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Abstract 

Pyrolysis of wood is a series of chemical and physical changes that occur simultaneously. Previous 

investigations of pyrolysis have often simplified the process. For wood building materials, the 

pyrolysis process is typically simplified to the formation of “char” at 300°C. Pyrolysis models are 

often simplified by using the thermal degradation of isolates reference polymers in an inert 

atmosphere. This approach assumes that the structure of bulk wood performs similarly to that of 

the isolated polymers being used and ignores reactions with oxygen. This dissertation explores the 

molecular-scale changes in wood and lignocellulosic polymers using innovative techniques to 

obtain a deeper understanding of the materials as they undergo pyrolysis.  

Thermogravimetric analysis (TGA) was used on isolated lignocellulosic polymers and solid 

Douglas-fir latewood to obtain a baseline of the thermal degradation of the specific materials that 

can be used to compare against the current literature. It was found that the thermal degradation of 

the Douglas-fir latewood was not completely represented by a weighted average of the individual 

polymers as the in situ interactions between the polymers are not considered and, instead, a rate-

limiting model is necessary.  

X-ray photoelectron spectroscopy (XPS) was used to evaluate the chemical changes as a function 

of temperature in lignocellulosic polymers and Douglas-fir latewood. The chemical changes that 

occur through charred Douglas-fir latewood using XPS showed the thermal degradation of the 

holocellulose in the Douglas-fir occurred at lower temperature ranges than those observed in the 

isolated cellulose and is likely due to the in situ hemicellulose. Additionally, the bond scission 

observed using XPS on the charred Douglas-fir correlated well with the mass loss results obtained 

using TGA.  



iv 
 

Nanoindentation was used to study the effect of polymer degradation on the mechanical response 

of wood cell wall. Ultimately, under dry conditions, the mechanical changes observed occur in a 

narrow, 2 mm / 100°C region.  

The experiments conducted and the findings presented in this dissertation on the charred Douglas-

fir latewood provide the first chemical and mechanical changes caused by pyrolysis in thermally 

thick wood, increasing the understanding of pyrolysis for model verification and creating new 

avenues for research directions. 
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Chapter 1. Introduction 

Wood is a historically common building material that has recently expanded into marketplaces 

where it was previously not permitted to be used before, such as high-rise structures. This 

expansion is due to new innovations in wood construction and the development of mass timber 

products (such as cross laminated timber) allowing architects, engineers, designers and developers 

to build a wide range of projects [1, 2]. However, the combustibility of wood limits its use as a 

building material via building code restrictions. Most of the existing research related to the fire 

performance of wood products focuses on determining effective charring rates with limited 

understanding of the chemical changes occurring in wood below the charred surface. As a result, 

current engineering practice utilizes a semi-empirical prescribed nominal char rate with an 

additional 20% safety factor to account for reductions in mechanical properties of the heated wood 

below the char layer. Char is the solid material that remains after the wood has been exposed to 

high temperatures and, for engineering analyses, the wood is considered to be converted to char at 

a temperature of 288°C or 300°C [3, 4]. The length scale of this work, while generally adequate 

for engineering calculation, does not allow for an understanding of the effect of thermal 

degradation on the wood cell structure.  

Fire models have become a popular, modern approach to determine the effects of fire [5, 6]. Most 

of these models include a sub-model for pyrolysis, which is the thermal decomposition of a 

material at elevated temperatures. While these models provide valuable insight into the 

consequences of fire, users must be careful and understand the limitations when interpreting the 

results. For instance, many models are only applicable for 1) specific heat flux levels and oxygen 

concentrations, 2) homogeneous materials with simple decomposition kinetics, and 3) materials 

that don’t change volume [7]. For wood, the pyrolysis of the solid (condensed phase) involves 
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many complex chemical and physical changes that modify material properties (e.g., density, 

thermal conductivity, and emissivity). Additionally, measuring the material properties and 

chemical changes while a specimen is on fire is difficult so limits the input data available for 

pyrolysis models. Because of the complex nature and limited input data, modeling the condensed 

phase pyrolysis for wood is often simplified. However, the simplifications used for bulk wood 

pyrolysis may lead to inaccurate models. One method of simplification often employed is to use 

the known thermal degradation of isolated reference polymers in an inert atmosphere. This 

approach assumes that the separation process to obtain the isolated polymers does not affect the 

structure or thermal degradation of the polymers. This also assumes that the structure of bulk wood 

performs similarly to that of the isolated polymers being used. Ultimately, there is limited scientific 

understanding of the behavior of the polymers and chemical changes that occur in bulk wood 

during pyrolysis. What is known is derived from small, thermally thin specimens or individual 

polymers. The current body of work needs to be validated, but in order to do so, a deeper 

understanding of the chemical changes that occur in bulk wood must be gained.  

The aim of this work is to develop a deeper understanding of the molecular-scale changes in bulk 

wood as it undergoes pyrolysis. Thermal degradation of the wood polymers in the pyrolysis zone 

are examined. Specifically, this dissertation describes the following: 

 An examination of the effect of oxygen in the atmosphere on pyrolysis of wood polymers; 

 An assessment of whether pyrolysis of isolated wood polymers can be used to estimate 

pyrolysis of wood; 

 An X-ray photo-spectroscopy (XPS) study of the chemical changes in bulk wood exposed 

to flaming combustion and; 
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 Nanoindentation evaluation of the effect of pyrolysis on wood cell wall mechanical 

properties. 

1.1 Wood structure and chemical composition 

A general discussion of the composition and structure of wood is necessary for understanding 

wood pyrolysis. The following discussion is limited to softwoods (gymnosperms, conifers), which 

were examined in this thesis.    

Structure of wood 

At the macroscale, wood is both anisotropic and porous. The principal direction from root to crown 

is known as the longitudinal direction; the radial direction goes from the center of the trunk to the 

outermost layers, and the tangential direction follows the circumference of the trunk perpendicular 

to both longitudinal and radial directions. Anisotropy is usually referenced with respect to three 

different planes: the tangential-longitudinal, radial-longitudinal, and transverse, illustrated in 

Figure 1.1(a). The tangential-longitudinal plane is parallel with longitudinal direction and forms a 

tangent with the concentric growth rings. The radial-longitudinal plane is also parallel with the 

longitudinal direction but is cut perpendicular to the concentric growth rings. The transverse plane, 

also referred to as the end grain, is perpendicular to the longitudinal direction.  
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Figure 1.1 Graphical illustration of the hierarchical structure of softwood from the a) bulk to the b) board 
of lumber to the c) growth rings to the d) cellular to the e) cell wall to the f) lignocellulose matrix Adapted 
from [8, 9]. d) is from an unknown Forest Products Laboratory artist.  

Wood building products are typically from wood cut parallel with the longitudinal direction to 

maximize strength properties [10]. When examining the end grain of a board of lumber, the growth 

rings are distinct and consist of earlywood and latewood. The strength of the wood is largely 

derived from the latewood cells with thicker walls and narrower lumen that results in a denser cell 

structure when compared to earlywood [11]. Earlywood is characterized by wider lumen and 

thinner cell walls. The ratio of cell wall thickness between earlywood and latewood cells is 

approximately 1:2 with earlywood measuring approximately 2.1 µm and latewood measuring 

approximately 4.3 µm [12]. Since the transverse surface of the latewood cell wall provided a larger 

area for analysis, the experiments conducted herein were carried out only on latewood. 

Additionally, the variation in density at this scale between the wood types will affect the burning 
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rate of wood as the denser material has a lower burning rate due to decreased mass transport [13, 

14]. This was important to consider when developing charred wood specimens and the radial plane 

was chosen such that heat conducted through the types of wood without interruption. The 

development of the charred wood specimen is discussed further in Chapter 3. 

Wood cell types and structure 

The cellular structure of a softwood is schematically shown in Figure 1.1(d). In a softwood, such 

as Douglas-fir, the most common cell type is the tracheid, which accounts for over 90% of the 

softwood volume [11]. Tracheid cells run longitudinally and have a length to diameter ratio of 

approximately 100 to 1. The main function of the tracheid cells is to transport water between the 

roots and the leaves or needles. The secondary function is to provide structural strength.  

Both early and latewood cell walls are broken down into three main regions with varying amounts 

of the main polymeric constituents. Figure 1.1(e) illustrates the three main cell wall regions: the 

middle lamella, the primary wall and the secondary wall. The middle lamella is the outermost 

region and provides adhesion between two or more cells and consists of mostly lignin. For wood, 

the primary wall is thin and, when using light microscopy or transmission electron microscopy, is 

not distinguishable from the middle lamella [11]. The inner most region of the cell wall is the 

secondary cell wall which consists of three layers with S2 being the thickest wall layer. Since the 

S2 cell wall is the thickest, it is the cell wall layer used for nanoindentation experiments conducted 

in Chapter 4. 

Chemical constituents of softwood 

Wood cell walls are made up of three main polymeric components: cellulose, hemicellulose and 

lignin. Materials made of these polymers are often referred to at lignocellulosic. The dry weight 
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of softwoods is made up of approximately 40% cellulose, 30% hemicellulose, and 30% lignin with 

the breakdown for each layer in the secondary cell wall provided in Table 1.1.  

Table 1.1. Chemical composition of each secondary cell wall layer. Percentages correspond to tracheid 
cells in southern yellow pine latewood. Data from [15]. 

Secondary cell wall layer Cellulose Hemicellulose Lignin 
S1 30.0% 18.3% 51.7% 
S2 54.3% 30.6% 15.1% 
S3 13.0% 87.0% ~0% 

 

A brief background on the chemistry of each wood polymer is discussed below with detailed 

reviews available elsewhere [12, 15]. 

Cellulose is the main constituent in the wood cell walls and comprises approximately 40% of the 

dry mass of softwoods. Cellulose has a high degree of polymerization (the number of monomer 

units in a macromolecule) that ranges between 8000 and 10000. In wood, cellulose exists in both 

crystalline (highly ordered) or amorphous (less ordered) phases [16]. While the degree of 

crystallinity varies across wood species and even within a wood cell wall, nominally 40% of the 

cellulose in softwoods are crystalline [17]. With a chemical formula of (C6H10O5)n, cellulose is a 

linear polysaccharide whose primary unit is the cellobiose (see Figure 1.2, drawn with ChemDraw 

Direct [18]). Each cellobiose unit is comprised of two glucose units linked by a β(14) glycosidic 

(covalent C-O-C) bond [8, 15, 19]. Additionally, each cellobiose unit has six hydroxyl (OH) 

groups that can build hydrogen bonds. For amorphous cellulose, these hydroxyl units bond to water 

molecules and for crystalline cellulose, they form intermolecular bonding [12]. Chains of cellulose 

are packed into partially crystalline fibers called microfibrils. In a microfibril, the chains are 

arranged in sheets with hydrogen bonding between cellulose chains and between monomers in 

each chain [20]. 
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Figure 1.2: Molecular structure of cellulose showing the cellobiose unit, indicated by brackets.  

Hemicelluloses (Figure 1.3) are polysaccharides that consist branched molecules that form 

hydrogen bonds with the cellulose [21, 22]. Compared to cellulose, hemicelluloses have a 

significantly lower degree of polymerization, typically around 200, and consist of several different 

monomers such as mannose, arabinose, xylose, galactose, glucose, galacturonic acid and 

glucuronic acid [15, 19]. These monomers are combined to make up hemicelluloses and the 

composition varies across the cell wall. Common hemicellulose components found in the 

secondary cell wall are shown in Figure 1.3, which was redrawn from [15] using ChemDraw Direct 

[18]. Both hemicelluloses and cellulose are saturated with single carbon-oxygen bonds. They also 

contain a carbonyl bond, oxygen double bonded to carbon, which is not present in lignin. The 

presence of these types of bonds are important when evaluating the chemical changes caused by 

thermal degradation and are discussed further in Chapter 3. 
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Figure 1.3: Structure of common hemicelluloses found in softwood: (a) glucomannan and (b) xylan. 

Lignin consists of cross-linked phenol polymers that help bond cellulose and hemicelluloses 

within cell walls [22]. Due to the heterogeneity of lignin, the degree of polymerization is difficult 

to measure but has been recorded between 50 and 500. Lignin also forms the brittle matrix material 

of the middle lamella (ML) between the cells. The structure of lignin is complex, consisting of a 

three-dimensional aromatic polymer network. It is particularly important to point out the carbon 

double bonds that exist in the aromatic ring of lignin as this bond does not exist in hemicellulose 

or cellulose. It is composed of phenylpropane units, including coniferyl alcohol, sinapyl alcohol 

and p-coumaryl alcohol, that are linked by ether and carbon-carbon bonds [23]. These basic units 
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as well as a schematic of the softwood lignin structure are shown in Figure 1.4, redrawn from  [23] 

and [24] using ChemDraw [18]. 

 

Figure 1.4: a) Structure model of lignin in softwood and b) monolignols, the primary precursors of lignin. 
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Extractives account for the remaining part of the constituents. Although the amount of extractives 

is quite small (roughly 1.4% of the dry mass of softwoods), they markedly influence the 

appearance and microbial characteristics of wood [12]. Extractives are attributed to properties such 

as color, odor and decay resistance and are a mixture of aromatic compounds, terpenes, and 

aliphatic acids and alcohols. It has been found that extractives decompose in the same temperature 

range as the three main polymers [25]. Additionally, removing the extracts results in a decrease in 

the fixed carbon content and char yield [26]. The overall effect of extractives on the thermal 

degradation of wood depends on species, however, for all species studied to date, the removal of 

extractives resulted in improved thermal stability [26-28]. Since extractives have been shown to 

influence the thermal degradation of wood and they would still be present in most wood building 

products, they were not removed prior to exposing specimens to high temperatures herein. 

1.2 Thermal degradation of wood 

These chemical reactions and the subsequent degradation of a material exposed to high 

temperatures is known as pyrolysis. Within the literature, it is generally agreed that pyrolysis for 

wood occurs in stages delineated by temperature ranges [14, 19, 29-31]. For wood construction 

products of appreciable thickness, a gradient within the wood will occur with the phases of 

pyrolysis simultaneously present. This gradient is illustrated in Figure 1.5.  
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Figure 1.5: Cross-section of a Douglas-fir exposed to fire, showing evidence of the gradient caused by 
pyrolysis. 

Prior to being exposed to high temperatures, wood has both free and bound water [32]. As 

temperatures increase between 100°C and 200°C, dehydration occurs marking the beginning of 

pyrolysis in wood with the evaporation of both types of water found in wood. As the water begins 

to evaporate, water vapor as well as other noncombustible gases and liquids including carbon 

dioxide, carbon monoxide, and formic acid are generated [33]. Some water vapor will migrate to 

the heat-exposed surface and some will move deeper into the wood and recondense, increasing the 

local moisture content in the wet wood zone [34]. The boundary between the dehydration zone 

and the wet zone are not visible in Figure 1.5. However, as the local moisture content increases, 

the wet zone may appear darker.  

With temperatures increasing above 200°C, a gradient in the color is more noticeable as the 

formation of tar and char begins in what is referred to as the pyrolysis zone. The thermal 

degradation of the polymeric components that leads to the release of volatiles (flammable gases) 

gives rise to this zone. While the pyrolysis zone is typically assumed to be between 200°C and 
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300°C, the temperature ranges vary throughout the literature and are influenced by heating rates, 

species, and experimental methods. However, there is agreement in the order in which the 

individual polymeric components thermally degrade. Hemicelluloses pyrolyze at lower 

temperatures with cellulose and lignin at higher temperatures [33]. Cellulose has been shown to 

degrade via two processes including 1) breaking of a link in the carbon ring and cross-linking to 

produce char or 2) depolymerization and the production of levoglucosan (tar) which breaks down 

further into combustible gases or repolymerizes into char [19, 21]. Lignin has a more complex 

structure resulting in thermal degradation occurring over a wider temperature range (200-500°C) 

[29, 35, 36]. A more complete discussion related to the thermal degradation of each component is 

provided in Chapter 2. 

Current engineering practice uses an isotherm at 288°C or 300°C as the delineation between the 

pyrolysis zone and the char layer [3, 4]. Using this isotherm has led to the development of a 

standard char formation rate which then allows engineers to calculate the residual strength of wood 

building products [37-40]. From Figure 1.5, there are two domains to the char layer. The domain 

closer to the pyrolysis zone has a temperature range between 300°C and 450°C and the structure 

of the wood still intact with visible distinctions between the earlywood and latewood. At 300°C 

the production of flammable pyrolyzates, products of pyrolysis, increases significantly. Between 

300°C to 350°C, significant depolymerization of hemicellulose and cellulose occurs via the 

breaking of carbon-carbon bonds and leads to the formation of char, tar, and pyrolyzates [41]. 

Additionally, the aliphatic side chains in lignin begin splitting off from the aromatic rings [42]. At 

approximately 400°C, the carbon–carbon double bonds in the aromatic rings of lignin begin to 

split. As heat is conducted through the material, the phases will propagate into the wood and more 

wood will be converted to char. The char layer acts as an insulating layer and slows down the 
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pyrolysis kinetics, impeding further degradation of the wood [37]. At temperatures greater than 

450°C, the second char layer domain is more degraded, and the structure is lost. This residue is a 

non-volatizing char, which undergoes further degradation referred to as glowing combustion. 

