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Abstract  
 

The utilisation of bio-based building materials as hygric buffers has received recent 
research interest due to their moisture sorption and thermal behaviours which are 
positive for indoor comfort. Their hygrothermal properties are known but not fully 
understood, especially when these bio-based materials are exposed to frequent 
indoor relative humidity (RH) levels. For the first time, it is identified the 
characteristics at a micro-level responsible for the hygrothermal performance. Bio-
based samples utilised within this paper are : Saw Mill Residue (SMR), Wool 1 (W1), 
Wool 2(W2), Wood Pellets (WP), Straw (STW) and Wood Wool Board (WWB). 
Results included thermal analysis (DSC, TGA, DTG), chemical analysis (FTIR) and 
optical microscopy (SEM) to understand and compare how these bio-based 
materials behave when stabilised at 53% and 75% RH. For cellulose based samples 
it was demonstrated that in a dynamic hygrothermal environment SMR and WP are 
the most hygrothermal stable and for keratin-based materials, W1 is the most stable. 
For the keratin-based samples when conditioned at 75%, as per the intensity of FTIR 
specra, the regularity of molecular chain, W2 has the more ordered material 
structure but W1 is affected more in terms of hydroxyl absorbance from the spectra. 
These experiments give a greater insight into the dynamic way in which RH affects 
the thermal stability of samples. This research paper outlines fundamental 
differences within materials physical properties and chemical reactions. From the 6 
different materials that were used, SMR was demonstrated to be the most thermally 
stable sample overall.  
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1. Introduction   

  

1.1General Introduction  

 
The use of ‘green energy’ by countries intends to lower fossil fuel emissions and the 
overall global warming effect. To do so, protocols, regulations and the growing 
demand for the utilisation of bio-based building materials has never been greater[1] 
[2]. Continued urbanisation and the utilisation of fossil fuels has not only contributed 
to global warming but also reduced overall air quality [3]. Bio-based building 
materials contribute to the Energy/unrealised energy efficiency potential and has 
clear environmental and economic benefits [4]. This is highlighted by their 
considerably lower carbon emissions and improved storage by comparison to other 
‘conventional’ building materials such as concrete of steel. Due to lack of current EU 
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regulation there are no governmental incentives for these materials and therefore 
their benefits are not realised, nor utilised. 
 
As a fundamental basis, all materials are affected by parameters such as 
temperature and relative humidity [5]. High performing hygrothermal material are 
able to ‘self-regulate’ and buffer relative humidity. Bio-based insulation materials 
have hygrothermal characteristics which make them ideal for indoor relative humidity 
buffering. Insulation materials respond to seasonal adjustments in temperature in 
relative humidity due to their specific thermophysical properties. As effective 
insulator materials, they must have thermal comfort of the occupants at the centre of 
their characteristics – to be cooling in the summer and reduce heat requirements 
within the winter. The heterogeneous nature of bio-based and evolving climatic 
conditions ensure that a ‘one size fits all’ approach is insufficient in order to 
maximise the intrinsically beneficial hygrothermal characteristics[6].    
 

Further fundamental benefits of bio-based building materials include their whole life 

considerations as they can be recycled (due to their biodegradability) and 

comparatively lower embodied energy and carbon to fossil fuel derived insulation 

products (such as polystyrene or polyurethane)[7] , which furthers the contribution of 

these construction materials for a ‘closed production cycle’ where waste is 

eradicated [8].The thermal degradation of bio-based materials has been explored by 

different researchers regarding individual bio-based materials but there is very 

limited literature using a combination of these materials[9, 10] .   

 
The term 'hygrothermal' refers to the movement of heat and moisture through a 
materials or a group of materials. Temperature changes cause alterations in the 
physical and chemical properties of bio-based materials, which reflects on their 
hygrothermal behaviour and influence the overall properties of the final product. 
Moisture buffering capacity indicates the amount of water that is transported in or out 
of a material per open surface area, during a certain period of time, when it is 
subjected to variations in relative humidity of the surrounding air. A better 
understanding of the influence of temperature via the thermal analysis on the 
properties of bio-based materials enables to understand the behaviour and optimise 
the material. Due to the potential use of these materials in thermal energy storage or 
thermoregulation, an evaluation of thermal performance is important as thermal and 
hygrothermal parameters. Both of these characteristics depend on the temperature 
and moisture content of a material [5] . By exploring the relationship between relative 
humidity and biochemical reactions within bio-based materials it can be shown how 
these materials fundamentally differentiate. Despite this, the drawbacks of using 
these materials are the inhomogeneity due to external factors that the bio-based 
materials may experience such as seasonal variations, location/climate, soil 
conditions, etc.  
 
As previously mentioned, bio-based insulation samples tend to be hygroscopic and 
therefore the moisture content greatly affects the materials thermal conductivity (as 
explored in [11] [12] and [5]. Investigations into the characteristics of bio-based 
materials (such as wool) at daily, household temperatures was explored in [13] and 
offers an insight into when water becomes trapped within the wool it limits the 
materials ability to act as an insulator in its entirety. This is due to water having a 
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much greater thermal conductivity value than that of air, so when materials are 
saturated in comparison to their dry state acts as a poor insulator – as explained 
in [14]. The effect of moisture having a linear relationship with thermal conductivity is 
also explained in [15] where wood and wood-based materials are characterised as 
the effects of moisture content on thermal conductivity value of wood-based fibre 
boards.  This bio-based building material macro scale phenomenon of hygrothermal 
behaviour is explained at a molecular level, due to hydrogen bonding sites and 
methods of diffusion of water inside the material. 
 

