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Abstract 

The process of thermally treating wood can impart desirable properties such as 

an aesthetically appealing color, dimensional stability, and increased resistance to 

moisture and fungal decay.  However, potential undesirable outcomes, such as 

increased brittleness, may arise with extensive thermal treatment.  Due to this risk, it is 

extremely important to quantify the extent of heat treatment on a specimen for quality 

control.  Previously, free radical content in thermally treated wood was discovered. We 

therefore set out to quantify the radical content of thermally treated wood samples 

utilizing electron paramagnetic resonance (EPR) spectroscopy and attempted to find out 

if this could be correlated with the extent of heat treatment.  We heat-treated samples 

using a pilot-scale, in-house oven kiln (an industrially relevant process), as well as in the 

highly controlled and quantifiable environment of a thermogravimetric analysis (TGA) 

analyzer.  With these wood samples, we measured the free radical content using EPR to 

determine the correlation between radical content and other factors such as: treatment 

temperature, treatment atmosphere, rate of formation, treatment time, and the effects of 

moisture.  Our main goal was to find reliable methods for quantifying the extent of heat 

treatment in thermally treated wood by the use of EPR spectroscopy. 
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Chapter 1 

Introduction 

 

1.1 Background on wood 

 Wood is one of the greatest renewable materials on earth and its uses are 

endless. There are two wood classes of trees, hardwood and softwood.  Hardwood 

trees, scientifically referred to as a deciduous tree, is a tree that bears leaves.1  Whereas 

softwood tree, or a coniferous tree, is a tree that bears cones or needles.1 

It is easy to mistake the words “hardwood” and “softwood” as indicators of 

strength and structural integrity. However, the name of the wood has nothing to do 

with its actual performance as a structural material but can give clues to the weight and 

density of a wood’s composition. Hardwood generally has a denser composition and is 

heavier in weight than its softwood counterpart.2  In fact, both hardwood and softwood 

are commonly used as construction material. Typically, softwood is more likely to be 

used in the creation of accent pieces, while hardwood is more commonly utilized in the 

composition of structural pieces. This is seen in the use of softwood during the 

construction of doors, furniture, and frames, while hardwood is typically utilized for 

walls, ceilings, and floors.2  

 As with any material, there are positive and negative factors to consider when 

deciding to use wood. Wood is a very strong material with a compressive strength 

(weight or stress in the form of pushing) that is much stronger than its tensile strength 
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(resistance of being pulled apart). Even more impressive is that wood’s tensile strength 

is stronger than aluminum and glass, with some types being even stronger than 

concrete.1 Compared to steel, wood becomes stronger as it is exposed to heat and loses 

its moisture content, whereas steel tends to expand and warp, decreasing its reliability 

and strength.2  Despite these clearly positive attributes, wood is not always the best 

choice as a construction material and in applications. Commonly known for its 

vulnerability to water, wood is easily susceptible to rot and mold. Wood also tends to 

attract pests like insects or other invasive animals.3 

 To alleviate some of the downfalls of wood as a material and make it more 

attractive in use of structural applications, wood is often treated with different 

chemicals such as wood preservatives.  Treating wood in this way can help to prevent 

rot, mold, insects, other pests, and environmental factors from harming the integrity of 

the wood. However, many of these chemicals are toxic to the environment and to 

humans. For example, one of the most common chemicals that is used in the chemical 

treatment process is creosote, a chemical wood preservative that has been closely 

linked to the development of cancer, liver failure and other ailments, and is widely 

considered toxic to humans.1,4  To help wood be more fire-retardant, wood is also 

treated with various fire-retardant chemicals. 

Human ingenuity has identified a technique of thermally treating wood that 

allows individuals to take full advantage of the many great properties of wood while 

simultaneously eliminating, or greatly reducing the costs or any concerns associated 

with chemically treated wood. 
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1.2 The process and application of thermally treated wood 

 An alternative to chemically treating wood, with significantly fewer risks of 

toxicity, is thermally treating wood.  Thermally treated wood is placed under heat and 

pressure for a specific amount of time. Many of the same desired properties of wood 

persist without the use of chemicals and can be applied to both hardwood and 

softwood.  

 Wood is primarily made up of cellulose, hemicellulose, and lignin (Figure 1.2.1).5  

To understand the way these three interact with each other it is best to think of it as a 

brick wall, where cellulose is the bricks, lignin is the rebar, and hemicellulose is the 

mortar that helps bind it all together.6  A closer image on a cellular level of how this 

interwoven network exists is in Figure 1.2.27 while an analogous structure of an actual 

brick wall is given in Figure 1.2.3.8  Once wood is heated between temperatures of 160-

220 °C, the breakdown of hemicellulose occurs, cellulose crystallization starts at 

temperatures above 160 °C, decomposition of lignin starts at temperatures above 280 

°C, and decomposition of crystalline cellulose happens at temperatures between 300-

340 °C.8  It is suspected that free radicals are produced through thermal treatment.  