Glowing combustion, also called smoldering or afterglow, results from solid-phase oxidation of 

the remaining char [41]. Glowing combustion is the last phase and, when it goes to completion, 

the solid left behind is ash. Wood ash consists of all the minerals found in wood such as calcium, 

in the form of calcium carbonate or calcium oxide, and potassium in the form of potassium oxide 

or potassium carbonate [43]. 

There is a large body of literature on the pyrolysis of wood at various magnitudes from bulk wood 

to the individual polymeric components. Detailed studies and reviews exist for the char formation 

and the effects on strength in bulk wood [13, 37, 39, 40, 44-49], pyrolysis of wood and its 

components [4, 19, 21, 41, 50-57], and related models [7, 21, 51, 58-67]. Overall, there is 

agreement in the literature regarding pyrolysis of wood. The stages of pyrolysis, the order in which 

the polymeric components degrade along with their char yields, and the onset of rapid pyrolysis 

and char formation occurring at approximately 300°C are all commonly accepted. However, 

depending on the experimental methods, heating rates, and material tested, there is a wide scatter 

in the literature regarding the polymeric components’ degradation temperatures [4]. Additionally, 

the degradation of the polymeric components is assumed to apply to bulk material but the chemical 

changes through the gradient caused by pyrolysis in bulk wood is still unknow. The studies that 

focused on the reduced strength of the fire exposed to wood [40, 49, 68-70] occurred at a length 

scale too large (>mm) to evaluate the microscopic effects of wood polymer degradation during 

pyrolysis. Evaluating the mechanical properties of the wood cell wall will provide necessary 

insight into the effect of the chemical changes during pyrolysis.  
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1.3 Outline of Work 

This thesis work was divided along three different experimental lines. Each was focused at 

addressing specific gaps within current knowledge of wood degradation in fire and exploring new 

ways of probing how wood polymers thermally degrade in-situ.  

The second chapter of this dissertation expands the current body of work on thermal degradation 

of wood to include a systematic comparison of the effect of atmosphere on thermal degradation of 

Douglas-fir latewood and the three main polymeric components using thermogravimetric analysis 

(TGA). Here, the pyrolysis reactions in nitrogen, which are historically used, are compared to the 

reactions in air up to 550°C. In addition to the effect of air, this study aims to address the critical 

question of whether pyrolysis of wood can be represented as the simple addition of its components, 

or if the components interact chemically or physically in a way that causes wood to have its own 

unique thermal degradation, that cannot be explained by the sum of its isolated components. 

Ultimately, the results provide a thermal degradation baseline that is used for comparison between 

thermal degradation based on mass loss versus thermal degradation based on bond scission 

investigated using a new technique in Chapter 3 of this work. 

The third chapter describes experiments using x-ray photoelectron spectroscopy (XPS) to evaluate 

changes in chemical composition caused by thermal degradation of the wood polymers in bulk 

wood. While XPS has increased as a material characterization technique over the past 30 years 

[71], XPS has not been extensively used to study wood with a few exceptions [72-86]. To ensure 

proper measurements and instrumentation settings, a study of the use of XPS on wood was 

conducted. After this, the chemical bonds in isolated wood polymers exposed to high temperatures 

were evaluated. Finally, the chemical changes caused by pyrolysis were analyzed in charred 
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Douglas-fir latewood. This information provides, for the first time, an understanding of the 

chemical changes of thermally thick wood caused by pyrolysis in situ. 

The fourth chapter describes characterization of the changes in mechanical properties at the 

cellular level. The chemical structure of wood and presence of the various wood polymers play an 

important role in the mechanical properties. Nanoindentation was used to evaluate mechanical 

changes in the S2 wood cell wall layer caused by pyrolysis. Evaluating the local effect on 

mechanical properties with regard to the chemical changes that occur during pyrolysis provides 

new insight into the sensitivity of the cell wall mechanics. 
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Chapter 2. Thermal degradation of wood and its constituents 

2.1 Introduction 

The thermal degradation of wood consists of a series of complex chemical reactions and physical 

transformations. There is a large body of literature on this subject with variables ranging from the 

physical and chemical heterogeneity of wood, different wood species and representative 

lignocellulosic materials studied, and differences in experimental methods (e.g. preparation of the 

material, heating rate, atmosphere) [1]. Frequently, since cellulose is the main cell wall component 

of wood and its pyrolysis is simpler to model than wood itself, the thermal degradation of cellulose 

is often used as a surrogate for thermal degradation of wood [2]. Despite being the largest cell 

wall component of wood, it represents only approximately 40% of the dry weight of wood, leaving 

the other components that together form the majority of the wood cell wall ignored. Wood has 

also been represented as a combination of its polymeric components[3]. These oversimplifications 

may lead to inaccuracies when predicting the thermal degradation of solid wood. Only recently 

was the exact chemical composition of olive trees determined and the thermal degradation of the 

components compared to the biomass as a whole [4]. Additionally, a bulk of the literature focuses 

on the conversion of biomass to bioenergy and, as such, carries out the experiments in inert 

environments typical of the conditions used during biomass gasification process. However, during 

a structure fire, wood building products will be exposed to varying levels of oxygen, which has 

been shown to affect the pyrolysis kinetics [5]. A systematic study comparing thermal degradation 

of both wood and its constituents in air and nitrogen is necessary for two reasons. The first is to 

determine the effect of atmosphere on the initial thermal degradation of wood exposed to fire 
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before a char layer is formed. The second is to learn if using the individual cell wall components 

to model wood pyrolysis is valid for any given atmosphere.  

Here, I describe experiments using thermogravimetric analysis (TGA) in both inert and oxidizing 

atmospheres to examine the thermal degradation of the three main polymeric components of wood 

as well as intact Douglas-fir latewood. I compare Douglas-fir with the behavior of a composite 

("rule-of-mixtures") system composed of the three polymers proportioned for Douglas-fir.  

2.2 Background on Thermogravimetric Analysis 

TGA measures changes in sample mass either as temperature varies (dynamic) or for a period of 

time at one temperature (isothermal) in a controlled atmosphere which may include nitrogen, 

argon, carbon dioxide, air, oxygen or other gases. Change in mass is commonly used to detect 

physical phenomena such as phase transitions, sorption in hygroscopic materials, thermal 

decomposition, and solid-gas reactions like oxidation or reduction [6].  

Thermogravimetric Analysis and Wood 

Numerous TGA studies have been conducted on wood and its polymeric components. Most of the 

previous TGA literature on lignocellulosic materials was motivated by the need to understand 

pyrolysis kinetics for use of these materials as biofuel feedstock. Due to this, many of the 

experiments related to the pyrolysis of lignocellulosic materials have been conducted in nitrogen-

rich atmospheres and focused on non-woody biomass such as corn [7] and cotton [8]. Studies on 

the isolated wood polymers, hemicellulose, cellulose, and lignin, have also been carried out 

showing hemicellulose as the least thermally stable component and lignin being the most thermally 

stable component [1, 9]. Furthermore, these studies have shown that the thermal decomposition 

proceeds in three stages regardless of what material is being pyrolyzed: water evaporation, active 
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pyrolysis (main decomposition phase), and passive pyrolysis (small mass loss above 500°C). 

However, these conclusions drawn from previous TGA measurements on  wood [10, 11] and its 

components [12, 13] have used inert (non-oxidizing) environments.  

Experimental and theoretical studies evaluating the effect of oxygen concentration on the pyrolysis 

of wood and its constituents have been conducted, but there exists no comparison of wood with its 

components [5, 9, 14, 15], which would be helpful for understanding the physical processes behind 

pyrolysis. In nitrogen, the thermal degradation of wood and its polymeric components occurs in 

two main stages denoted as active and passive pyrolysis [7]. As defined by Kumar [3], the active 

pyrolysis stage is characterized by rapid weight loss. Passive pyrolysis is when the residue 

continues to lose mass, but at a much slower rate. The passive pyrolysis stage observed in nitrogen 

becomes a second active pyrolysis stage known as the residual pyrolysis stage in air [7]. After the 

residual pyrolysis stage, the remaining, negligible mass is composed of not readily combustible 

components such as minerals and is known as ash. Ohlemiller et al. evaluated white pine (Pinus 

strobus) and red oak (Quercus rubra) using a radiant heating apparatus under oxygen 

concentrations of 0%, 10.5% and 21% and found that the maximum mass loss rate increased with 

increasing oxygen concentration. In a fire, the surface of wood will increase in temperature rapidly, 

pyrolyze and then release volatiles. In the presence of oxygen and heat, the volatiles may ignite 

and undergo a rapid, exothermic combustion reaction [16]. Ignition is the onset of combustion, 

whether flaming or smoldering. After ignition, most of the available oxygen from air at the wood’s 

surface will be consumed by the flame and greatly limiting the air that is able to diffuse into the 

wood. Flames provide a heat flux into the wood in addition to that provided by an external heat 

source, continuing the production of pyrolysis products in an energy feedback process [17]. The 

oxygen levels throughout a compartment available to sustain flaming will vary along with the 
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phases of the fire [5]. Fang et al. investigated the effects of oxygen concentration from 0% to 100% 

on the pyrolysis of merbau wood (Intsia spp.) and found similar mass loss rates in different 

atmospheres below temperatures of 250°C with maximum mass loss rates shifting to lower 

temperatures with increased oxygen concentrations. The presence of oxygen has also been shown 

to promote thermal degradation at lower temperatures, promote the combustion of the char residue 

[18], and cause pyrolysis and combustion to coexist [14]. As a result, pyrolysis in air is more 

complex than most of the literature data collected in inert atmospheres and a deeper understanding 

of pyrolysis applicable to wood building products in varying levels of oxygen is needed.  

It has also been suggested that the pyrolysis of wood can be considered as an aggregate of its three 

main components, namely, cellulose, hemicelluloses and lignin [1, 19-21]. Some have found this 

method is not appropriate [22-24], but their experiments were carried out in inert environments 

and rapid pyrolysis conditions and the applicability of their findings to the pyrolysis of wood 

building products is unknown. Garcia-Maraver et al. evaluated the chemical composition of 

biomass (leaves, pruning residues, and wood) from olive trees and found the concentration of 

hemicellulose, cellulose and lignin directly affected the thermal behavior in air [4]. However, the 

findings are applicable to olive tree residues as a source of thermal energy and not to the thermal 

degradation behavior of wood building products. 

2.3 Materials and Methods 

Materials 

Three Douglas-fir (Pseudotsuga menziesii) specimens for the TGA experiments were obtained 

from the latewood of a single growth ring with approximate dimensions of 1.5 mm by 1.5 mm by 

0.5 mm (longitudinal by tangential by radial). Douglas-fir was chosen as it accounts for over 45% 
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of the softwood lumber produced annually in the United States. It is also  a common construction 

material due to its high strength-to-weight ratio [25, 26]. 

Three typical lignocellulosic materials were obtained from Sigma Aldrich: α−cellulose (CAS 

Registry #: 9004-34-6), arabinogalactan from larch wood (CAS Registry #: 9036-66-2), and Kraft 

lignin (CAS Registry #: 8068-05-1). The α−cellulose, referred to here as cellulose, was made by 

generating wood pulp and soaking it in a solution of sodium hydroxide resulting in a white, 

homogeneous powder [27]. The arabinogalactan, hereafter referred to here as hemicellulose, from 

larch (Larix decidua) is a highly branched polysaccharide consisting of a galactan backbone with 

side-chains of galactose and arabinose sugars and comes in the form of a white powder. The Kraft 

lignin, referred to here as lignin, was a brown powder with low sulfonate content. Each experiment 

was run in triplicate. 

Methods 

Two total carbohydrate analyses were conducted on wood from the same board of Douglas-fir that 

the TGA specimens were obtained from to determine the composition. Fred Matt, a chemist at the 

Forest Products Laboratory, conducted the carbohydrate analysis of the Douglas-fir. The method 

used was that published by the National Renewable Research Laboratory (NERL) [28] combined 

with the high-performance liquid chromatography with pulsed amperometric detector (HPLC-

PAD) method from Davis [29]. 

For the purposes of setting lower and upper bounds of the atmosphere found for wood building 

products, two atmospheres were tested: nitrogen and air (breathing quality, grade D). The oxygen 

content of the air was between 19.5 and 23.5%. The thermal stability of the wood and the polymer 

materials were measured using a TGA (Pyris 1 TGA, PerkinElmer Inc., Waltham, MA) with a 
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reported precision for the balance is reported to be 0.001% and temperature precision of ±2°C. The 

samples (3-15 mg initial weight) were held at 105°C for 10 minutes to remove all moisture. After 

this initial period, the samples were heated from 105°C to 550°C at a heating rate of 10°C/min 

with 20 mL/min of either nitrogen or air in the 2.5 mL furnace chamber. Mass was recorded at a 

frequency of 1 Hz. Each material (Douglas-fir latewood, hemicellulose, cellulose, and lignin) was 

run in triplicate. 

2.4 Results 

Composition of the Wood 

The results of the analyses are presented in Table 2.1. The glucan (cellulose) for these specimens 

are on the lower end of values typically observed for Douglas-fir, which has been reported between 

35-48% of the total composition [30-32].  

Table 2.1: Lignin and carbohydrate composition of Douglas-fir 

Sample 

Hemicelluloses Cellulose Lignin Total Carbohydrate Total Yield 
Arabinan Galactan Xylan Mannan Glucan K. Lignin 

1 0.65% 4.75% 5.42% 10.87% 36.72% 30.9% 58.43% 89.4% 
2 0.69% 4.31% 5.16% 10.82% 35.64% 30.9% 56.61% 87.5% 

Comparison between pyrolysis under inert and oxidizing environments  

The dehydration stage reported by others [7, 33] was not observed here because all samples were 

dried at 105°C for 10 minutes prior to increasing the temperature. In nitrogen, the thermal 

degradation of all four materials occurred in active and passive pyrolysis. Thermal analysis of the 

four materials heated dynamically at a heating rate of 10°C/min reveals distinct differences 

between inert and reactive environments. Figure 2.1 shows the mass fraction (MF), normalized to 

the initial mass, for each material. Figure 2.1 presents the averages for each material since the 
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individual curves in the triplicate are almost undistinguishable. From these TGA curves, the 

thermal degradation for hemicellulose in nitrogen begins slowly at 193°C active pyrolysis from 

approximately 250°C to 350°C. Above 350°C, the passive pyrolysis stage occurs. In air, the active 

pyrolysis stage occurs between 250°C to 330°C with the residual stage occurring between 330°C 

and 450°C. The cellulose behaves similarly to hemicellulose in both the nitrogen and air 

environments, but at higher temperatures. The thermal degradation for cellulose in nitrogen begins 

slowly at 230°C active pyrolysis between 320°C and 390°C, and a leveling out in the passive 

pyrolysis stage at 400°C. In air, the active pyrolysis stage for cellulose begins at 246°C with a 

rapid decrease in a smaller temperature range of 320°C to 350°C. The residual pyrolysis stage for 

cellulose in air occurs between 350°C and 490°C. The lignin is the most thermally stable with a 

slow, consistent mass loss in nitrogen and similar mass loss in air until 350°C where the 

degradation increases until 500°C. Based on the TGA curve features, Douglas-fir latewood 

responds in the same way to the dynamic heating as cellulose with the onset of degradation 

beginning at 218°C in nitrogen and 233°C in air. The Douglas-fir latewood active pyrolysis in both 

nitrogen and air occurred between 250°C and 375°C with residual pyrolysis stage in air between 

350°C and 480°C. 
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Figure 2.1: Dynamic TGA curves of a) Hemicellulose, b) Cellulose, c) Lignin and d) Douglas-fir latewood. 
Averages of triplicates are presented for the materials conducted in both air and nitrogen. 
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At high temperatures in air, the mass appears to suddenly move backwards along the abscissa and 

then continues to move forward, particularly for cellulose and Douglas-fir latewood materials 

(Figure 2.1b and 2.1d, respectively). As pointed out by Freiman et al., this behavior is more easily 

explained as ignition events when the temperature is plotted versus the time as shown in Figure 

2.2 [34]. The sharp peaks in Figure 2.2 represent the ignition points with a sharp increase in 

temperature. The hemicellulose material self-ignites at 430°C while the cellulose and Douglas-fir 

latewood self-ignite at higher temperatures of 490°C and 480°C, respectively. Interestingly, lignin 

does not have the same sharp peak but still exhibits an increase in temperature between 400°C and 

493°C, indicating an exothermic reaction taking place. This exothermic reaction is part of the 

residual pyrolysis phase in lignin and is akin to combustion.  