1.2.Hydroxyl Groups / Moisture Mechanisms 
 

The fundamental mechanisms and hygrothermal ability of these materials are often 
attributed ‘free’ hydroxyl groups within the literature[16]. On a molecular level, water 
molecules consist of at least 2 hydrogen atoms and one oxygen which are 
polar and affects material properties as it is has a spatially-unbalanced distribution of 
charge – ensuring it is permanently polarised (which is visually represented in Figure 
1). By comparison, hydroxyl groups are a functional group that consist of a hydrogen 
atom covalently bonded to an oxygen atom (denoted with -OH) .As a highly reactive 
group, it quickly interacts with other molecules and the literature suggests that these 
groups provide a site for the hydrogen bonding on the surface of natural materials. 
This mechanism and ‘likelihood’ of hydroxyl groups to interact within these bio-based 
materials forms the basis of their theoretical hygrothermal background [17].. 
 
 
 
 
 
 
 
 
 
 
  
The fundamental knowledge behind the hydroxyl group within a bio-based insulation 
material is incredibly important to understand the hygrothermal characteristics of 
these materials. These mechanisms and methods for the diffusion of water and way 
in which it moves through samples is important to understand as this will contribute 
to the hygrothermal performance of the material. Currently, there are several 
theories surrounding the adsorption of water into materials such as Brunauer-
Emmett-Teller (BET) theory [18] as explained in [19] and Ficks law of diffusion and 
equilibrium, on the assumption of a uniaxial direction[20]. 
 
The complexities and issues surrounding these theories are that they apply a 
‘blanket’ mechanisms for hygric materials and do not account for a constantly 
varying hygrothermal environment over a sustained period of time. Hydroxyl groups 
activities seem to be related to the hygrothermal behaviour of bio-based materials. 
However, the chemical and physical mechanisms behind this macro behaviour are 
not explicitly outlined by the scientific community which emphasise the need for 
answers.  
 

Figure 1. Polarised nature of water molecule. 
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1.3Thermal Methods   
 

Thermal methods enable to analyse the properties of materials as they change with 
temperature. Different methods can be used and they are distinguished from one 
another by the property which is measured (Figure 2). 

 

 
Figure 2. Parameter and methods of thermal analysis (based on [21]). 

 
A key benefit of using thermal methods is that they provide quick and reliable results 
for the characteristics of materials. These include dehydroxylation which can be 
identified and denotes whereby heating a hydroxyl group is released and therefore a 
water molecule is formed [22]. However a drawback of this method is that as there is 
such a natural variability of different bio-based materials, different thermal conditions 
in which they are experimented will give differing results [23].  Due to its 
repeatability, thermal analysis is utilised as a method of characterising 
heterogeneous organic materials [24].   
 
For Differential Scanning Calorimetry (DSC) measure the heat flow changes versus 
temperature or time. From the thermograms that are produced, endothermic 
reactions demonstrate information from the samples melting and transitioning in their 
phases, pyrolysis and evaporation whilst exothermic reactions give information on 
crystallisation, combustion, chemical reactions and decomposition [25]. DSC 
thermograms consider the peak of an endothermic reaction as the melting 
point. Peaks whose area corresponds to the enthalpy involved within the process – 
the shape of this peak demonstrates if the phase change is exothermic or 
endothermic. A change in heat flow within a sample demonstrates a change in the 
heat capacity of the sample. In order to understand that a thermal effect has taken 
place, this manifests as a deviation from an approximate straight line 
 
Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy aids the determination 
of chemical structure and can be generally split into two core sections: functional 
region and fingerprint region. For the functional region, its range is approximately 
4000 – 1450 cm-1 whereas the fingerprint region is from 1450 – 600cm-1.  
Thermo Gravimetrical Analysis (TGA) measure mass change versus temperature or 
time. TGA combined with FTIR spectrometry is a hyphenated thermal analytical 
technique where volatiles released from a thermobalance are transferred through a 
heated transfer line to a heated cell inside a FTIR spectrometer acting as detector. 
Performing thermal analysis such as Thermogravimetric Analysis (TGA) and 
derivative thermogravimetry (DTG) on these bio-based materials enables to develop 
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the understanding for the way the reactions within the materials take place as a 
function of temperature and determines the thermal decomposition 
kinetic parameters.  
 
Temperature changes cause alterations in the physical and chemical properties of 
bio-based materials, which can reflect on their hygrothermal behaviour and influence 
the overall properties of the final product. Chemical reactions such as hydrolysis, 
oxidation or reduction may be promoted, or physical changes, such as evaporation, 
melting, crystallization, condensation, etc may occur. A better understanding of the 
influence of temperature on the properties of bio-based materials enables to optimise 
processing conditions and tailor the product quality. It is therefore important for 
scientists to have analytical techniques to monitor the changes that occur in bio-
based materials when their temperature varies. These techniques are often grouped 
under the general heading of thermal analysis. 

2.Bio-fibre materials characteristics 
 

Within this research paper, 6 different bio-based insulation materials were used: Saw 
Mill Residue (SMR), Wool 1 (W1), Wool 2(W2), Wood Pellets (WP), Straw (STW) 
and Wood Wool Board (WWB).  Due to their fundamental differences, these 
materials can be further categorised into 2 key groups: cellulosic and keratin based 
samples. 
 

2.1Cellulose Based  

 
The ‘wood based’ materials are manufactured from waste wood and these are 
utilised within these insulation materials as it comes from a variety of sources such 
as residual wood from industrial processes but also recycled wood[26]. On a cellular 
level, the key chemical components of wood based materials rely on cellulose as the 
main strength element within the material, hemicellulose binds monocrystalline 
hydrophilic cellulose with amorphous hydrophobic lignin. Lignin is hydrophobic and 
its role within the material is for structurally support the materials whilst the 
carbohydrate (namely, cellulose) is hydrophilic. Formed by covalent bonds, cellulose 
maintains rigidity by transferring stress in order to reduce tensile stress and the 
formation of hydrogen bonds [27] . The structure of the cellulose within the material 
has a large and complex influence on the chemical reactions of this natural polymer. 
 