There is disagreement about, and perhaps many possibilities for, where the free radicals 

occur and how they form. ThermoWood concludes that the free radicals come from the 

thermal structural changes from lignin.9  Whereas the U.S.D.A concludes that the 

radicals come from the thermal breakdown of cellulose molecules that do not convert 

into levoglucosan (Figure 1.2.4).10 
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Cellulose forms a polymer chain on carbon one and carbon four (seen in Figure 

1.2.4).  When cellulose depolymerizes due to heat, radicals are left on both sides of the 

chain, in one or two different orientations.  If the oxygen is left on carbon four, the 

radical stabilizes and the cellulose converts into levoglucosan.10  If the oxygen is left on 

carbon one, the stereochemistry doesn’t allow the conversion to levoglucosan, keeping 

a radical on carbon four while the oxygen forms and oxygen bond. 

Through the development of the thermal treatment process, the wood industry 

has achieved an advancement that is safer for people and the environment.  Individual 

companies use various techniques to produce different heat-treated wood products, 

with the intensity and type of treatment affecting the performance properties of their 

products.  Temperature, wood species, moisture content, atmospheric conditions, and 
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time are a few variable components that are involved in the intensity of treatment.8  

New Option Wood, Thermo Treat, Firmolin, and ThermoWood are examples of popular 

wood companies with varying thermal treatment techniques.6  The temperatures of 

treatment at each company range between 170 °C and 215 °C.  Methods of thermal 

treatment vary between companies and are often unique within an individual 

company’s process.  For example, New Option Wood has two lines of wood treatment: 

Retification and Perdue. The Retification process utilizes a nitrogen rich atmosphere, 

and the Perdue process utilizes an oxygen rich atmosphere.6  ThermoWood uses two 

processes called Thermo-S and Thermo-D which utilizes different temperatures and 

types of wood.9  Softwoods are treated at 190 °C for the Thermo-S process and 212 °C 

for Thermo-D.  Hardwoods are treated at 185 °C for the Thermo-S process and 200 °C 

for Thermo-D.9 

There are disadvantages to the thermal treatment processes.  Over or under 

treatment of wood can lead to problems with uniformity in product quality.  If wood is 

undertreated, mold resistance, heat resistance, and an increase in structural strength, 

among other desired qualities, will not be fully achieved.  However, if the sample is 

thermally treated too much, undesirable qualities will appear in the wood such as 

increased brittleness, decreased density, and a decrease in bending strength.8  A process 

to precisely and accurately thermally treat wood was an important goal in this study in 

order for us to reliably prepare samples under varied conditions.  Using a kiln or a 

thermogravimetric analyzer (TGA) are the two methods of thermally treating wood that 

we will use in this study. 
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The first question is, therefore, how do we quantify the thermal treatment of 

wood to achieve a more uniform material? 

 

1.3 Quantification of heat treatment 

 Demand for thermally treated wood increased across the United States as the 

practice of thermally treating wood gained popularity. In a professional consumer 

perception survey administered by the Forest Products Management Development 

Institute at the University of Minnesota, thermally treated wood scored high on 

environmental performance, aesthetics, and durability compared to other wood 

products.11  However, due to the variety of treatment procedures, there is a lack of 

product standards, process, and quality consistency among different producers.6  This 

lack of consistency places unnecessary strain on the market for the rise in demand of 

thermally treated wood.6 

 As concerns rise for illegal logging and the use of toxic chemicals, the need for an 

industry standard is apparent.6  A favorable aspect of thermally treated wood to the 

average consumer was the desirable look after treatment, or the aesthetic aspects.11  

Some companies, such as Menz Holz, use hot oil as a medium for heat transfer which 

functions as a stain or a lacquer. This process produces a better aesthetic with its end 

product that most consumers find attractive.6  Menz Holz lists this process as both an oil 

treatment and a thermal modification process which veers away from traditional ways 

of thermally treating wood.  Concerns arose for companies using methods outside of the 
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traditional ways of thermally treating wood due to the little knowledge of consumers 

and their acquisition of these products.6 

To solve this problem, an industry standard needed to be found by measuring 

the extent of thermal treatment in a sample of wood.  The key part was defining a 

standard range where acceptable thermally treated wood could lie.  The standard range 

of thermal treatment would have an upper and lower limit of treatment.  The lower 

limit would be where the wood is not treated enough.  The upper limit is where the 

wood is treated too long leading to a brittle, unsound product.  If the wood fell 

anywhere outside the limits, it would not be deemed to bear the name of thermally 

treated wood.  

 Initial tests were conducted by the National Resources Research Institute (NRRI) 

and by other contracted companies on how to measure the extent of heat treatment 

and to create a standard.  Through preliminary research, it was found that thermally 

treated wood possesses free radicals (vide supra Chapter 1.2).  The question now 

became can one see a free radical correlation to the extent of heat treatment? If so, can 

a known radical measuring technique like Electron Paramagnetic Resonance (EPR) 

spectroscopy be utilized to measure those free radicals? 