 
Figure 2.2: Plot of average sample temperature in air vs. time for each material. This plot is 
focused on the higher temperature range (380°C to 520°C) to highlight specific features in the 
data. 
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The differential thermogravimetric curve (DTG) is often used to evaluate features that are not 

readily discernable in the thermogravimetric curve. For instance, any change in rate of weight loss 

may be seen more clearly as a trough and the height of that trough above 𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 0 provides a 

measurement of the stability of the intermediate material and the amount two consecutive reactions 

(peaks) overlap. Figure 2.3 includes the DTG curves for the four materials tested with the change 

in mass fraction (MF′) with respect to time versus temperature. 
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Figure 2.3: DTG curves of a) Hemicellulose, b) Cellulose, c) Lignin and d) Douglas-fir latewood. 
Averages of triplicates for each material are presented.  
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For the hemicellulose in both nitrogen and air, active pyrolysis begins with slowly between the 

temperatures of 190°C to 230°C. At 230°C there is a trough before increasing again to a shoulder 

before the peak mass loss rate. In air, the trough between temperatures of 340°C and 420°C is 

above the line 𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 0, indicating that the intermediate material is not stable at high temperatures 

in air and is still losing mass before ignition occurs where there is a second peak mass loss rate at 

428°C. The cellulose in nitrogen has lower mass loss rates during active pyrolysis. Also, the peak 

mass loss rate for the cellulose in nitrogen occurs at a higher temperature compared to samples in 

air. Similar to the hemicellulose, the cellulose residue is not stable and continues to lose mass until 

ignition occurs. In nitrogen, the initial mass loss rate for the lignin is the same as in air but continues 

to increase steadily to a small but detectable peak, indicating slow pyrolysis. In air, the differential 

TGA curve for lignin reveal shoulders both before and after the largest peak during active 

pyrolysis, indicating overlapping reactions. Again, the Douglas-fir latewood reacted like the 

hemicellulose and cellulose with slightly slower rates during active pyrolysis in nitrogen compared 

to samples in air and higher temperatures required to start pyrolysis. Additionally, the trough 

between peaks in air indicates a slightly less stable material left after the initial active pyrolysis. 

Table 2.2 summarizes the temperatures at the onset of volatilization and at the first peak of active 

pyrolysis, as well as the percent volatilization at given temperatures. The values in the table are 

averages for each material. The onset temperature is based on when a deflection is first observed 

from the established baseline prior to the thermal event [35]. For each material, the percent mass 

volatized in nitrogen versus air are similar until temperatures are above 300°C. A substantial 

difference in the percent of material volatized occurred at 350°C in both the cellulose and Douglas-

fir latewood. At this temperature, the volatized percent of the cellulose and Douglas-fir latewood 

in air is more than twice that in nitrogen. Before the cellulose and Douglas-fir latewood reach 
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400°C in either environment, they reach similar amounts of material volatilized and diverge again 

above 500°C. The presence of oxygen has also been shown to promote thermal degradation at 

lower temperatures. However, here, lignin had a peak mass loss rate at a higher temperature in air 

than nitrogen while the other three materials had a peak mass loss rate at lower temperatures in air 

indicating they were less stable in air than the lignin.  

Table 2.2: Dynamic Thermogravimetric Analysis of Wood and Various Components 

Sample1 

Active 
Pyrolysis 

Onset 
Temperature 

(°C) 

Peak mass 
loss rate 

temperature2 
(°C) 

Residual 
Pyrolysis 

Temperature 
Range (°C) 

Volatilization (%) at temperature in °C 

 200 250 300 350 400 450 500 550 
HC (N2) 193 321 - 1 7 25 71 77 79 81 83 
HC (air) 190 314 330-450 1 7 27 68 78 97 99 99 

            
CL (N2) 231 368 - 0 1 4 26 82 84 86 87 
CL (air) 246 346 350-490 0 0 4 64 80 86 99 100 

            
LG (N2) 120 400 - 2 5 10 18 32 43 47 50 
LG (air) 127 425 - 2 5 10 16 30 70 96 97 

            
DF (N2) 218 370 - 1 2 8 31 73 77 80 82 
DF (air) 233 340 350-480 0 1 8 62 73 81 99 100 

1 HC is hemicellulose, CL is cellulose, LG is lignin and DF is Douglas-fir latewood. 
2 Taken as the first peak during active pyrolysis within the differential TGA curves. 

Individual component vs. wood pyrolysis 

For wood, the individual wood polymeric components have been used to develop models to predict 

the behavior of the thermal degradation of bulk wood [1, 21, 36]. Often, a volume-weighted 

average of the component properties are employed in these models. Figure 2.4 compares the 

normalized mass fraction (MF) for the Douglas-fir latewood to a weighted average of the 

individual polymers calculated using: 

𝑀𝑀𝐹𝐹𝑊𝑊𝑊𝑊 = ∑𝑥𝑥𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖
∑𝑥𝑥𝑖𝑖

     eq. 2.1 
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where MFi is the mass fraction remaining for each, isolated component as a function of time and 

xi is the fraction of the total yield from the carbohydrate analysis (Table 2.1) for each polymer 

species i (hemicellulose, cellulose and lignin).  
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Figure 2.4: Mass fraction of Douglas-fir latewood during dynamic TGA experiments at 10˚C/min compared 
to individual wood polymers in a) nitrogen c) and air. The Douglas-fir latewood is also compared to a 
weighted average of the individual components in b) nitrogen and d) air. 
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In nitrogen, the weighted average represented Douglas-fir latewood up to 380°C. Above 380°C, 

the weighted average underestimates material volatized in the Douglas-fir latewood. The Douglas-

fir latewood samples lost approximately 70% of their mass by 400°C while using the weighted 

average predicts only 60% of the material being pyrolyzed. This difference is due to the slow 

thermal degradation of the Kraft lignin component, which causes the weighted average to remain 

high towards the end of active pyrolysis for both the hemicellulose and cellulose. In air, the 

weighted average predicts the thermal degradation of the Douglas-fir latewood up to a temperature 

of 350°C. The general inflections of the weighted average curve in air occur at the same 

temperatures as the Douglas-fir latewood in air and degrade to the same final mass. However, the 

curves diverge between 350°C and 440°C with the weighted average, again, underestimating the 

amount of material volatized in the Douglas-fir latewood by 10% at 400°C. This underestimation 

of the weighted average is, again, due to the Kraft lignin component given that lignin is the only 

component with a mass fraction above the Douglas-fir latewood in this temperature range. 

Ultimately, both the cellulose and the mixture are similar to the Douglas-fir latewood with the 

areas under each curve provided in Table 2.3. The cellulose slightly over-estimates the thermal 

degradation while the weighted average mixtures slightly underestimates the thermal degradation.  

Table 2.3: Areas under each TGA curve  

Material in Nitrogen Area under curve (Nitrogen)  Material in Air Area under curve (Air) 
Hemicellulose 247.8  Hemicellulose 231.4 
Cellulose 281.5  Cellulose 259 
Lignin 354.1  Lignin 306.5 
Douglas-fir Latewood 288.7  Douglas-fir Latewood 261.8 
Weighted Average 299  Weighted Average 269.3 

 

There are several models that currently exist for deriving pyrolysis kinetic parameters from TGA 

data [1-9]. Slopiecka et al. compared three models using non-isothermal TGA on poplar wood 
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[10]. They found that the Kissinger–Akahira–Sonuse (KAS) and Flynn–Wall and Ozawa (FWO) 

[11, 12] models were efficient in the description of the degradation mechanism of solid-state 

reactions. Using TGA data, the degree of conversion, α, is often calculated as: 

𝛼𝛼 = 𝑚𝑚𝑜𝑜−𝑚𝑚
𝑚𝑚𝑜𝑜−𝑚𝑚∞

      eq. 2.2 

Where 𝑚𝑚𝑜𝑜 is the initial mass and 𝑚𝑚∞ is the mass at the end of the pyrolysis stage. 

The kinetic model form typically used is: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘(𝑇𝑇)𝑓𝑓(𝛼𝛼)      eq. 2.3 

Where 𝑘𝑘(𝑇𝑇) is a function carrying the temperature-dependence of the reaction rate and 𝑓𝑓(𝛼𝛼) is the 

reaction model. 

𝑓𝑓(𝛼𝛼) = (1 − 𝛼𝛼)𝑛𝑛     eq. 2.4 

Here, n is the reaction order in the remaining solid mass. Typically, the Arrhenius equation is used 

to model 𝑘𝑘(𝑇𝑇) [18, 37, 38]: 

𝑘𝑘(𝑇𝑇) = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �− 𝐸𝐸
𝑅𝑅𝑅𝑅
�     eq. 2.5 

where A is the pre-exponential factor for each reaction or pyrolysis phase, E is the activation 

energy and R is the universal gas constant. 

Since my experiments were not isothermal, the heating rate of 10°C/min must be included as  β 

such that equation 2.3 combined with equations 2.4 and 2.5 becomes: 

𝑑𝑑𝛼𝛼
𝑑𝑑𝑑𝑑

=
𝐴𝐴
𝛽𝛽
𝐴𝐴𝐴𝐴𝐴𝐴 �−

𝐸𝐸
𝑅𝑅𝑇𝑇

� (1 − 𝛼𝛼)𝑛𝑛 
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Such models might be appropriate for the individual polymer components of wood, after the 

components have been isolated from each other. However, when the polymers are closely 

intermingled, as they are inside the cell wall, it is a stretch to expect that the pyrolysis of each will 

be completely independent of the others. The fact that pyrolysis of Douglas-fir follows most 

closely the pyrolysis of cellulose (Figure 2.4 a and c) suggests that not all the lignin and 

hemicellulose pyrolyze independently; instead, the pyrolysis of portions of these two components 

might be rate-limited by the cellulose. To test this idea, I assume that portions of the lignin and 

hemicellulose pyrolyze with the cellulose and leave the same residue. A least squares fit is used to 

determine the best values for the amounts of hemicellulose and lignin that are rate-limited by 

cellulose. Hemicellulose and lignin content in the Douglas-fir are 0.21 and 0.31, respectively. 

From the least squares analysis, the best fit to Douglas-fir corresponds to 0.08 hemicellulose and 

0.17 lignin rate-limited by cellulose, while 0.13 hemicellulose and 0.14 lignin evaporate as they 

do in isolated components. Interestingly, the results from the least squares analysis were the same 

in both nitrogen and air. Figure 2.5 provide the results from this analysis for the specimens in 

nitrogen and air. In Figure 2.5, the kinetic model is almost indistinguishable from the Douglas-fir 

mass fraction results. For further details regarding the preliminary co-pyrolysis kinetic model 

developed here, see Appendix A. 
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Figure 2.5: Mass fraction of Douglas-fir latewood during dynamic TGA experiments at 10˚C/min compared 
to individual wood polymers, weighted average, and a kinetic model in nitrogen (top) and air (bottom). 
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2.5 Discussion 

Comparing the temperatures of the active pyrolysis peak, hemicellulose was found to be the least 

thermally stable with lignin being the most. This agrees with previous studies [9, 13, 39-41] and 

is also evident in the solid residue left in nitrogen at temperatures above 450°C with 50% of the 

lignin remaining and 15-20% residue remaining for hemicellulose, cellulose and Douglas-fir 

latewood.  

The arabinogalactan used to represent hemicellulose here, has shorter chains and an amorphous 

structure rich with side-branches that are easily degraded to volatiles at lower temperatures [36]. 

For the hemicellulose in air, the trough indicates two consecutive reactions and the shoulder that 

occurs before the peak may indicate two almost overlapping reactions. The two consecutive 

reactions are thought to be fragmentation into water-soluble molecules followed by the 

volatilization of the material [12, 42]. The overlapping reactions causing the shoulder are most 

likely the depolymerization of the short polymer chains into monomers that leads to volatilization 

and a more direct and rapid degradation to volatiles without observable monomeric fragments. 

Since cellulose is a long, unbranched polymer and, when compared to hemicellulose, the onset of 

thermal degradation takes place at higher temperatures. Lignin is a highly branched polymer with 

a complex structure and the thermal degradation occurs over a wide temperature range due to the 

oxygen functional groups with various different thermal stabilities [43]. The TGA curves for lignin 

included shoulders around 250°C. The first shoulder is believed to represent the cleaving of ether 

linkages and the breaking of side-chains[9, 12]. The large peak that occurs above 400°C is the 

residual pyrolysis reaction which includes reactions such as the cleavage of the bonds attached to 

the aromatic rings [44]. Shoulders that occur as a tail to a peak often represent strong adsorption 

of volatiles during the formation of a new solid phase [6].  
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It has long been understood that in thermal analysis of wood components, reactions with oxygen 

present occur at accelerated rates, which is true here as well. However, Beall noted that, in pure 

oxygen, the initial degradation temperatures were lower than in nitrogen [12]. In this study air was 

used and it was found that the onset of degradation temperatures for all materials were within 15°C 

of the onset of degradation temperatures of specimens in nitrogen. After the initial onset of thermal 

degradation, the presence of oxygen in the air allowed for the residue to be further volatized and 

consumed with nearly zero above 500°C for all materials while an unstable residue remained for 

all materials in nitrogen. 

There are similarities between the pyrolysis of the wood polymers and Douglas-fir latewood. For 

instance, the onset temperature between the cellulose and the Douglas-fir latewood differed by 

only 13°C in both nitrogen and air. Additionally, the temperatures at which the first peak mass loss 

rate occurred in cellulose was differed by only 2°C in nitrogen and 6°C in air compared to the 

Douglas-fir latewood. Despite similarities, the weighted average of the isolated polymers 

underestimates the amount of thermal degradation based on mass fraction of the Douglas-fir 

latewood at temperatures above 380°C in nitrogen and 350°C in air. This is because the weighted 

average model does not consider the interactions of the polymer in situ. The kinetic model 

illustrates the need to determine how much of the hemicellulose and lignin is rate-limited by the 

cellulose and that a simple, weighted average of the polymeric components is not applicable to 

wood. 
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2.6 Conclusions 

Overall, the atmosphere plays an important role on the pyrolysis of wood and its isolated 

components. In air, the specimens experienced two stages of active pyrolysis (active and residual) 

with the residual pyrolysis replacing the passive pyrolysis phase that is observed in nitrogen. 

Active pyrolysis in air occurred with a higher change in mass fraction (mass loss rate) at lower 

temperatures than observed in nitrogen. In the residual pyrolysis, the degradation of an 

intermediate material (char) took place above 380°C. Additionally, hemicellulose, cellulose and 

Douglas-fir latewood all self-ignited above 420°C. The lignin showed signs of an exothermic 

reaction, but never self-ignited in the temperature range evaluated here. The percent of material 

remaining above 500°C was much higher in nitrogen (13-50% remaining) than in air (0-4%). This 

indicates that the material remaining after the initial active pyrolysis is not thermally stable and is 

subject to solid-phase oxidation. 

Comparable to previous studies, the results of the dynamic thermogravimetric analysis on the 

isolated components show that hemicellulose is the least thermally stable, cellulose is more 

thermally stable, and lignin is the most thermally stable. The hemicellulose decomposition is 

almost complete when the accelerated degradation of the cellulose starts, and the lignin 

decomposition occurs over a large temperature range. Despite the differences in temperatures at 

which active pyrolysis occurs, the overall thermal degradation of the hemicellulose, cellulose and 

Douglas-fir latewood were similar in behavior based on the TGA curve shapes that consisted of 

active pyrolysis, residual (in air) or passive (in nitrogen) pyrolysis. However, the weighted average 

of the isolated polymers does not accurately predict the thermal degradation of the Douglas-fir 

latewood and is not recommended for use in pyrolysis models of wood building products. Instead, 

a rate-limiting model is necessary to describe the thermal degradation of the polymers in situ. 
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Chapter 3. Chemical Changes in Wood Due to Pyrolysis 

3.1 Introduction 

Pyrolysis models have multiple practical applications such as the energy recovery from biofuels 

and the ability to design structures with advanced materials, the latter being the main focus of this 

dissertation. Pyrolysis is often modeled using numeric techniques and typically uses one of two 

approaches to simplify the pyrolysis reactions for modelling [1]. The first simplification is often 

referred to as a char model and is used in structural fire resistance calculations. The char model 

assumes infinitely fast kinetics which is implemented by a fixed temperature at which the 

conversion of virgin wood into char occurs. This results in a model with an infinitely-thin pyrolysis 

front that calculates the velocity at which that front propagates into the wood using a heat balance 

at the front [2-8]. A second approach uses a global reaction model that typically include primary 

and secondary reactions and lump the pyrolysis products into three groups (char, tar and gas) [6, 

7, 9-11]. Typically, the primary reaction consists of wood decomposing into the three pyrolysis 

products and the secondary reaction includes further degradation of the tar into char and gas. 

Although wood is a heterogenous material, the global reaction models often consider wood as a 

homogeneous material for the primary reaction by assuming its physical properties, such as 

density, are uniformly distributed [10]. The global reaction models are used predict product yields 

and rely on the Arrhenius equation to determine the velocity of the pyrolysis front into the wood.  

The degradation kinetics used in the models are obtained from experimental techniques that use 

small samples (on the order of mg), such as thermogravimetric analysis (TGA) [12-15]. The small 

samples are used so all gradients become negligible and the sample can be treated as “thermally 

thin.” However, the relevance of TGA-measured kinetics to the pyrolysis of the polymers in wood 
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building products under fire-level heating rates is unknown [16]. This is because the heat transfer 

for thermally thick specimens differs from the heat transfer for thermally thin specimens used in 

TGA. Other simplifications for the prediction of wood pyrolysis include using the degradation 

kinetics of just cellulose or a weighted average of the three main polymeric components [17, 18]. 

Thorough reviews of the current modeling capabilities can be found elsewhere [1, 10]. 

While valuable, these models have limitations (e.g., only applicable for specific heat flux levels 

and oxygen concentrations, and materials that don’t change volume) that must be understood by 

the user prior to implementation. These models also do not predict the chemical changes within 

the wood due to pyrolysis; instead, the degradation of wood is often described by a series of 

reactions corresponding to the pyrolysis of the main polymeric components [19, 20]. As 

Lautenberger noted, methods exist for measuring the rate constants of elementary gas phase 

reactions, but equivalent techniques have not yet been developed for kinetics in solids [1]. In order 

to advance towards determining kinetic rates in solid wood, a better understanding of the effects 

of pyrolysis on the chemical bonds must be gained.  