 
Naturally a complex material, wood is considered a ‘natural composite’ consisting of 
lignin and carbohydrates but due to species variation there is an element of 
anatomical heterogeneity [28]. Lignin is a one of the most naturally abundant 
polymers and is located in the cell walls. By utilising thermal methods, heat flow is 
applied to wood-based materials and pyrolysis products are produced which affects 
the thermal production.  As an inherently diverse natural insulation material, wood is 
a heterogeneous and anisotropic cellular material which depends on variations within 
both species and interspecies dependant [29]. In addition the location of the wood 
sample from within the tree (for example branch, trunk or roots etc.) will give differing 
material properties [30].  
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Understanding the molecular structure of a material is crucial to optimise its 
behaviour. Aside from identifying the functional groups bond behaviour, a key benefit 
of utilising Fourier Transform Infrared Spectroscopy (FTIR) for cellulose based 
materials is that the transmittance can indicate Total Crystallinity (TCI), Intensity of 
Hydrogen Bonding (HBI) and Lateral Order Index (LOI)[31]. TCI is calculated as the 
infrared crystallinity rate from  [32] comparing absorption bands at C-H cellulose at 
1370cm-1 and C-H bond of cellulose at CH2 groups at 2900cm-1.  HBI considers the 
crystallinity of the molecule by examining the flexibility of the cellulose chains and the 
intensity of the hydrogen bonds within a sample [33] by comparing the absorption 
bands at 3400 cm-1 and 1320 cm-1. Finally, LOI determines the way in which the 
crystal lattice can variate within the crystal lattice [33, 34] within crystalline zone at 
1430cm-1 band and amorphous zone at 898cm-1 band. [35] suggests that the thermal 
stability of samples which are cellulose based are affected by the order of the 
crystalline. Therefore, the greater the LOI the more thermally stable the sample is. 
  
Outlined in the literature, wood is affected by high relative humidity as its 
hygrothermal and capillary characteristics are affected within increased 
environmental water vapour and takes this moisture into the cell wall and cavities of 
the wood. In turn, this affects the dimensional stability of utilising these materials in 
construction[36] but actually boosts their utilisation as a hygrothermal buffer.  
 
 

2.2 Keratin Based  
 

Wool consists of many different amino acids which are linked together by peptide 
bonds to form polypeptides. Within the wool formation, keratin is formed of an α-

crystal and β crystal. From the keratin molecules, these amino acids are formed from 
the core elements of Carbon, Hydrogen and Oxygen, the fibres chemical 
composition are keratin proteins which contain Nitrogen, Sulphur, Ash (comprising of 
calcium, phosphorus and sodium) [37]. Wool is an inherently complicated bio-based 
material due to its amorphous hygroscopic properties and as there is a polarity within 
the peptide groups of the macromolecule, salt linkages within the polymer [38-
40].   Due to intrinsically natural variations, wool insulation within this research is 
comprised of several different breeds of sheep and equally a variation in diet and 
age. As a consequence, the amino acid and proteins within the wool will be 
heterogeneous.   
 
Under normal atmospheric conditions wool contains around 15wt % absorbed 
moisture content. This relatively high moisture content within the material is a key 
consideration when investigating the hygrothermal conditions of these materials as 
this residual moisture may affect the material utilised in further experiments. Whilst 
the exterior of the material is hydrophobic, the interior is hygroscopic ensuring that 
the exchange of water can flow in and out of the sample but repels liquid water from 
the surface[41].  As outlined in [42] bio-based materials in hygrothermal 
environments are considered as a dynamic 3 phase system where there is the solid 
(sample matrix), liquid where the water vapour adsorbs to the surface of the samples 
(and therefore travels through the sample as liquid free water) and gas where the 
water vapour and air within the samples pores are. These materials ability to act as a 
hygric buffer is due to the continual equilibrium between these three dynamic states 
experience and their environment.  
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When the local hygrothermal and RH of the environment for which wool is in 
changes, the fibres exhibit a change in temperature, as the water vapour is adsorbed 
into the wools fibres it condenses and latent heat of sorption is produced as explored 
in[12] .  Even as an bio-based material, wool is naturally flame resistant due to its 
protein structure and chemical composition associated with high content of nitrogen 
and sulphur [43] and when set alight is easily extinguished as it generally burns 
slowly [44] – demonstrating this materials natural flame retardant nature [45]. 
 

As a key characteristic of both cellulose and keratin based materials is their ability to 
optimally perform under differing hygrothermal conditions. Which includes not only 
the adsorption but also the desorption of water vapour within the material. This 
transition and transport of water molecular is of particular interest within this paper to 
see if this has further implications on the long term chemical structure of the sample. 
The use of bio-based materials has been investigated reviews on bio-based building 
materials such as [46] and [47] have no considered the physiochemical effect of 
different relative humidity’s has. This paper will explore the thermal, chemical 
and physico properties of bio-based insulation materials at different relative humidity 
conditions.   
 

3. Methods  
 

3.1Stabilisation of Samples  
 

After being initially dried to BS EN ISO 12570,[48] each sample was conditioned and 
stabilised within a climatic chamber for 24 hours prior to testing. The hygrothermal 
conditions of 53% and 75% were selected as they are utilised in [49] and reflect the 
results of full-scale laboratory environmental conditions testing of a residential 
property. 
 

3.2Thermogravimetry Analysis (TGA) and derivative thermogravimetry (DTG) 
 

As a quantitative technique thermogravimetric analysis (TGA) measures the mass 
change in a substance, as a function of temperature. As volatile compounds are lost, 
mass loss is demonstrated where the shape appears sigmoid in nature and 
graphically as a ‘step’. By being able to utilise this type of thermal analysis it enables 
a deeper understanding of the thermal stability of the bio-based insulation materials.  
 