 

1.4 EPR background 

 Electron Paramagnetic Resonance (EPR) spectroscopy, also known as Electron 

Spin Resonance (ESR) spectroscopy, is a useful technique to study free radicals. Free 

radicals, or unpaired electrons, can be highly reactive and are often used as a chemical 
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reaction initiator or for chain propagation, but can also be harmful, damaging our cells 

and causing illnesses.12  Many of the foods we eat have free radicals in them and our 

bodies produce free radicals as well.  Natural enzymes, like superoxide dismutase, and 

antioxidants, like vitamin C or E, eliminate free radicals in our bodies.13 

 EPR is a way to measure the quantity of free radicals in a substance and to figure 

out on what molecule the free radical exists.  EPR measures the energy separation 

between an electron’s two spin states of + and - 1/2 (spin up and spin down).  An EPR 

experiment involves a few steps.  First, the sample is placed in a magnetic field which 

separates the energy levels of the electron’s two spin states.  Next, the EPR instrument 

emits microwaves onto the sample and records the microwaves that come back.  The 

spectrometer will then sweep a magnetic field and record the signal variation of the 

microwaves resonating back to the detector. 

Some key factors of running EPR are magnetic field sweep, scan time, time 

constant, and number of scans.  Magnetic field sweep is the actual gauss (G) range of 

the magnetic field that is “run” or “swept” in an EPR scan.  It is important to have the 

field sweep large enough to capture all of the sample’s signal.14  Scan time is the time 

the machine takes to start at one end of the magnetic field and to sweep and scan to 

the other end.  The time constant is how quickly the data can be detected and 

converted with the change in signal, on newer EPR spectrometers it can be referred to 

as the DGRC filter.  Signal resolution and hyperfine peaks can be lost with an imbalance 

of the two.  The more you increase the time constant the more you should also increase 

the scan time.14 It is also important to have repetitive scans.  With older EPR 
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spectrometers being retrofitted to computer exports, some runs are faulty. Running lots 

of scans and signal averaging is best to get a good signal to noise ratio in the data.  

There is a relative decrease in random noise to signal that is proportional to the square 

root of the total number of average scans.14  Finally, if you want to quantify the amount 

of free radicals in a sample you must take the double integral of the data.  The signal 

intensity is proportional to the radical concentration.14 

 

 

 

 

1.5 Thermogravimetric Analysis Analyzer background 

 Thermogravimetric analysis (TGA) is a form of analysis used to study direct 

relationships between temperature, time, and mass.  TGA allows the study of connected 

chemical relationships in different materials and chemicals.  A few of these relationships 

are quantification of solvent loss, plasticizer loss, decarboxylation, pyrolysis, oxidation, 

and decomposition.15 The accurate and precise control and measurement of 

temperature and mass are important. The atmosphere within the instrument can also 

be controlled with tanks of compressed gasses such as nitrogen and oxygen.  The 

accuracy and controllability of TGA allows for testing thermal treatment of wood on a 

smaller scale to address questions and to find answers about the larger scale processes.  

An example of a TGA analysis can be seen below in figure 1.5.1.15  The carbon content 

was found in a sample of ethyl cellulose by an increase in temperature and a 
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nitrogen/oxygen gas combustion switch.  The change in weight after the switch is the 

carbon content. 

 

 

1.6 Summary 

 The process of thermally treating wood creates a more reliable, aesthetically 

pleasing, healthier product that is in demand by consumers. However, the industry has 

not yet caught up to the growing demand, and this relatively new technique lacks 

industry standards. This could be problematic for consumers, as well as producers.  A 

process for quantifying heat treatment should be created to determine the limits of an 

industry standard.  One method to accomplish this is utilizing EPR spectroscopy.  Using 

EPR spectroscopy, methods can be tested to see if there is a correlation between EPR 

free radical signal and the extent of heat treatment.  To more accurately control heat 

treatment, a TGA analyzer will be utilized for its analytical grade control and 

measurement of temperature, weight, and atmosphere.  By getting a deeper 

understanding and utilizing EPR spectroscopy, TGA, and thermally treated wood I will 
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attempt to answer the question: Can the quantification of wood thermal treatment be 

accomplished by a correlation in EPR spectroscopy? Our hypothesis is that radical 

content indeed increases with heat treatment and EPR can readily detect radicals. We 

need however, to determine how heat treatment and radical content varies with time at 

a given temperature, and at varied temperatures.   
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Chapter 2 

Materials and Methods 

 

2.1 Wood sample preparation 

 With wood being the pivotal focus of this project, it is important that sample 

preparation be done in a precise and accurate way to reduce unwanted variables.  The 

wood for this project was taken freshly from outside and stored inside a temperature 

and humidity-controlled lab.  Having fresh wood was key to this study because many 

types of wood that are store bought have been treated per the American Standard for 