Here, the use of X-ray photoelectron spectroscopy (XPS) is used to better understand the bond 

scission caused by pyrolysis in thermally thick wood. XPS is a surface-sensitive, quantitative 

spectroscopic technique that measures the elemental composition, chemical state and electronic 

state of the elements that exist within a material. XPS detects all elements except for hydrogen and 

helium and is, therefore, well-suited for chemical state identification and local bonding 

information of atoms within the surface of complex organic materials.  

Soft X-rays from a photon source are irradiated onto a material’s surface and can penetrate to a 

depth of 10 nm [21]. When the source X-rays hit the material’s surface, photoelectrons are ejected 

and their kinetic energy (KE) is measured by an analyzer. The binding energy (BE) of the electrons 

https://en.wikipedia.org/wiki/Chemical_state
https://en.wikipedia.org/wiki/Electronic_state
https://en.wikipedia.org/wiki/Electronic_state
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is deduced from the KE and incident photon energy. The binding energy of an electron will be 

affected by the element, the orbital from which the electron was ejected, and the chemical state of 

the element (i.e. bonding environment). The core level from which an electron is ejected is limited 

by the source energy such that electrons are ejected from different subshells for different elements.  

3.2 Background on X-ray Photoelectron Spectroscopy (XPS) of Wood 

In this chapter, XPS is utilized to evaluate bond scission caused by pyrolysis in charred Douglas-

fir. Previous studies have used XPS to study the surface chemistry of black cherry, red oak and 

pine wood surfaces [22], heat-treated wood surfaces [23, 24], mechanically treated wood surfaces 

[25, 26], and weathered wood and wood-plastic composites[27, 28]. 

Based on the measured binding energies and the types of bonds found in wood polymers, it has 

been accepted in the wood XPS literature that the assignment of deconvoluted C1s peaks 

correspond to four types of carbon atom bonds in wood [29, 30]. The first carbon peak, C1, is a 

carbon atom bound only to other carbon atoms and/or hydrogen atoms (C-C, C=C, or C-H) [29]. 

The aromatic carbon (C=C) is attributed specifically to the lignin with the aromatic ring and the 

aliphatic carbon (C-C) being attributed to extractives and adventitious carbon, respectively. 

Adventitious carbon is a thin layer of carbonaceous material that forms on the surface of most air-

exposed materials and is generally comprised of hydrocarbons [31]. The second carbon peak, C2, 

is a carbon bound to a single non-carbonyl oxygen atom (C-O) and is mainly caused by cellulose 

and hemicellulose, although lignin can contribute to this peak as well. The third carbon peak, C3, 

represents a carbon atom bound to one carbonyl oxygen or two noncarbonyl oxygen atoms (C=O 

and/or O-C-O). The fourth carbon peak, C4, represents a carbon atom linked to one carbonyl 

oxygen and one noncarbonyl oxygen (O-C=O) [32]. While the models typically have four carbon 

peaks for wood, others found using five [33]  or six peaks [24] was appropriate. In this dissertation, 
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the C1 peak was split into two peaks representing the C-C aliphatic carbon bonds and C=C 

aromatic carbon bonds. Additionally, a sixth peak for the π-π* transition was included to account 

for the small contribution from the satellite structure due to the aromatic rings [34, 35]. In this 

dissertation, six peaks were used for Douglas-fir and lignin specimens where C=C and π-π* are 

expected. For cellulose, the four-peak model was used. 

It has been reported that the O1s peaks of woody materials are difficult to predict because of the 

electronegativity and the polarizability of substituents that may interact with the oxygen atoms 

[29]. While tentative assignments for two bond types within the O1s peak are provided in the 

literature, the data related to this peak is sparse compared to the C1s peak [36]. Because of this, 

the total O1s spectrum is typically used to calculate O/C ratios rather than deconvoluting the peaks.  

Bañuls-Ciscar et al. produced reference spectra for cellulose and lignin to enable easier 

identification of the composition of pine wood strands [35, 37]. They identified four C1s carbon 

peaks and one O1s peak for both cellulose (Sigma-Aldrich CAS Registry #9004-34-6) and 

organosolv lignin (Fibria Innovations CAS Registry #8068-03-9). In addition to providing 

reference peak binding energies, their experiments also provided valuable information about the 

characteristic shape of the spectra. For cellulose, the spectra had a weak aliphatic carbon peak and 

a strong carbon-oxygen peak due to the alcohol groups. Whereas, lignin can be characterized by 

an intense aliphatic peak and a π-π* transition [35, 37]. In 1997, Nishimiya et al. used XPS to 

study the relationship between the wood chemical structure and the carbonization temperature 

[24]. They carried out XPS experiments on wood carbonized in inert environments at temperatures 

ranging from 300°C to 2400°C. The results of these experiments showed that the hydroxyl (OH) 

and carbonyl (C=O) groups decreased with increasing temperatures. Additionally, the aromatic 

carbon to the aliphatic carbon ratio increased with carbonization temperature indicating the growth 
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of a graphite crystalline structure. Inari et al. characterized the chemical changes after heating 

beech wood in inert atmosphere up to 240°C and found that heating induced a substantial decrease 

of the O/C ratio as well as the C-O contribution to the C1s spectrum. While these studies provided 

baseline information for conducting XPS on wood, inconsistencies in the experimental methods 

existed. For instance, dwell times, pass energies, the use of surface etching and specimen 

preparation varied between studies. These inconsistencies are addressed further in Section 3.3. 

Additionally, for studies by Nishimiya et al. [24] and Inari et al. [23], the specimens were exposed 

to high temperature under inert atmospheres for longer exposure times and slower heating rates 

than would be expected in a structure fire. 

The number of XPS studies related to biochar and wood charcoal continues to grow [38-41]. 

However, research relating to changes in chemical bonds (via bond scission) caused by pyrolysis 

in wood exposed to a fire in atmospheric conditions is nonexistent. Evaluating the chemical bonds 

present in uncharred wood, through the pyrolysis zone and into the charred layer of thermally thick 

wood can ultimately be used for verification of pyrolysis models that are currently based on mass 

loss of thermally thin materials.  

3.3 Materials and Methods 

Materials 

Charred Isolated Polymers 

The same two reference materials obtained from Sigma Aldrich used in Chapter 2 were also used 

here: α−cellulose (CAS Registry #: 9004-34-6) and Kraft lignin (CAS Registry #: 8068-05-1). The 

same cellulose used by Bañuls-Ciscar et al. was used here to verify the spectra obtained [35]. The 

lignin was not the same as previously used in the literature, but Kraft lignin accounts for 85% of 
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lignin production worldwide [42, 43]. Sulfur is used during the Kraft pulping process and may be 

present in the spectra whereas, sulfur is not used in the processing to develop the organosolv lignin 

used by Bañuls-Ciscar et al. [44]. However, only the C1s and O1s peaks were examined in this 

study and sulfur is expected to have a negligible impact on the presented spectra.  

While cellulose is a long-chain polymer made of glucose monomers and hemicellulose is a short-

chain polymer made of many monomers, they are both polysaccharides made up of sugar 

monomers and have similar chemical formulae and O/C ratios (~0.8). Since XPS characterizes the 

elements present in the wood and the bonding environment of those elements, the results cannot 

differentiate between cellulose and hemicellulose (together referred to as holocellulose). Because 

of this, XPS on reference hemicellulose was not conducted.  

a)       b)   

Figure 3.1. Chemical structure of a) both α-cellulose and cellulose from spruce and b) lignin precursor 
Images from [45]. 

To determine the effect of thermal degradation on the cellulose and lignin, the isolated polymeric 

materials were heated to specific temperatures using a differential scanning calorimeter (DSC) 

(TA Instruments Q2000) with air as the purge gas. While DSC is typically used to detect phase 

changes in materials, here the DSC instrument was used as a controlled and repeatable heating 

source for specimen preparation. Cellulose and lignin reference materials were weighed and placed 

in aluminum T-zero pans with lids (TA Instruments 901683.901/901671.901) and exposed to a 

specified heating/cooling sequence. The sequence included drying the specimen at 105°C for 5 
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minutes, ramping at 42°C/minute to a specific hold temperature for 20 seconds and then cooling 

at the maximum rate of 200°C/minute. The ramp rate was chosen based on the heating rate of a 

thermocouple at 4 mm below the surface of Douglas-fir exposed to heat flux of 50 kW/m2, which 

is discussed further in the next section. The hold temperatures were every 25°C from 200°C to 

400°C with 10 replicates for both cellulose and lignin at 350°C. Overall, a total of 18 heat-treated 

specimens for both cellulose and lignin were produced using the DSC. 

Charred Wood 

To use XPS as a tool to study how wood changed during pyrolysis, it was necessary to study a 

wood surface that exhibited a gradient from unmodified wood to char. To develop such surface, 

one board of Douglas-fir (Pseudotsuga menziesii) that had been cut parallel to the longitudinal 

direction of the trunk was chosen and a specimen with final dimensions of 100 mm x 100 mm x 

20 mm was cut from the board (Figure 3.2). Prior to exposure in the cone calorimeter, the specimen 

was conditioned in an oven at 105°C for 24 hours to remove moisture 

 

 
Figure 3.2. Schematic of wood specimen prior to charring. 

Then, the radial-longitudinal surface of the wood specimen was exposed to a constant heat flux 

using a cone calorimeter, such that all subsequent XPS measurements on the pyrolyzed wood could 

be performed on a single latewood growth ring, which would reduce variability. The cone 
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calorimeter is a bench-scale test typically used to measure key flammability modeling properties 

such as time to ignition, heat release rate and mass loss rate while exposed to a known heat flux. 

The cone calorimeter (FTT iCone Mini, East Grinstead, West Sussex, UK) is located at the Forest 

Products Laboratory and can irradiate the test specimen with fluxes up to 100 kW/m2. For these 

tests, a constant heat flux of 50 kW/m2 was applied.  

To measure the thermal profile through the Douglas-fir specimen, four thermocouples made from 

30 gauge, type K thermocouple wire (Omega Engineering, GG-K-30-SLE) were inserted into the 

holes parallel to the exposed surface as well as one on the unexposed surface (0 mm) and one on 

the top surface (20 mm). One horizontal hole with a diameter of 0.2mm and a length of 30 mm 

was drilled on each edge of the specimen at 4 mm, 8 mm, 12 mm, or 16 mm from the unexposed 

surface (Figure 3.3). When the temperature of the unexposed surface reached 100°C, the test was 

terminated, the specimen was removed, and the fire was extinguished with water.  

 

Figure 3.3: Schematic of thermocouple locations in Douglas-fir specimen prior to exposure in the cone 
calorimeter. 

The final temperatures in the charred wood specimen at the measured depths are provided in Table 

3.2. 



56 
 

Table 3.2: Final measured temperatures in charred wood specimen 

Distance from Unexposed surface 
(mm) 

Temperature at test termination 
(°C) 

20 685 
16 428 
12 266 
8 186 
4 121 
0 100 

 

The temperatures between thermocouple locations were calculated using Fire Dynamics Simulator 

(FDS), which is a computational fluid dynamics model of fire-driven fluid flow and includes heat 

conduction models [46, 47]. Figure 3.4 shows the measured temperatures from the thermocouples 

and the calculated temperatures from FDS. While the temperature measured at the exposed surface 

(20 mm) is slightly higher than the calculated value, the remainder of the calculated temperatures 

were in close agreement with the measured values. The standard limits of error for the 

thermocouples used is ±2.2°C, which is smaller than the marker used and, therefore, not provided 

in Figure 3.4.  
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Figure 3.4: Final temperature profile in the charred wood specimen from embedded thermocouples 
(measured) compared to calculated temperatures from FDS program.  

After exposure in the cone calorimeter, the charred wood specimen was cut in the radial direction 

into 4 mm sections (Figure 3.5). To avoid edge effects caused by the cone calorimeter holder, a 4 

mm slice from the center of the specimen was selected for further analysis. Within this section, a 

specific latewood growth ring was chosen to conduct XPS analysis on. This latewood growth ring 

was also used for the nano-indentation experiments in Chapter 4. 
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Figure 3.5: Charred wood specimen cut into 4 mm sections and selected latewood growth ring for XPS 
analysis. 

The final length of the charred latewood specimen was 17 mm, with 3 mm from the original 

dimension lost due to char formation and contraction [48, 49]. 

Material Preparation for XPS Analysis 

Since XPS is sensitive and susceptible to even trace contaminants, specimen preparation must be 

carried out with care [50, 51]. To ensure no contamination of the heat-treated cellulose and lignin, 

degreased stainless-steel tools were used to remove the material from the DSC pans and compress 

the material into the XPS powder sample holder (Figure 3.6) prior to analysis. 

To reduce contamination to the surface of the charred latewood specimen, degreased tweezers 

were used to handle the specimen. Immediately prior to XPS analysis, the transverse surface of 

the charred specimen was pulled across six inches of 2000 grit sandpaper once in the radial 

direction to avoid char contaminating the uncharred wood. After sanding, the sawdust was 

removed from the surface with pressurized nitrogen. In addition to the handling of the material, 

Banuls-Ciscar et al. and Inari et al. recommend removing extractives prior to conducting XPS on 

wood [37, 50] although other studies did not remove extractives prior to XPS analysis [24, 32, 52]. 
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The effects of removing the extractives from the charred Douglas-fir latewood on the XPS spectra 

was unknown and investigated here. To remove the extractives, the charred latewood specimen 

was soaked in acetone (reagent grade, minimum purity of 99.5% CH3COCH3 by volume, with a 

residue after evaporation of less than 0.001%) for 48 hours, removed, and oven-dried at 100°C for 

24 hours prior to surface preparation and XPS analysis. Acetone was chosen as the solvent because 

it is a common and effective solvent for removing resinous extractives and does not leave a water 

residue [53-55]. Additionally, the acetone soak was employed to avoid breaking the fragile char 

layer. However, it is likely that the acetone did not remove all extractives and, if not for the fragile 

char layer, another more complete extraction method [56] would have been used. 

 

Figure 3.6: Left: Heat-treated cellulose (from 200°C to 400°C) compressed in dimples A to I on the XPS 
powder sample holder. Right: Charred latewood specimen on sample holder in loading chamber prior to 
analysis.  

Methods 

Instrument Settings 

The XPS instrumentation acquisition settings found throughout the literature were inconsistent 

regarding pass energies, argon etching, and spot sizes. Some of those variations are compiled in 
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the Table 3.3 and compared to the settings used here. A dashed line indicates that the information 

was not provided.  

Table 3.3: Comparison of XPS settings used for analysis of wood 

 Inari 
[23] Nishimiya [24] Banuls-Ciscar [37] Hasburgh 

(Present work) 
X-Ray Source Al Kα Mg Kα Al Kα Al Kα 
Spot Size 700 µm --- 400 µm 50 µm 
Survey Step Size 1 eV --- 0.4 eV 1 eV 
Survey Pass Energy 160 eV --- 300 eV 200 eV 
Hi-Res Step Size 0.05 eV --- 0.2 eV 0.05 
Hi-Res Pass Energy 20 eV --- 50 eV 20 eV 
Flood Gun Used Yes --- Yes Yes 
Dwell time --- --- --- 100 ms 
Surface Etch (Argon) --- Yes, no energy provided --- Varied (0-2000 eV)1 
Surface Etch Time --- 30 seconds --- 10 seconds1 

1 Argon energy varied from 0 to 2000 eV to evaluate the effect. When used, a 10 second etch time was applied. 

Compared to others, a smaller spot size of 50 microns was used to limit effects from the pyrolysis 

gradient present but still ensure that at least one wood cell was measured per scan. Line scans were 

used to conduct multiple single scans from the unmodified wood through to the char while 

individual single measurements were conducted on the cellulose and lignin. For each spot, the 

initial, low resolution scan occurred with an analyzer pass energy of 200 eV and a step size of 1 

eV to obtain the survey spectra between zero and 1230 eV. Then, additional passes occurred with 

the analyzer pass energy at 20 eV with a step size of 0.5 eV to increase the spectral resolution. For 

the high-resolution C1s scans, the binding energy range was 279 to 298 eV and for the high-

resolution O1s scans, the binding energy range was 525 to 545 eV. A charge neutralizing flood 

gun was used as recommended for XPS analysis on nonconductive materials to reduce the build‐

up of a positive charge which ultimately affects the spectral resolution leading to line broadening 

and energy shifts [57]. To ensure enough sampling was conducted without causing damage to the 

surface, a dwell time of 100 ms was used for each pass. 
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The use of argon etching to remove the adventitious carbon was recommend by Nishimiya et al. 

[24]. However, the argon (Ar) energy used in their study was not provided and other sources note 

that the use of argon etching on organic polymers may cause damage and affect the measurements 

[58]. To investigate if, and at what energy, argon etching should be used for the charred wood, 

experiments were carried out with increasing argon beam energies and compared to wood without 

surface etching.  

XPS Data Analysis 

The spectra obtained from XPS analysis can be used to quantify the types of chemical bonds 

present in a sample’s surface. However, quantitative analysis of the XPS spectra is not trivial and 

requires accurate measurements of the spectral lines that correspond to different elements or 

chemical states of one element [59]. Two factors complicate the determination of the intensities. 