For this research paper a TA Instruments, TGA Q50 was used, where samples were 
under scan conditions of 25 to 300oC at a linear rate of 20oC min-1 under 
a Nitrogen atmosphere, using a circular, platinum crucible.   
  
3.3Differential Scanning Calorimetry (DSC)  
 
As another quantitative method of thermal analysis, DSC measures heat flow rate, Q 
(W/g) differences from the samples being tested to an inert reference material as a 
function of the temperature and time taken.  A Perkin Elmer DSC 7 was utilised with 
a temperature range of 25 to 300oC and heating conditions of 20oC/min in an oxygen 
free, nitrogen environment.  
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3.4Fourier Transform Infrared Spectroscopy (FTIR)  
 

This method of analysis utilises a wide spectral range simultaneously to collect an 
infrared spectrum, where each spectra demonstrates the functional groups according 
to the peak positions for every sample. Using an Agilent Technologies Cary 630 
FTIR with a diamond crystal, which each spectra averaged over 128 scans over a 
4000-650cm-1 range.   
 

3.5Scanning Electron Microscopy (SEM)  
 

To understand the surface morphology of the bio-based materials, SEM was utilised. 
This was performed on a Quanta Inspect S device. The accelerating voltage of the 
deve was 20 kV, with a filament voltage of 2.0 – 2.3, Emission Current (EC) of ~100 
and a set auto-bias to an EC of 100. Before testing, samples had a sputter coating in 
gold in order to prevent any charging of electrons to the sample.   

4.Results and Discussion 

  

4.1TGA and DTG 

  
 
For the purpose of these insulation materials to act as a hygric buffer of it is 
important to understand the reaction mechanism to heat them and how effectively 
bound water molecules evaporate. For each sample results, the TGA and DTG will 
be presented (where DTG is the first derivative of TGA).  
This is important to understand in addition to their hygrothermal performance to give 
a more comprehensive understanding of these materials rather than just at 
laboratory conditions. Factors affecting the maximum decomposition rate and the 
location of the TGA curve are the heating rate. Therefore, similar conditions to other 
works have been selected in order align with them. 
 

The TGA/DTG data for all samples can be found in Figures 3a to 3l. The objective of 
this analysis is to understand the thermal stability of the samples at different 
hygrothermal conditions (53% and 75% RH) so by examining this at the specific 
temperatures within Table 1 will give an adequate comparison of the materials 
behaviour. Comparing the performance of the samples at different temperatures 
demonstrates the nature of the materials crystallinity. Due to the clear variation in 
mass loss between the samples, a comparison between temperatures of 100oC and 
300oC are shown in Table 1, for 53% and 75% RH for cellulose and Keratin based 
materials  Bio-based samples utilised within this paper are that of: Saw Mill Residue 
(SMR), Straw (STW), Wood Pellets (WP), Wool 1 (WL1) and Wool 2 (WL2). 
 

Table 1. Weight loss of all samples at 100oC and 300oC. 
 

Sample    

 
Weight loss % @ 100oC  

 
Weight loss % @ 300oC 

53% RH 75% RH 53% RH 75% RH 

SMR 7.129 5.155 34.112 34.699 

STW 4.403 8.846 32.731 26.176 

WP 6.565 6.268 15.033 15.278 
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Cellulose based analysis regarding TGA and DTG 

 
The thermal degradation of wood-based insulation materials within this inert 
atmosphere is restricted by the proportions of constituent main components of 
hemicellulose, cellulose and lignin [50]. The degradation of this material is a three-
step process. Due to the wide variation in species and that the ‘waste wood’ may 
include different species of wood, the inherent differences between them the quantity 
and time taken for different mass loss of different samples will vary. 
 
For cellulose based samples, initial mass loss can be attributed to evaporation within 
the fibre from the hydration  adsorption of both intra and intermolecular reactions  
[51-53]. Extraction of water (by evaporation) can be demonstrated in cellulose 
samples up to 160oC [54]. However, after this cellulose degradation occurs at 
approximately 185oC [55] and as temperatures reach approximately 220oC the total 
degradation of cellulose begins. This degradation of the cellulose marks to beginning 
of the degradation of the two step thermal degradation pathway of the fibre[56]. As 
temperatures increase, hemicellulose continues to degrade and further exposure to 
temperatures at approximately 360oC begins the full degradation and charring of 
cellulose [57, 58]. It is evident from the figures 3a to 3h (below) that the degradation 
of these materials often overlap and occur in similar places. 
 
Table 1 demonstrates that SMR and WP, shows no significant differences between 
the temperatures at which water evaporates within the sample. However, there is a 
difference between STW and WWB for water evaporation at 100oC and 300oC. 
Samples have a larger weight loss when stabilised at 53% by comparison to those at 
75%. This demonstrates that for these materials, a differing hygrothermal 
environment alters their thermal properties. When comparing the amount of weight 
lost, STW at 75% has the largest initial mass loss (in addition to both samples of 
WWB). This shows their initial highly hygric properties, affecting the mass loss of 
WWB samples but not as significantly as 75% STW. From these 4 samples, SMR 
and WP are the most thermally stable are those which have not altered, despite the 
dynamic hygrothermal environment . 
 