Testing Materials international (ASTM international) methods.  The most common 

treatment was the oven drying standard for commercial building lumber from ASTM 

international.16  Wood samples from this source was therefore detrimental to this study 

for numerous reasons.  Having pre-treated wood would hurt or skew the results.  The 

fresh wood that was selected and used was balsam poplar (Populus balsamifera).  This is 

a common northern indigenous tree found in most parts of Canada and northern 

Minnesota, Wisconsin, and Michigan shown in Figure 2.1.1.17 
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 For one initial test the wood was “chopped” and randomly cut.  For the chopped 

sample of wood, it was chiseled away from a larger piece of wood with the back of a 

hammer and continued to be cut with a die cutter until pieces were small enough to fit 

inside a EPR quartz sample tube with an inner diameter of 3 mm.  For the randomly cut 

samples the wood was cut multiple times and randomly with a pair of scissors until the 

size was just bigger than the chopped piece but still small enough to fit inside a sample 

tube. 
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For normal samples, a larger piece of wood was cut with a large utility knife (flat 

edge).  It was cut with the grain out of the inner trunk of the log of the balsam poplar to 

a size of about 10 cm x 4 cm x 2 cm initially for yielding more than one sample.  Next a 

smaller precision utility knife with flat #4 blades were used for precise small cuts for the 

remainder of the sample prep.  It was imperative to use a fresh sharp blade to prevent 

miss- cuts, compression cuts, and uneven cuts, as free radicals can be generated by the 

physical manipulation of the sample, even before thermal treatment.  Gloves were 

always used when handling and cutting samples to prevent skin oil transfer to wood.  

There are treatment processes that involve using oil in their treatment processes so it’s 

important to try and avoid that.6  The final dimension of the wood sample was 8 mm x 

1.5 mm x 1.5 mm.  A few initial tests had final sizes of 8 mm X 2 mm X 2 mm before the 

final dimensions of 8 mm x 1.5 mm x 1.5 mm were chosen.  It was important to use 

accurate calipers that can measure to the tenth of a millimeter for accurate 

measurement.  Once the piece had been cut to size, the sample was weighed.  Each 

piece of wood of that size was around 6.0 mg to 9.0 mg in weight.  For statistical needs 

the wood samples were kept within a size of 7-8 mg to avoid sample and result variance.  

If the wood weight fell outside of that range, the wood was examined under a 

microscope with calipers for dimensional issues.  If it was under-weight the sample was 

unusable.  If it was over-weight it was examined that one of the sides was a little too 

long, thick, or may contain a stray sliver on one of the sides.  Additional cutting and 

weighing were needed for accurate size and weight.  For the experiments the achieved 

weight range for all samples of wood fell between 7.25 - 7.75 mg. 
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2.2 Radical standard preparation  

 Different forms of radicals were used for parts of this project.  The two main 

radicals were 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 4-hydroxy-2,2,6,6-

tetramethylpiperidine N-oxide (TEMPO).  A 10 mM stock solution for each chemical was 

made using ethyl alcohol as the solvent of choice.  The chemicals were weighed using an 

analytical balance and the stock solution was made in a falcon tube.  Dilutions were 

made as needed from the stock solutions and ethanol.  When testing these standards in 

the EPR, 57 µl of the solution was loaded using a pipetman into a quartz sample tube.  A 

few minutes needed to pass by before any test because the solution would need some 

time to fully reach the bottom on the quartz tube. 

 

2.3 TGA method 

 Thermogravimetric Analysis (TGA) was used for some experiments.  The model 

of TGA analyzer that was used was the Discovery TGA 550.  A pressurized oxygen tank 

and a pressurized nitrogen tank were needed depending on what study was being done.  

These were connected to the machine using a flow regulator gauge and plastic air 

tubing.  A Bunsen burner or butane torch, a pair of small tweezer forceps, and TGA 

platinum hanging sample pans were also needed. 

 To use the TGA analyzer, the computer was turned on and the TGA analyzer 

from a switch on the back of the machine.  Next, both gas tanks were opened, and the 

system was left to purge for 30 min before the sample run.  The flow regulator flow rate 
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was set to stay under 20 psi.  Next, the TGA software was opened, called Trios 550.  The 

software was then checked to see that the balance flow of the gas was at 40 mL/min.  

The flow regulator was adjusted if the balance flow was incorrect.  When this was 

confirmed, the prepared sample was acquired (vide supra wood preparation method).  