First, at high binding energies, the measured signal represents a combination of the real 

photoelectrons as well as inelastically scattered photoelectrons and there is not an explicit 

procedure to separate these two contributions [60-62]. Second, the spectral line profile itself cannot 

be described by an analytical function and, instead, a deconvolution procedure is necessary [59, 

63, 64]. Historically, the deconvolution has been carried out via a Lorentzian and Gaussian 

function. The Lorentzian function represents the core-hole lifetime, which is the finite time 

between the ejection of a core electron and the decay of an electron from the valence band to the 

core level. The Gaussian function includes the transmission properties of the spectrometer and the 

line shape of the monochromatic X-rays [65]. More recently, an asymmetric Pseudo-Voigt 

function with a sigmoidal step function has been used for analysis of XPS data [65].  

Here, the elemental composition of the sample was determined by evaluating the binding energies 

where peaks occurred in the low-resolution survey spectra. Then, high-resolution scans were 
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conducted in the binding energy ranges for the elements present. Each peak from the high-

resolution spectra was corrected for background using the Shirley baseline [66] and then fitted to 

obtain the area under the peak (AP) using the trapezoid function. The normalized areas were then 

obtained using equation 3.1.  

𝐴𝐴𝑁𝑁 = 𝑊𝑊𝑃𝑃
𝑅𝑅𝑇𝑇𝑑𝑑𝑁𝑁∗𝑆𝑆𝑑𝑑∗𝐸𝐸𝐸𝐸𝑑𝑑

      eq. 3.1 

TXFN is the transmission function and describes the efficiency of the measurement of electrons 

of a given energy, and for the Al Kα instrument it equals 1 because the data is corrected for 

transmission efficiency during acquisition. SF is the sensitivity factor, which deals with the 

inherent intensity of a peak from a given element. ECF is the energy correction factor that describes 

the scattering from electrons in the sample and is defined in equation 3.2. 

𝐸𝐸𝐸𝐸𝐹𝐹 = (1486.6 − 𝐵𝐵𝐸𝐸)0.6     eq. 3.2 

Here, the x-ray source used had an energy of 1486.6 eV and the BE is the binding energy of the 

peak of interest, and the exponent is based on Schofield’s correction. The atomic percentage was 

then obtained from the ratio of the normalized areas as shown in equation 3.3.  

𝐴𝐴𝑑𝑑𝐴𝐴𝑚𝑚𝐴𝐴𝐴𝐴 % = 𝑊𝑊𝑁𝑁
Σ𝑊𝑊𝑁𝑁

∗ 100     eq. 3.3 

To determine the type of chemical bonds present and their contribution to the total spectra, the 

high-resolution spectra were deconvoluted into either four (cellulose) or six peaks (lignin and 

wood) using a Python routine [67]. The Shirley background of each curve was calculated and 

subtracted from the data, which were then fitted. Each peak was fitted to a Pseudo-Voigt and the 

area under each peak was calculated using the trapezoid function written in NumPy. The integrated 
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areas were then normalized according to equation 3.3, and the percentage of each bond type was 

calculated using equation 3.4.  

𝐵𝐵𝐴𝐴𝐵𝐵𝑑𝑑 𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 % = 𝑊𝑊𝑁𝑁
Σ𝑊𝑊𝑁𝑁

∗ 100      eq. 3.4 

An electron flood gun was used during analysis to compensate for the positive change that can 

build-up on non-conducting samples, such as wood. Additionally, a charge compensation was 

applied, post-analysis, to ensure proper peak assignments. The charge compensation is determined 

by using a known species within the specimen as an internal reference and shifting the spectra to 

the appropriate binding energy for the internal reference. Typically, the C1s adventitious carbon 

peak is used as an internal reference and the shift required to move this peak to 285 eV is known 

as the charge compensation. This method has received criticism [68] and alternative approaches 

to binding energy referencing for non-conducting samples include depositing a noble metal either 

in situ [69] or on the surface [70, 71], intentionally depositing organic layers [72], and implanting 

noble gas atoms [73]. However, each of these methods has shortcomings, particularly when taking 

into consideration the rough surface of the wood specimen used here. Ultimately, to avoid 

introducing an additional species that could overpower the spectra from the wood polymers the C-

C adventitious/aliphatic peak was used as the internal reference. With this method for charge 

compensation the position of the six carbon peaks is given in Table 3.4.   
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Table 3.4: Classification of carbon peak components for wood materials 

Carbon bond Origin in Wood Binding Energy (Peak Center) 
C-C or C-H Hemicellulose, adventitious carbon, and extractives 

 
285 eV 

C=C Lignin (aromatic carbons) 
 

284.6 eV 

C-O or C-O-C Cellulose and hemicellulose (from alcohols and ether 
functional groups), lignin (alcohol and methoxy groups) 
and C-O-C in extractives 
 

286.1 eV 

C=O or O-C-O Cellulose (ketone group) and lignin (ketones and 
aldehydes) 
 

287.6 eV 

COOH Lignin (carboxylic acid) and cellulose due to X-ray opening 
a ring forming an aldehyde group that is easily oxidized 
 

290.1 eV 

π-π* Lignin (aromatic carbons) 289.6 eV 

3.4 Results 

The first half of the results section evaluates the effects of removing extractives from the specimen 

and the effects of using a monatomic argon ion beam to etch the surface of the Douglas-fir. The 

second section provides the results for the change in chemical bonding environments in both the 

polymers exposed to high temperatures and through the pyrolysis zone, after the appropriate 

experimental conditions were set.  

Experimental Considerations 

Extraction of Extractives 

To evaluate the effect of extractives, a line scan was first conducted on the prepared, transverse 

surface of the charred latewood specimen without the extractives removed. Figure 3.7a provides 

an example of the C1s spectrum (fit and deconvoluted) in the Douglas-fir at the unexposed surface 

prior to an acetone soak, O/C ratios versus exposure temperature, and the C1s peak ratios and peak 

areas versus exposure temperature. The O/C ratios are calculated as the total area under the O1s 

peak to the total area under the C1s spectrum. The C1s peak ratios are calculated as the area under 

the individual peaks from each bond type to the total area under the C1s spectrum. 
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Figure 3.7: Results from charred Douglas-fir prior to removal of extractives: a) C1s data with fit and 
deconvoluted peaks at a temperature of 100°C, b) O/C ratio versus exposure temperature of charred 
Douglas-fir prior to removal of extractives, and c) C1s peak ratios. 

While the C1s data appears similar to the results found by others [24, 32], it is not indicative of 

what would be expected in wood. Given the chemical structures of the polymers, the theoretical 

O/C ratios for cellulose, hemicellulose and lignin are 0.83, 0.8 and 0.33, respectively [50]. From 

these values and using the polymer composition for Douglas-fir previously shown in Section 2.4, 

the expected O/C ratio would be approximately 0.65. From Figure 3.7b, the O/C ratio averages 
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much lower at 0.24 throughout the specimen. Additionally, based on the structure of the wood 

polymers, the peak due to the carbon atoms bound to a single oxygen atom (C-O) should be larger 

than the C-C peak. From Figure 3.7c, it is evident that the C-C bond is artificially higher and 

accounts for 65% of the C1s spectrum. Furthermore, a change in the peak ratios is expected as the 

polymers thermally degrade at higher temperatures. However, the peak ratios within the C1s 

carbon spectra remain relatively constant throughout the specimen. This is potentially due to the 

migration of extractives during exposure to temperatures greater than 60°C [74] or under the 

influence of the ultrahigh vacuum (UHV) (~10-8 mbar) necessary to conduct XPS experiments 

[50]. 

After the acetone soak to remove extractives from the surface, XPS was conducted on ten spots on 

the Douglas-fir in the latewood at 2 mm from the unexposed surface. Figure 3.8 provides a 

comparison of the C1s peaks for the Douglas-fir before and after the extractives were removed.   

 

Figure 3.8: Fit and deconvoluted C1s peaks from Douglas-fir latewood without extractives 
removed (left) and with extractives removed (right). 



67 
 

Figure 3.9 is a box plot for the ten replicates showing the minimum, maximum, sample median, 

and the first and third quartiles for each C1s peak. The C-O peak ratio is meaningfully higher going 

from a peak ratio of 0.14 prior to extraction to an average of 0.4 in the specimen with extractives 

removed. Additionally, the C-C peak jumped from having a peak ratio of 0.7 prior to extraction to 

an average of 0.14 in the specimen with extractives. These results are consistent with what we 

would expect given the polymeric constituents of wood, and are similar to findings from Inari et 

al. [50].  

 

Figure 3.9: C1s peak ratios from ten replicate spots on 2 mm from the unexposed surface of the 
Douglas-fir latewood with extractives removed. 

The final peak ratios in the specimen with extractives removed were closer to the theoretical values 

and, in terms of the repeatability, the peak ratios remained ordered despite the slight variance in 
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values. For this reason, the remainder of the XPS analysis was conducted on the charred wood 

specimen with the extractives removed. 

Surface etching with argon 

Another experimental parameter that may affect the XPS results is the use of an argon etch. Argon 

etching is often used for depth profiling to reveal subsurface information and to remove surface 

contamination on materials such as semiconductor films. Nishimiya et al. utilized argon etching 

for 30 seconds to exclude the effects of impurities present on the surfaces of their wood charcoal 

specimens, but did not note the argon energy used [24]. Hofstetter et al. demonstrated that, even 

with etching at the lowest available monatomic ion energy for a short amount of time, polymeric 

materials undergo damage that distorts the compositional information obtained with XPS [58].  

To determine the effects and applicability of argon surface etching, the prepared transverse surface 

of the charred latewood at 1 mm from the unexposed surface was etched with an argon monatomic 

ion beam set to 0, 200, 500, 1000 and 2000 eV for 30 seconds each prior to XPS analysis. From 

Figure 3.10c, the O/C ratio is immediately affected by the argon etching decreasing from 0.5 with 

no etching to 0.21 with the argon energy set to 200 eV, which was the lowest setting available.  
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Figure 3.10: Results from surface etching with an argon monatomic ion beam energy at 1 mm 
from unexposed surface in charred latewood: a) C1s peaks before processing, b) O1s peaks before 
processing. c) O/C ratios and d) charge compensations. 

Additionally, the changes in the C1s and O1s peak shapes illustrate the potential distortion caused 

by the argon exposure. For the C1s peak (Figure 3.10a), the shape becomes slightly sharper with 

increased argon monatomic ion beam energy until substantial degradation at 2000 eV is observed 

with a low, broad C1s peak. Also, there is a substantial change in the peak position causing the 

charge compensation constant (Figure 3.10d) to decrease from an average of 3 eV for argon 
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energies of 0 eV to 1000 eV to 0.6 at 2000 eV occurs. The O1s peak (Figure 3.10b) intensity 

decreases and the binding energy of the peak center increases by 1 eV with the lowest possible 

increase in argon energy from 0 eV to 200 eV. This trend continues with increasing argon 

monatomic ion beam energies and results in a low and broad O1s peak at an argon etching setting 

of 2000 eV. Because of the observed degradation and distortion to the XPS measurements, surface 

etching with argon was not used for further investigation of the charred latewood section. 

With the specimen preparation methods and the instrumentation configuration set, XPS analysis 

of the heat-treated cellulose and lignin as well as the charred latewood from Douglas-fir was 

carried out. 

Charred Material 

Reference spectra for the cellulose and lignin exposed to high temperatures were required to 

compare to the thermal degradation results presented in Chapter 2. The results from the charred 

reference material can then be used to evaluate the thermal degradation of the polymers observed 

via XPS in charred wood. 

Cellulose 

Figure 3.11 is the high-resolution scan of the XPS spectra of C1s for cellulose exposed to 200°C 

with the deconvolution into four peaks. The first peak component at 285 eV corresponds to the 

aliphatic carbon bonding. Carbon contamination from exposure in air and the extraction process 

are the main contributors for this peak since all carbon atoms in cellulose are linked to an oxygen 

atom. However, since this cellulose was also exposed to 200°C, early stages of thermal degradation 

may also contribute to this peak. The C-O peak is the largest at this temperature, indicating that 

most of the alcohol and ether functional groups are still intact.  
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Figure 3.11: C1s data with fit and deconvoluted peaks from cellulose at a temperature of 200°C. 

The repeatability of the experimental methods was evaluated by producing ten replicates of 

cellulose exposed to 350°C in the DSC. Figure 3.12 provides the distribution in the C1s peak ratios 

from each specimen. The maximum spread for the peak ratios in the fit data was negligible at 0.09 

for the C-O peak, indicating that the experimental methods from the development of the charred 

material in the DSC to the XPS analysis result in repeatable data. 
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Figure 3.12: C1s peak ratios from ten replicates of cellulose exposed to a temperature of 350°C. 

Cellulose has five carbon atoms of C-O and one of O-C-O, leading to a theoretical C-O peak ratio 

of 0.83 and O-C-O peak ratio of 0.16. While the measured C1s peak component ratios are quite 

different from the theoretical values, they are comparable to those obtained by Bañuls-Ciscar et 

al. on Avicel PH-101 cellulose [35]. This is likely due to the changes that occur during the isolation 

process. Figure 3.13a provides the C1s component peak ratios, versus temperature for the 

cellulose. The C-O peak ratio decreases while the C-C peak ratio increased with increasing 

temperature. Figure 3.13b is the same as Figure 3.13a, but only shows peak ratios for the C-C and 

C-O components with a second order polynomial fit as guide for the reader. These two bond types 

are typically the most significant in the C1s peak determined by peak ratio and happen to be where 

most substantial changes occur. From this figure we see that the C-C peak component begins to 
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increase around 300°C and that the components are almost equal around 350°C and beyond 365°C 

the dominant component changes from C-O to C-C at 400°C. CC is calculated at the sum of the C-

C, C=C and π-π* peak ratios and CO is calculated at the sum of  C-O, C=O and COOH peak ratios. 

CC to CO versus exposure temperature is presented in Figure 3.13c. This graph illustrates the 

distinct increase in C-C bonds compared to the other components, indicating the scission of carbon 

to oxygen bonds and the condensing of C-C bonds. 
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Figure 3.13: Results for heat-treated cellulose: a) C1s peak ratios, b) C-C and C-O peak ratios and d) ratio 
of CC to CO versus temperature. 

Lignin 

Figure 3.14 is the high-resolution scan of the XPS spectra of C1s for lignin exposed to 200°C with 

the deconvolution into six peaks. From the lowest binding energy to the highest, the first two peaks 

are associated with the aromatic and aliphatic carbon bonds found within lignin. Combined, these 

peaks are the most intense within the lignin, which aligns with both the theoretical expectations 

and XPS results on organosolv lignin [35].  

 

Figure 3.14: C1s data with fit and deconvoluted peaks from lignin at a temperature of 325°C. 

Figure 3.15 provides the distribution in the C1s peak ratios from ten replicates of lignin exposed 

to 350°C. Like the cellulose, the spread in the fit data was trivial with a maximum spread for the 
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peak ratios of 0.07 occurring for the C-C peak. This indicates that the experimental methods used 

for the development of the charred material in the DSC and the XPS analysis result in repeatable 

data. 

 

Figure 3.15: C1s peak ratios from ten replicates of lignin exposed to a temperature of 350°C. 

Figure 3.16a provides the lignin C1s component peak ratios with Figure 3.16b focusing on the C-

C and C-O components only with second order polynomial fits. Figure 3.16c provides the ratio of 

CC to CO versus exposure temperature for the lignin. The C-C peak ratio fluctuates between 0.21 

and 0.44 below 325°C with an average of 0.34. At 325°C and higher, the C-C peak increases with 

an average peak ratio of 0.50. The C-O peak ratio changes in the same temperature range as the C-

C peak. The average peak ratio for C-O below 325°C is 0.44 with a decrease to an average of 0.28 

for temperatures of 325°C and higher. The C=C peak remains relatively constant until a 
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temperature of 400°C with a sudden and substantial increase to 0.33 from an average of 0.1 for 

temperatures below 400°C.  

 

Figure 3.16: Results for heat-treated lignin: a) C1s peak ratios, b) C-C and C-O peak ratios and d) ratio 
of CC to CO versus temperature. 

The ratio of CC to CO further illustrates the slight increase in the amount of carbon atoms bound to 

only other carbon atoms at temperatures above 300°C in the lignin. This indicates when the carbon 

to oxygen bonds in the lignin begin to break and that substantial thermal degradation of the carbon 
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bound to oxygen above 375°C occurs, which is highlighted by the large increase in the ratio at 

400°C. 

Wood 

Figure 3.17 shows the locations and calculated temperatures for each spot where XPS analysis was 

conducted on the prepared, transverse surface of the charred latewood specimen with the 

extractives removed. 

 

Figure 3.17: Charred latewood specimen with XPS analysis locations (distance from unexposed surface 
given in mm) and calculated temperatures. 

Figure 3.18 provides an example of the C1s spectrum (fit and deconvoluted) in the uncharred 

portion of the Douglas-fir specimen. The peak shape and components are comparable to those 

found by Inari et al. after extraction of Norway Spruce [50]. 
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Figure 3.18: C1s data with fit and deconvoluted peaks from the uncharred edge of the latewood specimen. 