DTG was also used to understand the thermal stability of the cellulose based 
samples and samples experience three different steps: dehydration, active and pass 
pyrolysis [59]. As previously mentioned, the degradation of these materials initially is 
absorbed water (dehydration), the second stage of peaks correspond to cellulose 
and hemicellulose (active pyrolysis). Hemicellulose is usually a smaller ‘shoulder 
peak’ to the cellulose ‘main peak’ [54]. When lignin degrades, it exhibits 
(simultaneously) both active and passive pyrolysis over such a wide range of 
temperatures. Therefore it is extremely difficult to attribute what process is being 
observed for the curve within the curve [58]. The differences in temperature due to 
the different species of wood is outlined in [60] but is evidently a clear factor when 
considering the DTG curves in the following figures. For SMR, figures 3a (RH 53%) 
and 3b (RH 75%) demonstrates that from 200-250oC when stabilised at 75%, the 

WWB 3.719 5.398 8.398 13.678 

W1 5.080 5.324 13.849 14.310 

W2 4.895 10.298 11.459 23.586 
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derivative peak is much more elongated and occurs over a shorter temperature 
range. By comparison to SMR at 53% this range is much larger and broadened 
demonstrating the results that in a differing hygrothermal environment there is a 
physico-chemical change in SMR which will directly affect its hygrothermal ability. 
Understanding this offers fundamental knowledge for the mechanisms that affect 
these materiails moisture buffering capability within an indoor environment. 
  
 

 
 
Figure 3a. TGA and DTG for SMR at 53% and 75%. 
 
 
 

 
Figure 3b. TGA and DTG for WP at 53% and 75%. 
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Figure 3c. TGA and DTG for STW at 53% and 75%. 
 
 

 
Figure 3d. TGA and DTG for WWB at 53% and 75%. 
 
 

Keratin based analysis regarding TGA and DTG 
 

TGA and DTG for W1 and W2 at 53% and 75% are demonstrated within figures 3e 
and 3f. Research for the thermogravimetric analysis of wool mainly comes from the 
textile industry where it has been examined that the melting point of wool decreases 
with increasing moisture content [12, 61] - outlined by Flory’s theory [62]. This is 
when wool encounters water molecules and interacts with the polypeptides when 
crystallites melt. Another factor affecting melting point is the stability of structures, 
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the more stable the structure the higher the melting temperature as it can resist a 
greater amount of thermal degradation [63].  
 

Initial mass losses within sample W1 are overall lower than that of W2 and the 
derivative of W1 at both RH’s are similar. However, there is a greater increase in 
mass loss within 53% than 75% RH. By comparison, W2 has a larger peak for 75% 
at approximately 100oC associated to the moisture release within each sample. 
Water within samples takes 3 different forms: chemically bound water, loosely bound 
water and free water. Within a TGA curve these different types of water and the way 
in which it leaves the sample overlaps making it difficult to precisely identify [27]. The 
actual thermal and chemical degradation of wool molecules occurs at approximately 
200oC  [64]. So, when comparing weight loss after the release of water (within table 
1) within the sample (before the chemical depletion of the molecule), it demonstrates 
that W1 has lost the least amount of mass therefore demonstrating its thermal 
stability. Therefore, it could be stated that due to the strong inner cross-linkages that 
the macromolecules have, W1 is less sensitive to a dynamic hygrothermal 
environment by comparison to W2 as outlined by concepts in [30, 32]. 
 
Although this method is useful for investigating the behaviour of these materials, it is 
not a “finger print” technique and can only indicatively mark the ‘typical’ behaviours in 
order to identify a sample therefore FTIR will be utilised in conjunction with TGA [65]. 
 
 
 
 

 
Figure 3e. TGA and DTG for W1 at 53% and 75%. 
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Figure 3f. TGA and DTG for W2 at 53% and 75%.  
 

4.2 DSC 
 
Utilising DSC will be utilised as a single step diagnostic tool for identifying and 
analysing patterns within phase transitions and understanding information about 
components within a samples[66]. Key thermal events that a DSC curve can map 
are: the evaporation of water, denaturation and glass transition[67]. This 
demonstrates that a physical transition or chemical reaction is taking place within the 
sample, the shape of the DSC curve is critical for deciphering the characteristics of 
the sample. The DSC thermograms for cellulose and keratin based samples will be 
analysed separately.  
.  
 

Cellulose Based analysis with DSC 
 

The DSC thermograms for plant derived, cellulose based samples are demonstrated 
in figures 4a to 4d. The temperatures for key phase changes to the samples can be 
found within table 2. In cellulose based fibres (STW, WP, WWB, SMR) (with the 
exception of hydrogen bonding which are required for breaking and rebonding), there 
are no cross-linkages between molecules [68]. Between 25oC and 100oC, these 
hydrogen bonds are broken which give a greater range of freedom but less stillness 
and elasticity for the cellulose within the macromolecule[69].   
 

Table 2. DSC phase transition temperatures for cellulose based samples. 
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Temperature 
(Teva) 

SMR 
53% 131.34 239.27 

75% 131.73 260.47 

STW 
53% 89.40 - 

75% 97.47 - 

WP 
53% 131.34 - 

75% 110.34 - 

WWB 
53%  126.47  - 

75%  133.47  - 

  
 

From the literature, it is evident forall samples that an endothermic peak 
demonstrates the release of adsorbed water at approximately 100oC [52]. This is due 
to the vaporisation of water that is both within the sample’s fibres and the interstitial 
spaces[70].  When comparing the evaporation temperatures of the different cellulose 
based samples (from table 3), it is evident that there is a wide difference in the way 
that water is released from the sample. STW has a lower evaporation temperature 
than the ‘wooden based’ samples SMR and WP. On the outer layer of STW have 
epidermal cells, these create a thing ‘waxy’ layer on the surface of the STW, makes 
water vapour penetration difficult [71].  
 

In term of denaturation temperatures, for SMR there is a shift in the gradient of the 
heat flow, this step demonstrates an endothermic peak at 239.27oC for 53% and 
260.47oC for 75% stabilised sample. This difference is substantial enough in order to 
suggest that there is a change within the SMR molecule when stabilised at differing 
RH. It is evident from table 2 that within this research paper, the DSC was ran to 
300oC and for STW and WP this temperature is not sufficient for denaturation to 
occur, implying that they are thermally the most stable out of all cellulose based 
samples. At further alleviated temperatures, (approximately 330-360oC) cellulose 
based samples experience the degradation, dehydration and therefore the 
depolymerisation of cellulose[51, 72] leading it to char [27].  
 