The platinum sample pan then needed to be clean from any contaminants.  To do this a 

lit Bunsen burner or butane torch was utilized.  The sample pan was held by the tweezer 

forceps and the pan was brought over the flame until red hot and then allowed to cool 

to room temperature.  Once the platinum sample pan was clean and at room 

temperature, the sample pan was loaded (with no sample) onto the autosampler holder 

in an open position.  In the software, a procedure file would be created within the 

design view.  Here all parameters were set for the run which would include some of the 

following: the sample name, operator name, sample pan position number, study name, 

export file name (for data), export file name (for saving procedure), type of study (ramp, 

isothermal, custom, etc.) and additional parameters like selection of gas or the design of 

complex steps if needed.  When testing wood, a procedure with the selection of gas was 

chosen, then a ramp step where the TGA was heated 10℃ per min to the selected 

temperature, with a final step of keeping the TGA isothermal for the selected amount of 

time. 

 Once the procedure was made it was then copied to the running queue.  The 

sample pan was then tared using the software for accurate recorded weight.  After the 

tare the sample was loaded onto the pan.  One last check of the gas flow and overall 

procedure was performed and then the start button was pressed. 
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2.4 Oven kiln method 

         The oven kiln studies main tool was a Thermo Fisher oven.   Other equipment 

was constructed in-house.  To start the build of the sample holder or pilot kiln a 5-inch 

glass vial with a frosted ground glass 4.5-inch wide mouth opening was obtained.  The 

wide mouth was important for taking the samples in and out of the vial.  Next, 3 

different sizes of stainless steel woven mesh sheets were used.  One sheet has a small 

mesh size where the wood cannot fit through the bottom. The second mesh size was 

just large enough for the wood pieces to pass through. The third mesh size was about 

twice the size of the second.  Each mesh sheet was cut to a diameter slightly smaller 

than the bottom of the glass vial.  They were placed inside and orientated flat on the 

bottom of the vial.  The finest mesh was added first to keep the samples from touching 

the bottom of the glass.  Next, the second largest mesh was added to allow the samples 

to fit in a unique and individual position.  Then the largest mesh was added to provide 

some space and depth for the sample to sit.  Finally, the second largest mesh was added 

again to help aid in the positioning of the wood.  The screens added together in this 

order allowed for correct sample tracking and separation. 

         The wood was cut and prepared per the wood sample preparation (vide supra 

wood preparation method).  Once the wood was cut and prepared, the weight of each 

piece of wood was recorded, labeled, and kept separated.  Once all samples were ready, 

each piece of wood was placed evenly spaced in the vial.  Five to six pieces of wood 

were placed in each vial.  A long skinny pair of tweezers was used to lower the wood 
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upright into the vial and between the steel mesh.  For a 5 sample experiment the pieces 

of wood would be orientated by placing 2 next to each other on one side of the vial and 

the other 3 on the opposite side of the vial.  When six pieces of wood were needed, 3 

were placed on one side and 3 on the other side.  All samples were kept as evenly 

spread out as possible with no samples near the outer glass and no samples near the 

middle.  Once all samples are loaded, the outside of the glass was marked with a sharpie 

to identify each sample.  Numbers were used to distinguish the samples from each 

other.  To ensure the prevention of label fading with heat a few layers of marker ink 

were applied.  

         Once all samples were placed in the vial, the vial needed to be sealed.  It has 

been thought that by sealing the vial, a slight pressure would be created by heating the 

sample, just as it occurs in industry.  To keep the top of the vial secure, Apiezon H high 

temperature vacuum grease was used.  This grease can withstand high temperatures 

(+240 °C) and pressures of enclosures.18  The grease was spread around the lid on the 

frosted ground seal evenly in a thin layer.  The lid was then placed on the vial and a 

slight twist motion was used as the lid was lowered onto the glass. This allowed the 

grease to be evenly spread on the frosted ground seal.  Next a four-finger clamp was 

used to secure the lid to the base of the vial. 

         Once the vial was secure the thermometer data logger was set up.  The 

thermometer has two detachable temperature probes that measure a range of -200°C 

to 1372°C with an accuracy of ±2°C.  All data from the thermometer was stored in the 

data logger memory and was downloaded and backed up to a computer after each use.   
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In the thermometer setup mode, the data collection/frequency was set to 10 seconds 

(one data point recorded every 10 seconds).  Next, one probe was fastened into the 

lower center grate on the oven and strung to the outside of the oven where it was then 

plugged into the thermometer.  The temperature in the oven was then displayed. The 

glass vial with the samples were then placed on the lower center rack of the oven to be 

in a centralized place and close to the temperature probe to ensure accurate readings. 