Fitting six peaks to the C1s high-resolution spectra, the peak ratios and peak areas for each C1s 

component were obtained and presented in Table 3.5 and Figure 3.19a. The initial peak ratios at 

100°C are similar to the peak ratios found by Inari et al. for Norway spruce with extractives 

removed [50]. The C-O peak is the most significant peak component and is attributed to the 

holocellulose. The C-C and C=C peak ratios remain consistent with averages of 0.23 and 0.08, 

respectively, until temperatures above 350°C when the peak ratios increase by at least twofold. 

Table 3.5: C1s peak ratios obtained at a depth/temperature in the charred Douglas-fir latewood 

Temperature (°C) C-C C=C  C-O 
C=O 

O-C-O COOH π-π* 
99 0.25 0.06 0.51 0.17 0.01 0.00 

108 0.29 0.10 0.43 0.18 0.00 0.00 
147 0.27 0.10 0.42 0.19 0.03 0.00 
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202 0.19 0.04 0.38 0.34 0.05 0.00 
238 0.23 0.09 0.36 0.26 0.06 0.00 
266 0.20 0.08 0.35 0.30 0.06 0.00 
297 0.25 0.10 0.36 0.26 0.04 0.00 
319 0.16 0.08 0.32 0.35 0.07 0.02 
358 0.19 0.09 0.27 0.38 0.06 0.01 
433 0.42 0.25 0.22 0.09 0.02 0.00 

 

Between 100°C and 200°C, the C-O peak ratio decreases slightly and is then steady until another 

decrease begins at 300°C and continues to above 400°C. For temperatures of 350°C and lower, the 

C=O and O-C-O peak ratio increases as the C-O decreases, but ultimately is reduced to 0.9 at 

433°C. This likely due to the C-O bond having a lower bond dissociation energy than the C=O, 

allowing it to degrade at lower temperatures than required to break the C=O bond.  
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Figure 3.19: Results for charred Douglas-fir latewood: a) C1s peak ratios, b) C-C and C-O peak ratios, c) 
ratio of CC to CO versus temperature and d) XPS analysis locations in charred Douglas-fir latewood for 
visual comparison. 

The O/C ratios are calculated as the total area under the O1s peak to the total area under the C1s 

peak. The O/C ratios calculated for the charred wood as a function of temperature are plotted in 

Figure 3.20. The calculated results are much lower than the theoretical value of 0.65 as discussed 

earlier in this section, but are similar to those found by Inari et al. for Norway spruce with 

extractives removed [50]. The low O/C ratio is potentially due to experimental artefacts from the 
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x-ray beam cleaving oxygen bonds or from the sanding used for surface preparation [26] and, 

while outside the scope of this dissertation, warrants further investigation. However, despite the 

values being lower than expected, the decreasing trend in the O/C ratio signifies that the overall 

oxygen content is decreasing temperature. 

 

Figure 3.20: O/C ratios as a function of temperature in the charred Douglas-fir latewood specimen. 

3.5 Discussion 

Both experimental considerations for XPS analysis on wood and the changes in the chemical 

environment of cellulose, lignin and wood post-pyrolysis are presented in this chapter.  

Prior to an acetone soak, high C-C peak ratios, low O/C ratios and an unchanging chemical 

environment with increasing temperature were observed for Douglas-fir. Inari et al. postulated the 
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extractives migrate through resin canals to the specimen surface under the influence of UHV 

necessary to conduct XPS experiments [50], causing the artificially high C-C peak and stressed 

the importance of removing extractives from wood specimens prior to XPS. However, they did 

not record consecutive XPS spectra of the specimen under UHV to see if the C-C peak continues 

to increase over time under UHV conditions. This work must be carried out to determine if, in fact, 

the extractives migrate under the influence of UHV. Here, it is more likely that the extractives are 

present in higher quantities on the surface due to exposure to high temperatures. It has been shown 

that, kiln-dried (~60°C) wood has higher extractive content at the surface when compared to air-

dried lumber [74]. To remove the extractives at the surface without causing damage to the char 

layer, an acetone soak was used. While it is likely that this acetone soak did not remove all 

extractives from the charred Douglas-fir specimen, it is probable that the acetone removed 

extractives in the first 10 nm of the specimen, where XPS analysis occurs. The effects of the 

acetone soak are observed in the changes in the deconvoluted C1s peak. After the acetone soak, 

C-O became the most significant C1s peak component in the uncharred Douglas-fir instead of the 

C-C component and the C1s peak ratios were comparable to expected values in literature.  

Variations of the XPS instrument settings will affect either the spectral intensity and shape or the 

resolution without affecting the elemental composition of the material. The use of argon etching 

was recommended by Nishimiya et al. to remove adventitious carbon on wood charcoal. However, 

etching the surface with argon poses a threat to the actual elemental composition measured and the 

etching process can result in various types of damage such as: molecular fragmentation, reduction, 

and cross-linking [58]. Applying different monatomic argon ion beam energies, it was found that 

the O/C ratio decreased with increasing energy. The O1s peak was heavily degraded by increasing 

the argon energy when compared to the C1s peak. This is likely due to preferential sputtering, 
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where the oxygen atoms are more rapidly removed by the argon beam than the carbon. Preferential 

sputtering arises from different puttering yields of the individual components in multicomponent 

samples [75]. The oxygen atom has been shown to be preferentially sputtered from some oxides 

(e.g., aluminum oxide, titanium oxide, and zirconium oxide) and is attributed to either atomic mass 

differences and surface binding effects [76]. Since carbon and oxygen masses are so close to each 

other, preferential sputtering of oxygen in wood may be attributed to surface binding effects. 

However, this has not been observed in wood and warrants further investigation. Additionally, 

increasing the argon energy leads to a decrease in the peak intensities and a shift in the peak 

positions of the O1s and the C1s spectra. The distortion in the compositional information obtained 

on the Douglas-fir is comparable to that noted by Hofstetter et al. on various polymeric materials 

[58]. The shift of the peak centers resulted in the charge compensation decreasing with increasing 

argon ion beam energy. This decrease is likely due to the change in bonding environment as the 

oxygen was considerably degraded by the monoatomic argon ion beam. As the material left at the 

surface was mostly carbon, it was slightly more conductive and a positive charge did not build up 

on the surface, requiring a smaller charge compensation to shift the data based on the adventitious 

carbon internal reference. Ultimately, the use of a monatomic argon ion beam was not used and is 

not recommended on wood, charred or uncharred. 

Evaluating the chemical changes that occur in cellulose, lignin and wood exposed to high 

temperatures in air had not been completed prior to this body of work. As the temperature 

increased, the thermal degradation of hydroxyl groups in the cellulose began to degrade around 

300°C. Above this temperature, the contributions from the C-O and O-C-O peaks decrease while 

the C-C peak increases. At temperatures above 350°C, the C-C component dominates the C1s 

spectrum, indicating the scission of carbon to oxygen bonds and the condensing of C-C bonds. 
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The thermal degradation, detected via changes in C1s peak component ratios, was not observed 

until 325°C in the isolated lignin material. Below 325°C, the C1s peak component ratios remained 

relatively constant. Above this temperature, the C-C peak began to slowly increase while the C-O 

peak decreased. Additionally, the C=C peak component began increasing at 350°C, indicating that 

the aromatic rings were still intact up to this temperature with major thermal degradation of the 

lignin occurring above 375°C. 

Ultimately, the purpose of this work was to describe, for the first time, the pyrolysis in wood based 

on the chemical bonding environment present. For the charred Douglas-fir latewood specimen, the 

initial C1s peak at 100°C was similar to previous results on softwood with extractives removed 

[23, 37, 50]. Deconvolution of this peak results in the C-O peak as the most significant peak 

component, which is attributed to the holocellulose. Based on the bond scission measured using 

XPS, the onset of thermal degradation begins at low temperatures (<200°C). This is observed as 

the C-O peak component decreases between 100°C and 200°C and is likely due to the sidechains 

of the in situ hemicellulose cleaving [77-79]. From 200°C to 300°C, the C-O peak component 

remains steady and then decreases again for temperatures above 300°C. This decrease is likely due 

to the thermal degradation of the in situ cellulose and aligns with the temperature at which a 

decrease in the C-O peak for the isolated cellulose was observed. The C=C peak in the isolated 

lignin did not increase until it reached temperatures above 350°C, because the aromatic rings are 

thermally stable. Similarly, the C=C peak component in the Douglas-fir did not increase until 

above 350°C, indicating that similar chemical changes in the isolated lignin and the in situ lignin 

are occurring around the same temperature. The temperature range for the condensation of C=C 

bonds corresponds to the degradation of carbonyl groups (O-C-O and C=O).  
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3.6 Conclusions 

The results obtained in this study demonstrate the importance of specimen preparation when 

conducting XPS analysis on wood. Using an acetone soak on the Douglas-fir resulted in C1s peak 

ratios in closer agreement with theoretical values for wood. This suggests that the removal of some 

extractives reduces their effect on the C1s spectrum. However, it is proposed that further 

investigation include analysis of the extractive residue from the acetone soak and continuous XPS 

analysis to determine if extractives migrate over time under UHV.  

The XPS instrument settings also affected the results and it was shown that the use of a 

monoatomic argon ion beam at any energy is not appropriate for wood as it causes distortion in 

the data. Even the lowest possible increase in argon ion beam energy caused a shift in peak centers 

to higher binding energies and a decrease in the O/C ratio. Also, for the first time, preferential 

sputtering was observed in wood as the O1s peak was substantially affected by increasing argon 

energy when compared to the C1s peak.  

Using XPS, the spectra for pyrolyzed, isolated cellulose and lignin as well as charred Douglas-fir 

were obtained. The C1s spectra of the uncharred Douglas-fir agreed with values reported in the 

literature by others, although the O/C ratio was lower than theoretical values. For charred Douglas-

fir, the XPS analysis occurred from the virgin wood through to the char layer to observe changes 

in chemical composition. The results show the thermal degradation of the holocellulose in the 

Douglas-fir occurred at lower temperature ranges than those observed in the isolated cellulose. 

Additionally, the double carbon bonds found in the lignin aromatic rings were unchanging in both 

the isolated polymers and the Douglas-fir until temperatures above 350°C, when the carbonyl 

groups degraded, and carbon condensed. Further investigation on other charred wood of other 

species and verification using complementary techniques, such as x-ray diffraction that can 
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distinguish between the cellulose and hemicellulose, are recommended. Nevertheless, if the 

thermal degradation of the polymers is further confirmed, the information obtained from XPS 

analysis could become crucial in verifying pyrolysis models for thermally thick wood.  
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Chapter 4. Changes in Cell Wall Mechanical Properties Caused by Pyrolysis 

4.1 Introduction  

The pyrolysis process causes substantial chemical changes to the wood cell wall as the polymers 

thermally degrade [1, 2]. Because of these chemical changes, the physical and mechanical 

properties are modified. The modifications become greater at higher exposure temperatures and 

longer exposure times. In bulk wood, the effect of temperature on the various mechanical 

properties, such as modulus of elasticity (MOE), are well studied and compiled. Green et al. noted 

that the strength of lumber is inversely related to the temperature [3]. Similarly, Sinha et al. found 

the MOE of wood exposed to elevated temperatures was lower than that of a non-exposed control 

[4]. To study the effects while exposed to flames, Firmanti et al. developed a bench-scale four-

point bending test with a continuous flame applied in the shear-free region of the specimen 

between the applied load points [5]. They found that the time to failure was exponentially affected 

by the stress levels. Recently, Zelinka et al. developed a bench-scale test method to quantify the 

strength loss in wood adhesive below the char temperature of wood and, as part of that work, also 

quantified the strength loss in solid wood [6]. For Douglas-fir, they found that, as the temperature 

increased, the strength, modulus, and strain at failure all decreased.  

Microstructural changes in wood caused by pyrolysis have been evaluated by Brandt et al. using 

transmission electron microscopy (TEM) and atomic force microscopy (AFM) imaging. They 

showed that the layered microstructure of the wood cell wall disappears with exposure to 

temperatures above 250°C and is replaced by a homogeneous structure. Paris et al. conducted a 

detailed microstructural study of softwood pyrolysis using small- and wide-angle X-ray scattering 
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measurements to evaluate the cellulose crystallinity and found that between 250°C and 350°C, the 

crystal structure of the cellulose is fully deteriorated [2].  

To evaluate the mechanical properties on the length scale required to compare the thermo-chemical 

changes found in Chapters 2 and 3, nanoindentation (NI) was used. Since Wimmer et al. first 

demonstrated the utility of nanoindentation to probe wood cell wall layer mechanical properties, 

nanoindentation has become a valuable tool in wood science research [7, 8]. Jakes et al. developed 

improved protocols and methods for nanoindentation experiments on wood [9, 10]. Youssefian et 

al. focused on the effect of moisture on the elastic moduli within the cell walls of bamboo fiber 

[11]. While not related to the effect of high temperature on the cell wall mechanical properties, the 

moisture content will be extremely low during pyrolysis, and the findings of Youssefian et al. are 

applicable to this work. They found that, at low moisture contents (<2%), the elastic modulus in 

the transverse and longitudinal direction were 8 GPa and 19 GPa, respectively. These values are 

slightly higher than obtained at higher moisture contents. For instance, at a moisture content of 

8%, elastic modulus in the transverse and longitudinal direction were 5 GPa and 16 GPa, 

respectively. Zickler et al. studied the changes of mechanical properties of spruce wood pyrolyzed 

in an inert atmosphere as a function of temperature up to 2400°C. Their pyrolyzed wood was 

embedded in polymethyl methacrylate (PMMA) prior to conducting nanoindentation experiments. 

They found that hardness increased by more than one order of magnitude to 4.5 GPa at 700°C and 

that deformation induced by the indenter was largely visco-plastic in native wood, but it was almost 

purely elastic in the charred region, with particularly low values of the indentation ductility index 

around 700°C [12]. Brandt et al. used Scots pine pyrolyzed at temperatures up to 325°C in inert 

atmosphere and embedded in an epoxy resin. They found that the development of the mechanical 

properties with increasing temperature can be explained by alterations in the structure but that 
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hardness follows no clear trend through pyrolytic conversion up to 325°C [1]. Wang et al. set out 

to evaluate the effects of on the wood cell walls of Masson pine that was thermally modified in 

nitrogen at 150, 170 and 190°C for 2, 4 and 6 hours, respectively [13]. Their work using 

nanoindentation conducted at a relative humidity of 50% showed that the reduced MOE and the 

hardness of the cell wall increased with thermal modification. However, 190°C for 6 hours proved 

to be detrimental to the cell wall properties and not only caused degradation of hemicelluloses, but 

also damaged the crystalline cellulose. Recently, Lindstrom conducted experiments conducted at 

50% relative humidity on red oak pyrolyzed 400°C, 450°C and 500°C [14] and, similar to Zickler 

et al., found the reduced MOE and hardness of the cell walls increased with increasing temperature. 

Xing et al. conducted nanoindentation experiments equipped with a hot stage to investigate the 

temperature-dependent real-time mechanical behavior of Larix wood cell walls heat-treated at 

180°C and 210°C [15]. Conducting the experiments in the longitudinal direction, they found that 

the average reduced modulus of the cell wall decreased from 20.8 GPa at 20°C to 17.8 GPa at 

180°C. The hardness initially increased between 20°C and 100°C and then decreased greatly from 

100°C to 180°C, resulting in a hardness lower than its original hardness. 

The current literature does not address over what dimension the microfibrils decompose during 

pyrolysis or the changes of mechanical responses of cell walls in wood exposed to fire in an 

oxidative environment. Here, nanoindentation conducted in a dry environment is used to evaluate 

these changes in charred Douglas-fir with measurements in unmodified wood, through the 

pyrolysis zone and into the char layer.  
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4.2 Materials and Methods 

Materials 

The same board of Douglas-fir (Pseudotsuga menziesii) used for the x-ray photoelectron 

experiments (XPS) in Chapter 3 was used for the nanoindentation experiments. A brief description 

of the specimen fire exposure technique is given here, for a more detailed description, refer to 

Section 3.3. A 100 mm by 100 mm specimen was exposed to a heat flux of 50 kW/m2 using a cone 

calorimeter (FTT iCone mini, East Grinstead, West Sussex, UK). The thermal wave through the 

Douglas-fir specimen was obtained via embedded thermocouples located at heights of 4 mm, 8 

mm, 12 mm, and 16 mm from the bottom, unexposed surface as well as one on the top surface and 

one on the unexposed surface of the specimen. The final measured temperatures are provided in 

Table 4.1. To determine the temperatures at locations other than those measured by the 

thermocouples, Fire Dynamics Simulator was used as described in more detail in Section 3.3. The 

calculated temperatures at the nanoindentation locations are also provided in Figure 4.1. 
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Figure 4.1: Final temperature profile in the charred wood specimen from embedded thermocouples 
(measured) compared to calculated temperatures from FDS program.  

After exposure, the charred wood specimen was cut along the transverse plane into 4 mm thick 

sections (Figure 4.2a). To create the nanoindentation specimens, consecutive, 4 mm slices were 

used with the same latewood growth ring cutout of each section (Figure 4.2b). The latewood 

growth rings were then cut into smaller blocks to allow for nanoindentation at distances of 2, 9, 

11, 13, 15 and 17 mm from the unexposed surface in both the longitudinal and transverse directions 

(Figure 4.2c). The direction refers to the direction the probe travels such that the measurements in 

the longitudinal direction were taking on the transverse surface and those in the transverse 

direction occurred on the tangential-longitudinal plane. 
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Figure 4.2: a) Specimen after fire exposure and sectioning. b) Section used for nanoindentation with chosen 
latewood ring cut out. c) Cut latewood ring in both transverse and longitudinal planes with depths from 
unexposed surface given and d) example of final nanoindentation specimens mounted in epoxy with 
prepared surfaces. 