  
 
 
  
  
 
 
 
 
 
 
 
 
 Figure 4a. SMR DSC thermogram. 
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Figure 4b. WP DSC thermogram. 
 

  

Figure 4c. STW DSC thermogram. 
 

 

Figure 4d. WWB DSC thermogram. 
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Keratin Based analysis with DSC 
 

For keratin-based materials, their thermograms are shown within Figures 4e and 4f. 
Key information for the different phases that the samples experienced are provided 
in Table 3. Glass transition is the first noted characteristic of this curve is between 
40-60oC but overlaps with the initial water evaporation within the sample and 
therefore is difficult to analyse. Further to this, as a second order transition, glass 
transition occurs due to a relaxation of chain sections located within the amorphous 
part of the polymer [40]. Due to the fibrous nature of the wool, it can be difficult to 
accurately measure glass transition via DSC [73] in comparison with cellulose based 
samples which were discussed earlier. .  
 

Table 3. DSC phase transition temperatures for keratin based samples. 
 

Sample 
Water Evaporation 

Temperature (Teva) (oC) 
Denaturation 

Temperature (Td) (oC) 

Wool 
1 

53% 124.60 256.94 

75% 89.60 253.60 

Wool 
2 

53% 121.53 256.27 

75% 107.87 256.00  

 

Following the glass transition, the water evaporation temperature (Teva) occurs and 
due to the relationship between the water content of the fibres and water evaporation 
enthalpy this is an important link to the effect that relative humidity has on these 
samples. The denaturation temperature (Td) is the temperature at which materials 
lose their quaternary, tertiary and secondary structure.  
More broadly, thermal analysis within table 3 demonstrates that from approximately 
25-100oC there is no degradation in the molecular chain due to there being no clear 
thermal events. As previously described water bonded to the fibre will evaporate 
from 30-150oC [69]. Table 3 shows that the water denaturation temperature is lower 
when samples are stabilised at higher RH’s. It could be suggested that samples 
stabilised at a higher RH are less sensitive to temperature changes as the cross 
linkages within the inner macromolecules are stronger. When considering W1 and 
W2, as the evaporation temperature increases (Teva) the interaction between the 
specific fibre and water molecules are stronger. When the wool based fibres adsorb 
more moisture, the interactions become more consistent and stronger.  
 
Within Figure 4e and 4f it is evident that there is a secondary, small abrupt 
endotherm at approximately 250oC. This can be associated to the inner α-crystal 
within the wool molecule spilling and decomposing [61, 74]. Once the α-crystal has 
decomposed, if temperatures continue to rise further decomposition of β-keratin 
structure would be demonstrated [75].  
Denaturation of the sample can be exhibited within the samples at approximately 
250oC [73, 76]. Despite the difference in RH both W1 and W2 have very similar 
denaturation temperatures, suggesting that the RH has no effect on this property of 
the material. This could indicate that keratin based samples do not experience a 
change permanent chemical characteristics when stabilised at different RH ). After 
the denaturation temperature, the different components of the wool sample are 
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decomposing [77]. Although this experimentation was from 25oC to 300oC, the 
literature explains how further increased temperatures would have exhibited the 
thermal breakage of intermolecular bonds and man chain degradation of the wool 
macromolecule [78] and further structural degradation up to 600oC.  
 

 

Figure 4e. Wool 1 DSC thermogram. 
 
 
 

 
 
 
 
. 
 
. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4f. Wool 2 DSC thermogram. 
 

4.3 FTIR  

  
This investigational technique enables to examine the molecular structure of the 
materials and to determine the chemical compositions via the demonstration of 
specific bonds as peaks or bands within a spectra.   Within this experimentation, it 
will mainly focus on the functional group region of each spectra. 
 

Cellulose Based analysis with FTIR 
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The 4 different cellulose based samples spectra can be found in Figures 5a to 5d. 
Within their core structure, all the bio-based materials within this research paper 
have hydroxyl groups which hydrogen bond with water in order to exhibit their 
hygrothermal characteristics. The fundamental mechanisms behind the way in which 
they do this has not been fully researched however, the assignment of bonds for 
each of the cellulose based samples can be found in table 5. 
 
As highlighted in [79] FTIR highlights the ability of materials to adsorb water as a 
measure of the absorption of hydroxyl groups.  Both inter- and intra- hydrogen bonds 
formed within the cellulose to water of each bio-fibre has demonstrated big 
differences on hydroxyl reactivity solubility and physical properties as outlined by 
[80].  All samples exhibit OH- stretching vibrations and sample have a larger 
adsorption band when stabilised at 75% by comparison to those at 53% [81]. The 
broadening of hydroxyl groups is due to the inter and intra hydrogen bonding taking 
place within the molecule [82].The hydrogen bond network in cellulose is observed 
by [83] and despite the transmittance being relatively low,  a weak ‘hump’ at 
approximately 1640cm-1 indicates carbon to carbon vibrations. However, as 
indicated by [60], this is masked by water adsorption at the same frequency. At this 
point for all cellulose based insulation materials, the hydroxyl groups are stretching 
and at higher relative humidity, this gain in water molecules increases the length of 
cellulose molecules and reduces intermolecular hydrogen bonding.  Due to the 
location of these (-OH) groups within the cellulose their affinity to water is high.  
   
When comparing all four samples to one another, there is a whole spectral difference 
in all samples which demonstrates how the spectra is affected by a difference in 
relative humidity and therefore water within the sample For the cellulosic materials, 
there is a broadened absorption peak around 3000cm-1 when the materials are 
conditioned at a higher relative humidity. This adsorption peak can be associated to 
the inter and intramolecular hydrogen bonding as well as free/bound water within the 
material and free hydroxyls within the cellulose of the macromolecule.  
 