         Once everything was in place, it was time to thermally treat the samples and a 

temperature was selected.  For the experiments this was either 170, 180, 195, or 210 °C, 

temperatures commonly found in the industry.6,9  The temperature knob on the oven 

was then placed close to the selected temperature (fine adjustment to follow).  Once it 

was time to start, the oven was closed and latched, turned on, and the data logger was 

set to record.  The start time was then recorded.  On average it would take around 1 hr 

for the oven to reach temperature.  Within that hour the temperature knob on the oven 

was adjusted to reach the goal temperature.  The oven usually fluctuated between 2-4°C 

of the set temperature.  After 1 hr of warm up and adjustments, the oven was then left 

at the desired temperature for 24 hr.  Once the 24 hr had passed the oven was then 

switched off.  The oven was naturally cooled for 1 hr before opening the oven, turning 

off the data logger, recording the times, and removing the vial.  The times for warm up, 

“at temp”, and cool down were recorded.  The vial was then given a few minutes to cool 

outside the oven in atmospheric temperature and pressure.  The clamp was then 

loosened and removed, and the lid removed by careful twisting, to prevent the lid from 

jumping off and jostling samples.  Each sample was taken out with the long skinny 



 22 

tweezers and placed in individual snap cap microcentrifuge tubes and labeled.  The 

samples are then taken and weighed using an analytical balance to record the weight 

after the treatment process.  The data was recorded for each sample. 

The data logger was then plugged into the computer where all temperature data 

was downloaded and backed up. The data was then moved into an excel spreadsheet to 

be analyzed.  The time frame where the oven was “at temp” (the 24 hr after the 

warmup time and before the cool down time) was examined for any anomalies.  No 

abnormal spikes or drops in temperature confirms there were no power outages, no 

one opened the oven, or bothered the samples during the run.  Once that was 

confirmed the temperature data during the 24 hr “at temp” was averaged for a more 

accurate reported treatment temperature. 

 

2.5 EPR Data Collection 

 Two EPR spectrometer were used for this project, the Magnettech MiniScope 

5000x and the Varian E-line century series EPR spectrometer.  The Magnettech is a 

newer benchtop spectrometer model that allowed for quick and accurate sampling with 

more automated features.  The Varian spectrometer is an older model that allowed for 

manual adjustments and better access for experimentation with varied sample 

configurations. 

 The Magnettech Miniscope was used for the majority of data collection in the 

last year of this project.  To use this EPR, the computer was first turned on and the 

software called “EPR Studios Software” was opened.  Next, the EPR was turned on by a 
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manual switch in the back of the spectrometer.  In the software, the main control tab 

“initialize” was selected to start the warmup sequence.  The warmup sequence took 

around 15 minutes each time.  While this happened, the systems tab was selected, and 

the data logger turned on to record the cavity temperature.  This monitored the cavity 

to ensure a steady temperature.  If that was the first time the machine was turned on 

for the day/week it needed two or more hours to warm up, if the machine was left on it 

may only need 15 minutes. 

 Once the spectrometer warmed up it was then time to run samples.  The 

“Recipe” tab was selected, and a new recipe was made or selected.  Within a recipe was 

where the spectrum parameters can be tuned as well as the selection of multiple 

parameters such as: sweep range, center field, sweep time, modulation amplitude, 

frequency, accumulations, and power.  The recipe was then saved after all parameters 

were set.  The sample that was to be run was placed into a 4 mm quartz glass tube.  For 

this size the “PH4” sample holder was used. The quartz tube was then slid into the 

sample holder until it was at 62 mm from the bottom of the sample holder to the 

bottom of the quartz tube. This ensured that the bottom of the sample holder was in 

the center of the cavity.  When running wood samples, the sample holder was moved 

down to 67 mm.  The depth from the bottom of the sample holder to the center cavity is 

61.9 mm.  The thickness of glass at the bottom of the quartz tube is 1 mm in height.  The 

sample height of the wood is 8 mm. In order to center the wood sample in the cavity 

center, the following math was used to determine the 67 mm sample holder depth:  
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8 𝑚𝑚 ÷ 2 =  4 𝑚𝑚  𝐸𝑄. 2.5.1 

61.9 𝑚𝑚 +  4 𝑚𝑚 =  65.9 𝑚𝑚  𝐸𝑄. 2.5.2  

65.9 𝑚𝑚 +  1 𝑚𝑚 =  66.9 𝑚𝑚 ≈  67 𝑚𝑚  𝐸𝑄. 2.5.3 

Therefore, to completely center the sample, the quartz tube was placed at 67 mm and 

not 62 mm. Next the stainless-steel nut on the center of the EPR spectrometer was 

unscrewed gently, then the black cap was removed, as well as the stainless-steel 

cylinder.  The sample was then lowered into the hole, the cylinder was placed over the 

sample, and the nut screwed back on securely but not overly tight. 

 Once the sample tube was in place, the main control tab was selected on the 

software.  In the main control tab, the sample was given a name, and a recipe was 

selected from the saved list (that was created earlier).  Next, a file destination was 

chosen for both the “path” and “output file” so that all data arrived and was saved in 

the same space.  Finally, the time interval was selected (pause between samples), and 

repetitions (how many times the recipe will be run for that sample) were entered.  Then 

the start button was selected to start the trial(s). 