The wood specimens were mounted on a metal disc with epoxy (Figure 4.2d) but were not 

embedded to avoid any potential effects of the epoxy on the nanoindentation surface. 

Nanoindentation surfaces were prepared on both transverse and tangential-longitudinal planes 

following previously established procedures [9, 16]. In brief, a hand razor was used to carefully 

trim a pyramid with an apex in the region of interest. Then, the oriented blocks were fitted into 

Leica EM UC7 ultramicrotome (Wetzlar, Germany) equipped with a diamond knife. Surfaces were 

prepared by removing 200 nm thick sections from the apex until an appropriately sized, ultra-

smooth surface was prepared, typically about 100 microns on a side. 

Methods 

A Bruker-Hysitron (Minneapolis, Minnesota, USA) TriboIndenter® equipped with a Berkovich 

probe was used. The machine compliance, probe area function, and tip roundness effects were 

determined from a series of 80 nanoindents in a fused silica standard using the load function and 

the procedures in [10, 17]. Following the calibration reporting procedure prescribed in [10]: Values 

for the square root of the Joslin-Oliver parameter of 1.2 µm/N1/2, elastic modulus of 72.0 ± 0.3 
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GPa, and Meyer’s hardness of 8.9 ± 0.1 GPa (uncertainties are standard errors) were assessed for 

fused silica calibration nanoindentations with contact depths between 57 and 200 nm; no 

systematic variations of machine compliance or Joslin-Oliver parameter were observed in the 

systematic SYS plot analysis over this range of contact depths. 

To replicate moisture conditions in wood during pyrolysis, the nanoindentation experiments were 

performed under dry conditions. The relative humidity (RH) inside of the nanoindentation 

enclosure was maintained near zero by conditioning the enclosure with dry laboratory air. Prepared 

specimens were placed inside of the nanoindenter enclosure at least 60 hours before experiment 

commencement and the dry atmosphere was maintained during the experiments. In the 

longitudinal direction, nanoindentations were placed in the tangential side of the S2 to avoid the 

pits that are sometimes in the radial side. In the transverse direction, nanoindentations were placed 

inside of an S2 next to an exposed lumen. In each specimen, four to seven nanoindentations were 

performed in four different cell walls. From scanning probe microscopy images of residual 

nanoindentations, any nanoindentation that was not completely contained within the S2 was 

excluded from analysis. The multiload load function described in [11] was used in this study. The 

maximum load for all specimens not including the char was 0.3 mN. For experiments in char, the 

maximum loads were varied between 0.5 and 0.8 mN. The structural compliance method [9, 18] 

was employed to remove artifacts caused by edge effects and specimen-scale flexing at each 

nanoindentation location. Unloading segments with contact depths less than 57 nm were excluded 

from the structural compliance analysis because they were affected by tip roundness effects in 

fused silica calibrations. After correcting the data for structural compliance, the Meyer hardness 

(H) was calculated using 

𝐻𝐻 =  𝑃𝑃0
𝑊𝑊0

      eq. 4.1 
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where P0 and A0 are the is the maximum load and contact area calculated using the probe area 

function, respectively, immediately prior to each unloading segment. The effective modulus (Eeff) 

of contact was calculated using: 

𝐸𝐸eff = 𝑆𝑆

𝑊𝑊0
1
2�
      eq. 4.2 

where S is the contact stiffness calculated by fitting the Oliver–Pharr [19] power law function from 

to 40-95% of the maximum load of each unloading segment. The diamond probe contributions to 

Eeff are accounted for and assess the nanoindentation elastic modulus Es
NI using:  

1
𝐸𝐸eff

= 1
𝛽𝛽
𝜋𝜋1 2�

2
�1−𝜐𝜐s

2

𝐸𝐸s
+ 1−𝜐𝜐d

2

𝐸𝐸d
�     eq. 4.3 

where Ed is the Young’s modulus of diamond (1137 GPa), νd is the Poisson’s ratio of diamond 

(0.1), and νs is the Poisson’s ratio assumed for the S2 cell wall layer (0.5) [8]. The numerical factor 

β was assumed to be 1. The “NI” superscript is included to indicate that the elastic modulus 

assessed here is not the Young’s modulus typically calculated. The H and Es
NI were calculated for 

each unloading segment in the multiload nanoindentations. After excluding data affected by tip 

roundness, no data exhibited any systematic size dependence. Therefore, for each specimen, all 

results from the remaining unloading slopes were averaged and used to calculate standard 

deviation.  

A Quesant (Agoura Hills, California, USA) atomic force microscope (AFM) incorporated in the 

TriboIndenter was used for imaging. The AFM was operated in contact mode and calibrated in the 

lateral directions using an Advanced Surface Microscopy (Indianapolis, Indiana, USA) calibration 

standard as described previously [9].  



99 
 

4.3 Results 

Load-displacement curves from the nanoindentation experiments on the cell walls from fire 

exposed Douglas-fir are provided in Figure 4.3. Figures 4.3a and 4.3b are the load-displacement 

curves in the uncharred wood in the longitudinal direction and transverse direction, respectively. 

Figures 4.3c and 4.3d are the load-displacement curves in the wood char in the longitudinal 

direction and transverse direction, respectively. These curves have more noise than typical load 

displacement curves, which is attributed to running the nanoindentor in dry conditions. Despite 

the noise, the plastic and elastic behavior of the material are clearly displayed for the different 

temperature-affected regions. The nanoindentations performed in the uncharred wood show typical 

plastic behavior expected from wood with a hysteresis loop enclosed by the paths of loading and 

unloading. In this region, the P0 is approximately 300 µN. In contrast to the uncharred wood, the 

slope of the unloading curve for the charred region decreases, the hysteresis loops are smaller, and 

the P0 was approximately 500 µN to achieve the same nanoindentation sizes for each region. The 

load-displacement curves for the charred region show elastic behavior with the unloading curve 

more closely following the loading path back to the origin of the curve with no significant amount 

of plastic deformation (Figures 4.4c and 4.4d).  
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Figure 4.3: Load-displacement curves from nanoindentation experiments in the a) longitudinal direction 
of the uncharred wood, b) the transverse direction of the uncharred wood, c) longitudinal direction of the 
char and, d) the transverse direction of the char. 

 
From the AFM images, the S2 cell wall lamina (SCWL) and the compound middle lamella (CML) 

are visible in the uncharred wood and, after complete unloading, residual indents remain at the 

surface and are visible in Figures 4.4a and 4.4b. The transverse direction is considered slightly 

more elastic with the indents not as pronounced as those that remain in the longitudinal direction. 

In the char (Figures 4.4c and 4.4d), the cell wall features are no longer discernible and no residual 



101 
 

indents remain, indicating the char is mostly elastic, which aligns with the findings of Zickler et 

al. [12]. 

 

 
Figure 4.4: AFM images of nanoindentations in Douglas-fir wood cell walls in the a) longitudinal direction 
of the uncharred wood, b) the transverse direction of the uncharred wood, c) longitudinal direction of the 
char and, d) the transverse direction of the char.  

The summary of the nanoindentation measurements are provided in Table 4.1 and plotted in Figure 

4.5. A quantitative analysis of the nanoindentation tests reveal an average longitudinal Es
NI in the 

region between 2 and 15 mm from the unexposed surface to be 14.7 ± 1.7 GPa and a hardness (H) 

of 562 ± 35 MPa. Hardness evaluates plasticity of the cell walls and is primarily influenced by the 

polymer matrix properties in the secondary cell wall [20, 21]. In the char layer, which was exposed 

to temperatures over 400°C, the longitudinal Es
NI drop rapidly to less than half of the original value 

while the longitudinal H increased by 20%. An average transverse Es
NI in the uncharred wood was 

7.6 ± 0.3 GPa and an average transverse H of 529 ± 59 MPa, which are in agreement with previous 

work at low moisture contents [11]. The char layer’s transverse Es
NI decreased less dramatically 

than the longitudinal Es
NI with the value being approximately 85% of the original value. The 

transverse H in the char layer increased by over 200%.  
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Table 4.1: Nanoindentation results for each specimen 

Direction 
Distance 

(mm) 

 

Number of 
indentations 

Number 
of 

unloading 
slopes 

EsNI H 
Calculated 

Temp. Avg. σ Avg. σ 

(°C) GPa GPa MPa MPa 

Longitudinal 

2 104 24 143 13.5 1.6 527.3 38.0 
9 199 23 133 14.4 1.0 556.9 41.4 

11 249 21 121 16.3 1.2 562.9 35.1 
13 312 20 112 14.7 0.9 586.3 40.5 
15 387 22 125 14.5 1.1 579.6 39.1 

Char (17) 487 25 173 5.3 0.1 679.0 39.1 

Transverse 
 

2 104 20 120 7.3 0.2 499.6 33.8 
9 199 21 126 7.6 0.2 508.8 28.6 

11 249 25 150 7.9 0.2 520.7 26.2 
13 312 25 148 7.3 0.3 525.2 60.7 
15 387 23 132 7.8 0.3 587.9 40.3 

Char (17) 487 35 191 6.5 0.5 1191.6 162.6 
1 σ is the standard deviation 

The differences in the longitudinal and transverse elastic moduli indicate the wood is anisotropic 

up to 400°C because the longitudinal modulus is higher than the transverse modulus. From Figure 

4.5, the difference in longitudinal and transverse Es
NI is minimal in the char, indicating that the 

material is a mostly isotropic carbonaceous residue and that the cellulose has pyrolyzed. The 

increase in the transverse hardness indicates an increase in resistance to plastic deformation and a 

transition to elastic behavior. 

 
Figure 4.5: Experimental longitudinal and transverse nanoindentation elastic moduli (left) and hardness 
(right) of Douglas-fir cell walls as a function of calculated temperature. 
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4.4 Discussion 

The intention of this work was to investigate the mechanical response of the material (Es
NI and H) 

through the gradient found in charred wood. As previously found, the stiff cellulose microfibrils, 

which are oriented close to parallel with the longitudinal direction, cause the longitudinal elastic 

moduli to be consistently higher than the transverse elastic moduli in the uncharred wood [11]. 

Below temperatures of 400°C, the longitudinal Es
NI was nearly twice that in the transverse 

direction, which is in good agreement with previously published works on the mechanical 

properties of the wood cell wall [10, 11, 16, 20-22].  

Compared to studies on pyrolyzed wood, the Es
NI are consistent with the values from Zickler et al. 

and Brandt et al. at temperatures below 275°C, but the decrease in Es
NI measured here occurs at a 

higher temperature than observed by Zickler et al. and Brandt et al. [1, 12]. The difference may be 

due to the type of wood, whether or not embedment was used, the thermal modification method 

and the relative humidity (RH) humidity during nanoindentation experiments. It has been shown 

that the elastic modulus is highly sensitive to moisture content [11]. Unfortunately, both Zickler et 

al. and Brandt et al. did not discuss the RH conditions during the nanaoindentation experiments. 

However, Lindstrom conducted experiments on pyrolyzed red oak at 50% RH and found that the 

nanoindentation elastic modulus and hardness in the transverse direction increased after thermal 

deconstruction likely due to the reduced water sorption capacity [14]. Here, since water was not 

introduced to the cell walls, no notable difference in the elastic modulus and hardness is observed 

in the material properties until the charred region.  

The nanoindentation results provide valuable information on the changes on the cell wall 

mechanical properties during pyrolysis after the moisture has been driven off. However, the 

temperature during nanoindentation experiments may affect the results. Future work will focus on 
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developing a hot stage to use with the nanoindentation equipment to observe the effects of 

temperature in dry conditions. Additionally, further investigation is recommended on additional 

wood species with varying fire exposures. Nevertheless, the results here show that, regardless of 

the chemical changes, the largest effect in the secondary cell wall mechanical properties occurs 

when the stiff cellulose microfibrils are broken down at high temperatures and that this occurs in 

a narrow region of approximately 2 mm. 

4.5 Conclusions 

The mechanical properties of the secondary cell wall in charred wood exposed to fire have been 

measured through the gradient caused by pyrolysis. Overall, the decomposition of wood cell walls 

exposed to temperatures above 400°C is visible by the loss of the distinct cell wall features. 

Additionally, the exposure to high temperatures alters the anisotropy of the latewood cell wall to 

an almost isotropic behavior in the char. The longitudinal elastic modulus does not change at 

temperatures below 400°C under dry conditions with a drastic change noted at a calculated 

temperature of 487°C. This suggests that, for wood exposed to fire with a gradient from the 

unmodified wood to the char, a change in the stiff cellulose microfibrils occurs in a narrow, 2 mm, 

region and temperature range. 
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Chapter 5. Discussion 

This chapter brings together the combined results from XPS, TGA, and nanoindentation to 

construct a more complete picture of pyrolysis in wood. 

5.1 Summary of Experimental Results 

Thermogravimetric Analysis 

The first experiments, described in Chapter 2, focused on the traditional method of 

thermogravimetric analysis (TGA) to assess thermal degradation of isolated wood polymers and 

Douglas-fir latewood. However, unlike previous studies, effects of atmosphere (nitrogen versus 

air with 𝑃𝑃𝑂𝑂2 = 0.2 𝐴𝐴𝑑𝑑𝑚𝑚) within a single set of specimens were explored. Additionally, the thermal 

degradation of Douglas-fir was compared to the weighted average of the thermal degradation of 

the isolated polymers. Similar to what has been reported in previous studies [1-3], the samples in 

air experienced two stages of active pyrolysis: degradation of the wood polymers then degradation 

of the residue. Additionally, for all materials except the isolated lignin, the rate of mass-loss peaked 

at lower temperatures in air than in nitrogen, suggesting that a component of air (e.g., oxygen) not 

present in nitrogen plays a role in breaking up the polymer networks. Overall, mass loss of 

Douglas-fir resembles the weighted average of the mass loss exhibited by individual polymers but 

does not exactly duplicate this average. Instead, thermal degradation of the Douglas-fir most 

closely follow that of cellulose, suggesting that degradation of cellulose has the greatest influence 

on the degradation of wood during pyrolysis (Figure 5.1), even though cellulose only makes up 

approximately 36% of the mass of the Douglas-fir specimens studied here. 
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Figure 5.1: Mass fraction of Douglas-fir latewood during dynamic TGA experiments at 10˚C/min compared 
to individual wood polymers in nitrogen (left) and air (right). 

X-ray Photoelectron Spectroscopy 

To evaluate the chemical changes through charred Douglas-fir latewood, x-ray photoelectron 

spectroscopy (XPS) was conducted and discussed in Chapter 3. While XPS is a common surface 

analysis technique, it has not been extensively used on wood, and the experimental methods are 

not well-established. Not surprisingly, the preliminary experiments conducted showed a range of 

results depending on sample preparation and instrument settings. It took concerted effort to find 

the optimal method for measuring wood pyrolysis. Since XPS analysis requires ultra-high vacuum 

during the experiments, the lipophilic extractives in the wood can migrate to the surface, causing 

an artificially high C-C peak and a low O/C ratio. Removing the extractives was a necessary step 

in specimen preparation to remove this artifact. Secondly, the use of an argon ion energy beam to 

etch the surface to remove adventitious carbon was not appropriate for wood as it causes distortion 

in the spectra. 

After establishing a tight experimental protocol, XPS was used to investigate how the chemical 

bonds present in cellulose and lignin evolve under exposure to high temperatures. Measurements 
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of the changes in bonding along the temperature gradient normal to the surface of charred Douglas-

fir were also taken. For both isolated cellulose and lignin, the predominate C1s peak component 

belonged to the C-O bond until higher temperatures, where it was replaced by the C-C bond. For 

cellulose, the C-C peak became more prominent at higher temperatures beginning at approximately 

365°C. For the lignin, the C-C bonds were more prevalent at temperatures above 300°C. The XPS 

results provide the first measurements of the changes in chemical bonds present through the 

gradient caused by pyrolysis in wood.  

Nanoindentation 

The last set of experiments employed nanoindentation to measure secondary cell wall hardness 

(H) and modulus (Es
NI) as functions of exposure temperature in charred Douglas-fir latewood. 

Properties of wood exposed to temperatures below 275°C were found to be anisotropic as reported 

by others [4, 5]. However, above 275°C the results of others showed a decrease in EsNI around 

300°C while the decrease was not observed until 400°C in the work conducted here. Above 400°C 

the transverse hardness increased, indicating an increase in resistance to plastic deformation and a 

transition to elastic behavior. The mechanical changes observed occurred across a narrow range in 

the specimen, about 2 mm in thickness, spanned by a 100°C difference (from 387°C to 487°C) in 

temperature. 

5.2 Advancing the Understanding of Pyrolysis  

Mass Loss versus Bond Scission 

TGA and XPS data from cellulose, lignin, and solid wood are combined in Figures 5.2, 5.3, and 

5.4, respectively, as functions of temperature. The XPS data presented is the CC/CO ratio. CC is 

calculated at the sum of the C-C, C=C and π-π* peak ratios and CO is calculated at the sum of C-
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O, C=O and COOH peak ratios (see Chapter 3). From the TGA results for exposure to air, the rate 

of mass fraction loss (MF’) exhibits a peak in the range 300°C to 350°C. This is the same range of 

temperature across which the C-O bond peak ratios diminish, while the C-C bond peak ratios grow. 