By comparing figures 5a to 5d there are different sections of the spectra that are 
greatly affected by relatively humidity by comparison to others. SMR, WP and STW 
all experience differences in adsorption intensities between 2935-2900cm-1 assigned 
to the CH bond stretching which is in line with [84] and demonstrates that this bond 
is affected by a differentiation in local hygrothermal environment.   
 

In addition to this, from the works completed by [85], this work further supports that 
water molecules may coexist within each sample within both adsorption and 
desorption. Water exists in samples as  as ‘free’ and ‘bound’ water where free and 
bound water is exhibited at around 3000cm-1 whilst free water is exclusively found at 
approximately 1630cm-1. These molecules bind to not only hydroxyl sites but also 
carboxyl function and the free water can diffuse into the porous bio-based fibres.  
 
For SMR the transmittance is quite low and there are no major, strong bands within 
the material. However, there is a clear differentiation between the two different RH’s  
for the same sample. Similarly to SMR, WP demonstrates that it is very affected in 
the hydroxyl region and this band is now much greater at 75% than 53% 
stabilisation. STW and WWB show that whilst the hydroxyl groups are affected the 
rest of the molecule is not as affected by its hygrothermal conditions in the same way 
that SMR and WP are. Table 4 demonstrates, Total Crystallinity (TCI), Intensity of 
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Hydrogen Bonding (HBI) and Lateral Order Index (LOI) for the 4 cellulose-based 
samples.  
 
Table 4.  TCI, HBI and LOI for 4 cellulose based samples.  
 

Sa
mp
le 

TCI HBI LOI 

I1370 I2900 I1370/ I2900 I3400 I1320 I3400/ I1320 I1430 I898 I1430/I898 

53% 75% 53% 75% 53% 75% 53% 75% 53% 75% 53% 75% 53% 75% 53% 75% 53% 75% 

SM
R 

92.09 86.83 90.64 85.18 1.02 1.02 94.02 85.63 92.27 87.13 1.02 0.98 91.50 85.06 88.23 82.09 1.04 1.04 

WP 92.96 89.87 94.85 92.15 0.98 0.98 93.62 87.83 92.98 90.25 1.01 0.97 93.64 90.81 90.17 86.07 1.04 1.06 

W
WB 

91.55 79.12 99.17 97.56 0.92 0.81 98.03 95.67 95.67 89.17 1.02 1.07 89.94 77.20 97.07 91.75 0.93 0.84 

ST
W 

74.96 77.76 79.28 81.65 0.95 0.95 80.88 76.94 77.50 79.24 1.04 0.97 79.04 81.28 67.24 65.78 1.18 1.24 

  

 

Figure 5. Total Crystallinity Index (TCI), Intensity of hydrogen bonding (HBI) and 
Lateral Order Index (LOI) for cellulose based samples. 
 

When comparing the results from table 4 and Figure 5, SMR has the highest TCI at 
both RH (1.016 for 53% and 1.019 for 75% RH) by comparison to the WWB with the 
lowest (0.923 for 53% and 0.811 for 75%). However, as TCI decreases HBI 
increases and for all samples except for WWB, at 75% RH reduces the HBI. At 53% 
RH it is notable that all bio-based insulation samples have extremely similar HBI 
values. The LOI is particularly high in STW at both RH suggesting the molecule has 
a larger variation of the crystal lattice. [35] suggests that the thermal stability of 
samples which are cellulose based are affected by the order of the crystalline. 
Therefore, from Figure 5 it can be suggested that due to having the largest total 
crystallinity index, SMR is the most thermally stable bio-insulation sample.  
  
Table 5. FTIR analysis of cellulose based samples and associated assignment of 
bonds at 53% and 75% RH. 
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SMR position of 
band (cm-1)  

WP position of 
band (cm-1) 

  

STW position of 
band (cm-1) 

  

WWB position of 
band (cm-1)  Assignment for bond 

53% 75% 53% 75% 53% 75% 53% 75% 

3270.739 3272.603 3335.967 3335.967 3280.057 3276.33 3408.65 3410.514 

(OH) stretching vibration 
due to intermolecular 
hydrogen bonded and 

free groups [86-89] and 
stretching vibration of 
cellulose and lignin of 

the fibre [90] 
[91]  

2912.915 2914.778   2847.686 2849.55   

CH symmetrical 
stretching due to 

hemicellulose and 
cellulose 

components  [92] 

  2920.369 2920.369 2916.642 2918.506   

Stretching vibrations of 
V(C=O) ester of 

cellulose and 
hemicellulose [93] and 

free hydroxyl group [94] 

      1401.479 1399.615 
C-O bond elongation of 

hemicellulose and 
cellulose [95-97]    

1025.018 1025.018 1021.291 1023.154 1021.291 1026.882 
872.1971 872.1971 

(-CH-) bending vibration 
in cellulose [83]  

    987.7445 987.7445  

 
 

  
Figure 5a. SMR FTIR spectra. 
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Figure 5b. WP FTIR spectra. 
 
 

Figure 5c. STW FTIR spectra. 
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Figure 5d. WWB FTIR spectra. 
 
   

Keratin Based analysis with FTIR 

 
The spectra for WL1 and WL2 can be found in figures 5e and 5f (respectively) and 
assignment of bonds is demonstrated within Table 6. Within FTIR, the main 
characteristic bands appear between 1000 and 1700 cm-1 including: Amide I and 
Amide II [92, 98]. Amide I and Amide 2 are characteristic within the wool protein and 
the shape of this band is associated to the quantity and nature of hydrogen bonds 
within the molecule. Bands around 2900 and 1400 cm-1  represent CH2 bonds and 
2800 cm-1  is due to CH bonds [92] but due to Amide II forms a stretching vibration of 
C=O at approximately 1620-40cm-1 [99]. 
 