 The Varian spectrometer was used for a lot of the preliminary tests (each section 

labeled with which spectrometer used). Because of the range of controls that you can 

manually adjust, it was important to understand what type of radical was being 

analyzed.  The cooling unit was first turned on because the Varian spectrometer has a 

large electromagnet that needs to be cooled due to the heat that was produced.  Next, 

the spectrometer was plugged in (thus turning it on), followed by turning on the 

computer.  Once logged onto the computer “EWWIN 2015” software was opened.  The 
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following buttons were pressed in a specific order to initialize and connect the 

spectrometer, the order was as follows: “Varian”, “Volt ramp”, “NI USB 600X”, “Init. 

Spec”.  “Connected” was displayed when the steps were done correctly, confirming that 

the spectrometer was initialized and connected properly.  Once the spectrometer was 

connected the “spectrometer setup” tab was selected.  Here there were parameters 

that were able to be selected and changed, some were required, and others were just 

for records. 

 The parameters that were for records to be saved with the output file were 

receiver gain, time constant, modulation amplitude, microwave power, and microwave 

frequency.  The required parameters were field center, field sweep, scan time, time 

between scans, time between spectra, data points per scan, number of scans per 

spectra, number of spectra per experiment, backup every scan, save to file, save to 

chart, file name, save as a sequence, starting sequence, ask for name of each file, and 

user name.  Once all parameters were selected “check all” and “send parameters to 

spec” buttons were pressed in that order so that all parameters got sent to the 

spectrometer and the “send parameters to spec” button turned to green and displays 

“Parameters sent to Spec”. 

 Next the cavity must be tuned, most of which was controlled by switches and 

dials on the control panel.  The microwave power was turned low to 40 dB and no larger 

than 30 dB.  The sample of choice in a quartz tube was placed in the sample holder 

cavity.  Next the magnetic field was turned on by turning the field dial from “off” to “0”, 

and the microwave generator was turned from standby to tune.  It then took around 30 
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- 60 seconds for the spectrometer to warm up and kick on the klystron.  The klystron dip 

on the oscilloscope screen was adjusted and centered using the frequency control knob.  

The reference arm was then turned on.  The mode pattern on the oscilloscope was 

made symmetrical by adjusting the reference arm phase dial, then the reference arm 

was turned off.  Next the mode was set to operate, the un-calibration light then turned 

on.  Once the un-calibration light turned off (after a few seconds) the frequency control 

dial was adjusted until the “AFC OUT” meter read zero.  The reference arm was then 

turned back to on.  The detection current meter was then observed as the power was 

increased to 40 dB.  After the power had been increased the phase dial was adjusted to 

maximize the detection current.  Additional adjustments to the frequency control were 

done to keep the “AFC OUT” dial reading zero.  Next the power was increased to 0.5 

mW (26 dB) or whatever level the experiment called for.  Again, the frequency control 

dial was adjusted to keep “AFC OUT” reading at zero. 

 The spectrum was then able to be obtained after the cavity was tuned.  To 

assure the parameters were accurate and correct they were checked once more.  Once 

confirmed, three buttons in consecutive order were selected in the EWWIN software to 

start the data collection.  The three are: “reset”, “parameters sent to spec” (making sure 

it was green), and “GO”.  The spectrometer will then start its sweep and the computer 

would record the data while displaying it on the screen.  After each scan, the data was 

saved to a file automatically. 

 The parameter settings that were used for all runs unless otherwise noted were 

as follows: Power 0.5 mW, gain 3,200, modulation amplitude 1 G, phase 90°, center field 
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3348 G (334.8 mT for the MiniScope), field sweep 250 G (25 mT for the Miniscope).  

2048 data points were taken on the Varian EPR and 4000 data points were taken on the 

MiniScope 5000x. 

 

2.6 EPR Data Processing 

 After all data had been collected from the EPR, it then needed to be processed 

to compare samples.  The Varian spectrometer saves its files as a “.fls” file format.  The 

Magnettech MiniScope 5000x saves its files as a “.csv” file format.  Both file types hold 

the same type of data within them.  Within each file it displays the magnetic field in one 

column and signal in the other.  The EPR data was processed to quantifiably determine 

the double integral or total area “under the curve” of the EPR spectrum.  This was 

accomplished by either an excel template or by a program written in Python called 

Cruncher (which ultimately uses excel and presents the data in excel). 

 The main method that was used was the excel template.  To start, the template 

was opened and in a second excel tab all scans that were taken for a specific sample 

were imported. Next, all of the scans were averaged using excels “=AVG” function 

(outliers or interrupted spectrum were not included, only applicable for the Varian EPR).  