These changes are observed in the CC/CO ratio shown in Figure 5.2. Notably, the TGA peak for 

exposure to nitrogen, also shown, falls at a higher temperature. The bond scission and changes in 

peak ratios correlates best to the rate of change in the mass fraction in air because the specimens 

were pyrolyzed in air.  

 

Figure 5.2: XPS and TGA results for cellulose. The black dotted lines have been added to help guide the 
eye. 

For the isolated lignin, the onset of thermal degradation from TGA begins at 127°C in air (below 

the limits shown in Figure 5.3) but the rate of mass loss only peaks above 400°C. Given that 
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structure of lignin is more complex [6] than that of cellulose, it is not surprising that lignin exhibits 

a more complex mass loss spectrum than cellulose. Like the cellulose, the lignin specimens for 

XPS analysis were exposed to high temperatures in air. Because of this, specific focus is given to 

the TGA curve in air. Between 250°C and 300°C, there is a gentle peak in mass loss superimposed 

above a broad background. Just beyond this shoulder, at approximately 312°C, the CC/CO ratio 

begins to increase as the C-O bond peak ratio decreases. Additionally, above 312°C, an increase 

in the C-C peak ratio is observed just before the peak mass loss rate at 425°C. Unlike the cellulose, 

the CC/CO ratio trends upward before the peak mass loss rate. This is likely due to the fact that 

there are less hydroxyl groups in the lignin to cleave. Past the peak mass loss rate, it would be 

expected that the C-C and C=C bonds would be most prevalent, and the C-O bonds would be 

removed. 
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Figure 5.2: XPS and TGA results for lignin. The black dotted line has been added to help guide the eye. 

For the Douglas-fir latewood (Figure 5.4), the onset of thermal degradation from the TGA results 

occurs at temperatures of 218°C and 233°C in nitrogen and air, respectively. A slight decrease in 

the CC/CO ratio between 100°C and 220°C is due to a decrease observed in the C-O peak ratio. 

This decrease illustrates that, while there is no mass loss recorded during TGA, the chemical bonds 

are is changing via scission. The bond that are breaking are likely from the less thermally stable 

sidechains in the hemicellulose or lignin. Above 350°C, the CC/CO ratio begins to increase. This 

increase correlates with the shoulder that occurs before the peak mass loss rate in the differential 

TGA curve in nitrogen. The correlation to the TGA curve in nitrogen is due to the limited amount 

of oxygen that diffuses into the wood during a fire. The TGA results correlate well with the changes 

observed in the chemical bonds through the gradient from pyrolysis in Douglas-fir latewood. 

However, the changes in chemical bonds observed using XPS at lower temperatures were not 

noticeable via the mass loss recorded from TGA. 
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Figure 5.4: XPS and TGA results for charred Douglas-fir latewood. The black dotted line has been added 
to help guide the eye. 

Effect of Elemental Composition on Mechanical Properties 

Comparing the chemical changes observed using XPS to the secondary cell wall mechanical 

properties, the effects of the exact composition and gradual pyrolysis can be observed. Figure 5.5 

plots the CC/CO ratio versus to modulus and hardness. The CC/CO ratio remains relatively constant 

for temperatures between 100°C and 380°C. In this same temperature range, the transverse and 

longitudinal Es
NI and H remain unchanged and indicate the wood is still anisotropic. Notable 

changes in the longitudinal Es
NI and transverse H are not observed until after the C-C peak becomes 

the predominate C1s component, which is observed in the increase in CC/CO ratio. Collectively, 

these results suggest that, at dry conditions, although matrix biopolymers are being volatized is it 
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not enough to decrease the mechanical properties until the cellulose completely degrades in the 

char region. 
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Figure 5.5: CC/CO ratio obtained with XPS plotted with Es
NI (top) and H (bottom) for charred Douglas-fir 

latewood. 

Ultimately, the combined results from XPS, TGA, and nanoindentation to construct a more 

complete picture of pyrolysis in wood. There is a correlation between the TGA and XPS data with 

XPS providing a deeper understanding into the chemical changes causing mass loss in whole 

wood. The combined TGA and XPS data also indicate that the atmosphere in which the specimens 

were pyrolyzed in matters and that the reducing atmosphere better describes the changes caused 

by pyrolysis in the Douglas-fir latewood. By combining the chemical changes from XPS with the 

mechanical changes from nanoindentation, the cell wall mechanical response remains constant 

until the carbon atoms bound to other carbon atoms exceeds the carbon atoms bound to oxygen.  
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Chapter 6. Conclusions and Outlook 

6.1 Conclusions 

Three experimental techniques were used to gain a deeper understanding of the molecular-scale 

changes in bulk wood as it undergoes pyrolysis.  

• A systematic study using thermogravimetric analysis (TGA) in both nitrogen and air 

showed that the thermal degradation of the Douglas-fir latewood cannot be represented by 

the weighted average of the individual polymers, as is often assumed [1-3] and, instead, a 

rate-limiting model is required. This result suggests that the in situ interactions among 

intermingled wood polymers affect the kinetics of pyrolysis.  

• X-ray photoelectron spectroscopy (XPS) revealed, for the first time, the chemical changes 

caused by pyrolysis in thermally thick wood. XPS showed that thermal degradation via 

bond scission begins at lower temperatures (100°C to 200°C) than suggested from TGA 

(>200°C).  

• Nanoindentation reveals that the hardness and modulus of the S2 cell wall in dry, charred 

Douglas-fir at the cellular level remains unchanged until the cellulose completely degrades 

at temperatures above 400°C. This varies from previous work [4, 5] that showed a decrease 

in the modulus at lower tempers and signifies that, when dry at ambient temperatures, the 

mechanical response does not change until the char layer.  

• The bond scission that occurs during pyrolysis in bulk wood correlates well with the mass 

loss changes observed using TGA and the changes observed from the anisotropic wood 

becoming isotropic char. 
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6.2 Recommendations for Research Directions 

The use of XPS can be expanded in numerous ways to provide a deeper understanding of pyrolysis 

of the wood polymers in situ caused by exposure to fire. XPS provided the elemental composition 

through the pyrolyzed region of wood. This technique could be combined with other spectroscopic 

techniques to compare the pyrolyzates to the remaining material. For instance, Fourier-transform 

infrared spectroscopy (FTIR) or gas chromatography–mass spectrometry (GC-MS) could analyze 

the pyrolysis products generated with time as wood is exposed to a heat flux. Then, XPS can be 

conducted on the pyrolysis region to compare the temporal and spatial results, providing a more 

complete picture of wood pyrolysis. 

Here, one heat flux was used to develop the thermal profile in the Douglas-fir specimen. 

Conducting XPS on wood that has been exposed to other fire scenarios could provide details 

related to how deep the thermally affected region is below the char layer. This information is useful 

for pyrolysis models and engineering design calculations. It is also important information for the 

manufacturing of, and designing with, engineered wood products that rely on adhesives to remain 

structurally sound at high temperatures. Because adhesives can penetrate wood cell walls, the 

elemental compositional changes as the thermally affected region migrates closer to an adhesive 

bond line could cause adhesive formulations to be reconsidered. XPS could also provide valuable 

information on how other chemical modifications not discussed in this research, such as the 

addition of fire-retardant chemicals, alters the thermal degradation of the wood polymers. 

While Douglas-fir was used here, the investigations related to the changes caused by pyrolysis in 

other species should be explored for further validation of the results. It has been shown that 

different species produce char at different rates [6]. White noted that one reason for this is the 

different quantities of the polymeric components present since the chemical composition will 



118 
 

influences the kinetics of pyrolysis. For instance, lignin constitutes 23% to 33% of the wood 

substance in softwoods and 16% to 25% in hardwoods. The pyrolysis region in species that 

represent the upper and lower bounds of the polymer components can be compared using XPS to 

evaluate the effect of the chemical composition. 

As pointed out by Lautenberger, the ability the model various pyrolysis phenomena for practical 

solid combustibles is limited by the ability to determine the model input parameters that control 

the phenomena [3]. The TGA results can be systematically expanded (e.g., more components and 

vary the fraction of components in different temperature ranges) to develop a model that more 

closely represent the pyrolysis in wood. Additionally, to obtain the necessary model input 

parameters, a study to measure material properties, such as the thermal conductivity, is still 

required. Once the material properties are measured, they can be provided as input parameters to 

a model and used to simulate pyrolysis in appreciably thick wood. The potential to use XPS to 

obtain additional material properties should be investigated. In particular, the potential use of the 

charge compensation from XPS, in conjunction with other methods such as scanning thermal 

microscopy, to determine the thermal conductivity through the pyrolysis region would be of 

interest.  

The nanoindentation experiments here were conducted at room temperature. The development of 

a hot stage to allow nanoindentation experiments to be conducted at temperatures above 400°C is 

recommended to compare to the results here. This will determine if the moisture content or the 

temperature has a larger effect on the cell wall mechanical properties. This knowledge would 

provide a deeper understanding related to the heat-affected depth in wood building products.  
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Using XPS and nanoindentation to evaluate the pyrolyzed region in wood exposed to fire has 

increased the understanding the chemical and physical changes that occur during pyrolysis and 

created new avenues for research directions. 
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Appendix A: Co-Pyrolysis Kinetic Model 

Introduction 

The weighted average model assumes wood pyrolyzes the same way that a loosely aggregated, 

physical mixture of the isolated polymers might, i.e., without interactions among them. Indeed, 

the weighted average model offers a rough approximation to pyrolysis of Douglas-fir. However, a 

close examination of the curves in Figure 2.4, suggests that a better agreement would be obtained 

if the cellulose more heavily weighted than hemicellulose and lignin. Since the cellulose, 

hemicellulose, and lignin are closely intertwined on the nm-level within the wood cell walls; it 

goes against reason that there will be no interactions. Here, a new "co-pyrolysis" model is proposed 

in which pyrolysis of portions of the hemicellulose and lignin is rate-controlled by pyrolysis of the 

cellulose. The basis for the idea is illustrated in Figure A.1. Because of the close intermingling of 

the polymers, the most prevalent polymer, cellulose, controls the rate of pyrolysis of the other two 

polymers.  

 
Figure A.1: Co-pyrolysis of intertwined wood polymers 
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Model for co-pyrolysis of wood polymers  

Physical model for evaporation of isolated polymers 

We introduce a reasonable physical picture to describe the active and passive phases of pyrolysis 

without having to incorporate ad-hoc assumptions or an additional physical mechanism. We 

assume that mass loss during pyrolysis results from a reaction in which a portion of the substance 

is released into the environment, leaving behind a residue. The residue pyrolyzes at a much higher 

temperature. It might also incorporate part of the atmosphere, for instance, if the reaction takes 

place in an oxidizing atmosphere, but we neglect this possibility for now. Here, it is assumed that 

the substance and its residue are mutually soluble, and that their thermodynamics can be described 

by regular solution theory [1]. Therefore, as the reaction continues and residue accumulates, the 

activity of the remaining unreacted mass diminishes (by a path that follows the prediction of the 

regular solution model), slowing down the reaction and leading to the passive phase of pyrolysis. 

Adaptation from regular solution theory to Flory-Huggins theory will follow [1]. 

We begin with the Hertz-Knudsen Equation [2, 3], 

𝑑𝑑𝑁𝑁𝑠𝑠
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑝𝑝𝑠𝑠
�2𝜋𝜋𝑚𝑚𝑠𝑠𝑘𝑘𝐵𝐵𝑅𝑅

     eq. A.5 

which describes the rate of 𝑠𝑠-type molecules (N) sticking to surface (in units of 𝑚𝑚−2𝑠𝑠−1) in an 

atmosphere with vapor pressure 𝐴𝐴𝑠𝑠. 𝛼𝛼 is the sticking coefficient,  𝐴𝐴 the vapor pressure, 𝑚𝑚𝑠𝑠  is the 

mass of a particle (in kg), kB is the Boltzmann constant, and T is temperature (in K). At equilibrium, 

this equation must also represent the number of s-type molecules leaving the surface per unit time, 

since for equilibrium the rates of evaporation and deposition must be equal. Therefore, if all 

molecules are removed from the system, this equation represents the number of molecules leaving 

per unit time: the rate of evaporation. We are interested in the effects of activity and temperature 
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on evaporation. Since activity is merely 𝑎𝑎𝑠𝑠 = 𝐴𝐴𝑠𝑠/𝐴𝐴𝑠𝑠0 where 𝐴𝐴𝑠𝑠0 is vapor pressure of the pure 

substance, then the rate of atoms leaving the surface can be written as  

�̇�𝑁𝑠𝑠 = 𝑎𝑎𝑠𝑠�̇�𝑁𝑠𝑠0𝐴𝐴(𝑚𝑚𝑠𝑠)     eq. A.6 

where �̇�𝑁𝑠𝑠0 is the rate of molecules leaving the surface per unit time per unit area for the pure 

substance. 𝐴𝐴 is the surface area of mass 𝑚𝑚𝑠𝑠 

The total rate of loss of molecules is: 

�̇�𝑁𝑠𝑠0 = 𝐾𝐾0𝑎𝑎𝑠𝑠 exp �− 𝐸𝐸
𝑘𝑘𝐵𝐵𝑅𝑅

�𝐴𝐴(𝑚𝑚𝑠𝑠)    eq. A.7 

where 𝐴𝐴 is the surface area of the substance. Equations (A.6) and (A.7) establish the equilibrium 

vapor pressure as a function of time. Lastly, the activity of a component in solution (the molecule, 

e.g., cellulose, dissolved in its residue) is estimated from the regular solution model as: 

𝑎𝑎𝑠𝑠 = exp � Ω
𝑅𝑅𝑅𝑅

(1 − 𝐴𝐴𝑠𝑠)2�     eq. A.8 

where Ω is the regular solution energy parameter describing the enthalpy of mixing, Δ𝐻𝐻 =

Ω𝐴𝐴𝑠𝑠(1 − 𝐴𝐴𝑠𝑠), for a solute of concentration 𝐴𝐴𝑠𝑠 and solvent of concentration (1 − 𝐴𝐴𝑠𝑠). The rate of 

evaporation, per unit area, can therefore be represented as: 

�̇�𝑁𝑠𝑠 = 𝑎𝑎𝑠𝑠𝐾𝐾0′ exp �− 𝐸𝐸
𝑘𝑘𝐵𝐵𝑅𝑅

�    eq. A.9 

where 𝐾𝐾0′ takes into account the area of the evaporating particle which, in principle, depends on 

the loss of mass depending on how the area of evaporation changes as mass is lost. However, for 

the moment we assume this effect is small compared to the exponential and activity parameter, 

which dominate the temperature-dependence of pyrolysis during heating.  
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Mass balance considerations are: 

Rate of evaporation = 𝑑𝑑𝑚𝑚𝑠𝑠
𝑑𝑑𝑑𝑑

    eq. A.10 

Rate of accumulation of residue 

𝑑𝑑𝑚𝑚𝑟𝑟
𝑑𝑑𝑑𝑑

= −𝑓𝑓 𝑑𝑑𝑚𝑚𝑠𝑠
𝑑𝑑𝑑𝑑

                   eq. A.11 

where 𝑓𝑓 is the fraction of mass left behind (which is typically less than 1 but not constrained by 

this condition). 𝑓𝑓 can even be greater than 1 if something from the atmosphere is incorporated into 

the residue). Remaining mass: 

 𝑚𝑚𝑑𝑑𝑜𝑜𝑑𝑑 = 𝑚𝑚𝑠𝑠 + 𝑚𝑚𝑟𝑟     eq. A.12 

Mass fractions  

𝐴𝐴𝑠𝑠 = 𝑚𝑚𝑠𝑠/(𝑚𝑚𝑠𝑠 + 𝑚𝑚𝑟𝑟); 𝐴𝐴𝑟𝑟 = 1 − 𝐴𝐴𝑠𝑠     eq. A.13 

Rate of change in 𝑚𝑚𝑠𝑠: 

  𝑑𝑑𝑚𝑚𝑠𝑠
𝑑𝑑𝑑𝑑

= −𝑎𝑎𝑠𝑠𝐾𝐾0′′ exp �− 𝐸𝐸
𝑘𝑘𝐵𝐵𝑅𝑅

�    eq. A.14 

Or removing the (unnecessary) primes 

𝑑𝑑𝑚𝑚𝑠𝑠
𝑑𝑑𝑑𝑑

= −𝑎𝑎𝑠𝑠𝐾𝐾0 exp �− 𝐸𝐸
𝑘𝑘𝐵𝐵𝑅𝑅

�    eq. A.15 

If, in the experiment 𝑟𝑟0 = 𝑑𝑑𝑅𝑅
𝑑𝑑𝑑𝑑

  is the rate of change in temperature, then we may write 

  

𝑑𝑑𝑚𝑚𝑠𝑠 = −𝑎𝑎𝑠𝑠𝐾𝐾0 exp �− 𝐸𝐸
𝑘𝑘𝐵𝐵𝑅𝑅

� 𝑑𝑑𝑅𝑅
𝑟𝑟0

   eq. A.16 
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This equation can be integrated numerically and compared with the mass loss data. It is necessary 

to take into account the mass balance equations A.10 to A.12 and activity A.8, which can be 

updated during the integration.  
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