Due to inter and intra-hydrogen bonding, when placed in differing hygrothermal 
environments the hydroxyl group will fluctuate so becomes imperative to measure. 
The nature of these hydrogen bonds that are occurring will give a variety in the 
quantity and strength that the intermolecular interactions have. This varies greatly 
within the samples and causes the hydroxyl band to be broad (by comparison), when 
intermolecular reactions are weaker and therefore there is ‘less’ of a chemical 
environment for reactions to take place, bands are smaller and narrower. A bigger 
peak intensity from one sample to another (with the same peak position) 
demonstrates that there is more quantity of that specific type of bond. Any shifting or 
movement of the peak demonstrates an interaction has occurred. Further to this, if 
the band shape has changed (e.g. has broadened) displays interactions have 
occurred which is generally attributed to hydrogen bonding.  For samples stabilised 
at 75%, their OH- absorption peak becomes bigger and broader indicating water 
gain, reducing the restraints of the hydroxyl group movement [69]. This is examined 
within W1 much more evidently than in W2 where in W1 the band has increased by 
comparison to the sample stabilised at 53%.  
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Table 6. FTIR analysis of keratin-based samples and associated assignment of 
bonds at 53% and 75% RH. 

W1 position of 
band (cm-1)  

W2 position of band 
(cm-1) Assignment of Bond  

53% 75% 53% 75% 

3265.148 3276.33 3263.284 3274.466 Presence of hydroxyl groups (-
OH) 

1626.983 1626.983 1636.301 1634.438 Stretching vibrations of C=O 
(Amide 1) [100] [101] 

1507.708 1507.708 1524.481 1522.618 Bending deformation peak of C-N-
H (Amide II) [102] 

1237.376 1239.34 1222.567 1239.34 Carbonyl oxygen C-O [102] 

  
Regularity of the molecular chain (ROM) within these molecules can be calculated by 
utilising the intensity of the band at 1240cm-1 and 1450cm-1 [63]. These results are 
displayed in Table 7. The lower the ROM value is, the more disorder there is within 
the molecule [103]. W1 and W2 generally have very similar ROM values, however 
W2 generally has a lower value and is only slightly affected by the differing 
hygrothermal environment. By comparison, W1 is initially more ordered than W2 but 
after being conditioned at 75% becomes more disordered.  
 
Table 7. ROM of keratin based molecules at 53% and 75%. 

Sample ID I1240 I 1450 I1240/ I 1450 

53% 75% 53% 75% 53% 75% 

W1 80.84 82.56 86.54 90.01 0.93 0.92 

W2 84.27 81.40 91.71 88.68 0.92 0.92 
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Figure 5e. Regularity of the molecular chain (ROM) for keratin-based samples. 
 

Figure 5e. W1 FTIR spectra. 
 

 

Figure 5f. W2 FTIR spectra. 
 
 

4.4 SEM  
  
Providing three-dimensional, high resolution imagery of samples, SEM is important 

as it allows the user to understand morphological, topographical and physical 

properties of the samples. Table 8 demonstrates all insulation materials stabilised at 

53% and 75%. When considering Table 8, it is evident that all samples have a 

complex surface morphology. For W1 and W2 it is evident from [104]] that the 

individual strands of fibre demonstrate even size and scale length. . When 
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considering the each strands surface texture, wool has an irregular, ‘naturally 

crimped’ surface morphology  [105].  This fibrous morphology and irregular pattern 

on multiple planes by which these fibres interwind with each other makes this 

material suitable for good adhesion within a matrix (i.e. a mortar or grout).   When 

considering SMR, WP, WWB and STW there is no clear and obvious optical 

differentiation between those stabilised at 53% and 75%.  

 
Table 8. SEM Images of samples stabilised at 53% and 75% taken at 1000 and 
magnification. 

Sample 
ID 

53% 75% 

SMR 
 
 
 
 
 
 
 
 
 

 
 
 
 

WWB 
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STW 

  

WP 

 
 

 

 
 

W1 
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W2 

 
 
 
 
 

 
 
 
 

 

5. Conclusion   

 
This paper has demonstrated multiple different thermochemical methods in order to 
detect differences between 6 different bio-based insulation samples, stabilised at 
53% and 75%. Consisting of two fundamentally differing structures the samples were 
split into cellulose (SMR, STW, WWB, and WP) and keratin (W1 and W2) based 
materials. 
 

• Using TGA, it was demonstrated that in a dynamic hygrothermal environment 
SMR and WP are the most hygrothermally stable and for keratin-based 
materials W1 is the most stable. 

• DSC demonstrated that whilst STW and WP did not reach their denaturation 
temperature within this experimentation SMR and WWB temperature 
remained the same, despite their different stabilisation RH. Whereas wool 
based materials demonstrated little differentiation between the two samples.  

• In terms of FTIR for cellulose based materials, when comparing spectra and 
absorbance’s at different frequencies shows the overall crystallinity index. 
This indicates that SMR has the highest thermal stability for cellulose based 
samples. For the keratin-based samples when conditioned at 75%, W2 has 
the more ordered structure but W1 is affected more in terms of hydroxyl 
absorbance from the spectra.  

• When comparing using SEM to compare samples, despite having a greater 
understanding of their surface morphology, there are not significant and 
obvious differences between samples conditioned at different RH.  

 
It is evident from this experimentation that the differences between bio-based 
samples conditioned at different RH fundamentally affects their physical 
properties and interactions but is difficult to generally quantify due to their 
heterogeneous nature. Overall, in terms of cellulose based materials, SMR has 
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demonstrated that it is the most thermally stable and due to being little 
differentiation between the samples except for in TGA – W1 demonstrates the 
most thermally stable characteristics. 
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