 

gives rise to heat transfer through the solid component of the material and 

consequently results in a higher conductivity. In contrast to the results in the 

presence of expandable graphite in polyisocyanurate–polyurethane foams (Modesti 

et al. 2002), the EG had no negative effect on the thermal conductivity of cellulose 

insulation foams.  

Table 5. Thermal conductivity and density of the reference without fire retardant, 20% EG, and 25% SY. 

Material 
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 
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4 Future work 

The foaming technique used in the preparation of cellulosic thermal insulation 

foams needs to be further investigated. e.g., the amounts of surfactant, pulp fiber 

and water need to be optimized to obtain a uniform foam structure. 

 

Different types of cellulose fibers besides mechanical pulp should be evaluated and 

the potential bio-based fire retardants should be explored and applied in the foams. 

 

The acoustic absorption performance of cellulose insulation need to be evaluated 

and multi-functional additives should be explored to improve the mechanical 

properties and the water/moisture resistance.  

 

The emissions and durability of the cellulose-fiber-based insulation materials need 

to be investigated.
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5 Conclusions 

Bleached chemithermomechanical pulp can be used as a raw material to produce 

thermal insulation materials, which showed good thermal insulation properties and 

fungal resistance. Modification with the hydrophobic extractives isolated from 

birch (Betula verrucosa) outer bark improved the water resistance of the foams and 

had no detrimental effect on the thermal insulation, fungal resistance, and 

compressive strength.  

 

Adding commercial fire retardants such as 20% expandable graphite or 25% 

synergetic fire retardant to the formulations could improve the reaction-to-fire 

properties of cellulosic thermal insulation foams, and fulfill the European fire class 

E. Compared with the reference without fire retardant, the Peak heat release rate of 

the cellulosic insulation foams with 20% expandable graphite or 25% synergetic fire 

retardant decreased significantly. 

 

In summary, it is feasible to use cost-effective cellulose fibers such as mechanical 

pulp to produce thermal insulation foams with good thermal insulation properties, 

fungal resistance, improved water resistance and reaction-to-fire properties.
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