The average spectral signal was loaded into the first excel sheet, and a graph was made 

of the spectra with magnetic field on the x-axis and signal intensity on the y-axis.  If the 

spectrum was from the older Varian spectrometer it needed to be baseline adjusted due 

to the retrofitting of the Varian EPR to a modern computer.  To do this a new column 

was made in the excel sheet.  In this column a command was given to take the cell with 
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the signal and add it with one single cell with a “variable number”.  Next that entire new 

column was added together (Sum) in a single new cell or an “objective” cell.  Solver was 

then used to adjust the Variable number with the goal to draw the objective cell as close 

to zero as possible.  Once this command was carried out it will have taken all of the data 

points and moved them down equally towards zero, therefore baseline adjusting the 

data.  Once the baseline was adjusted, an integral was taken within the signal range.  

The second integral was then taken from the first integral.  Equation 2.6.1 was used to 

calculate the integral in excel.  From here the max number within the second integral 

column was set as the final value, to double check that the math was correct the last 

number was subtracted from the first in the 2nd integral column and the resulting 

number should be the same as the max.  The same original sample of wood given by 

NRRI was measured each time EPR data collection happened.  To account for instrument 

error, the data from different days of this sample was analyzed to find where the data 

started to vary (the tenths place). The significant placeholder for further calculations 

and data comparison was selected from the place of variance. 

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙2 = ((𝐺𝑎𝑢𝑠𝑠2 − 𝐺𝑎𝑢𝑠𝑠1) ∗ (
𝑆𝑖𝑔𝑛𝑎𝑙2 + 𝑆𝑖𝑔𝑛𝑎𝑙1

2
) + 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙1)    𝐸𝑄. 2.6.1 

 An EPR measurement of an empty quartz sample tube would be taken using the 

methods above.  The data was then processed as instructed above.  This sample was 

called “blank”, otherwise known as the background, and would be subtracted from all 

data acquired in the same day of measurements.  This would eliminate all unwanted 

background signals for a focus on just the sample. 
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 A weight adjustment would be done if all samples being compared were 

thermally treated wood.  Due to the lack in starting all samples at the same exact weight 

(but a controlled range) and some samples having a smaller ending weight this was 

done to better represent the data.  Samples had an average mass loss of 11.9% from 

treatment start to finish.  Equation 2.6.2 below shows what was used for the 

adjustments. 

𝐴𝑑𝑗. 𝐸𝑃𝑅 𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝑠𝑖𝑔𝑛𝑎𝑙 𝑎𝑟𝑒𝑎

=
(𝐸𝑃𝑅 𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝑠𝑖𝑔𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 ×

𝐻𝑒𝑎𝑣𝑖𝑒𝑠𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 )

𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
    𝐸𝑄. 2.6.2 

 

 The second way was by using a python code called Cruncher which was 

developed by Ryan Raskob and Jeffrey McVay Jr.  This program does everything that was 

done manually in the excel template but eliminates the time it takes to import all of the 

data and format it correctly. 

 Once the final double integral number was collected it was called the “EPR signal 

area per sample”.  A better way to display this data and compare it to other similar 

samples was to further divide that number by the mass of the sample to obtain the “EPR 

signal area per mg”.  Once the method was solidified an empty quartz sample tube was 

scanned using the standard EPR settings, processed, and subtracted from each of the 

samples in the specific experiment. 
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Chapter 3  

Initial tests 

 

3.1 Rationale 

 The goal of the project was to use EPR to quantify free radicals in a thermally 

treated sample of wood, and therefore, the extent of heat treatment. To create a 

standard curve of radical concentration to EPR signal, control experiments were run 

with known free radicals to find a comparable standard. Simultaneously, experiments 

with wood were conducted following various processing methods and instrument 

parameters. The use of TGA was also explored as an accurate method of simulating 

industrial heat treatment. 

 

3.2 TEMPO and DPPH Studies 

Rationale: 

 In order to learn the workings of EPR and to better understand free radicals, it 

was necessary to work with known radical standards.  One of the future goals of this 

project is to directly quantify the actual spin concentration or spin count in thermally 

treated wood.  In order to accomplish this, a free radical with the same number and 

type of peaks as the wood needed to be found to directly correlate the two.  It was 

decided to test two different free radical species seen in Figure 3.2.119,20.  The first 
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chemical tested was 1,1-diphenyl-2-picrylhydrazyl (DPPH) (CAS# 1898-66-4), a stable 

radical with a deep purple color.  The second radical tested was 4-hydroxy-2,2,6,6-

tetramethylpiperidine N-oxide (TEMPO) (CAS# 2226-96-2), a highly stable radical that is 

often used in organic synthesis reactions.21 

 

Each radical was made into solutions of 1, 2.5, and 5 mM concentration with 

100% ethyl alcohol as its solvent.  The samples were then run in the MS-5000 EPR 

utilizing the sample collection procedure in the methods section (vide supra Chapter 

2.5).  Quartz sample tubes were filled with 57 microliters of each solution, which 

provided the 8 mm total sample height. The calculation using Equation 3.2.1 was used 

to determine sample height. (Figure 3.2.2) 

 

V = Πr2h   Eq. 3.2.1 
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Results/discussion: 

 

 The Initial tests of DPPH showed a 5 hyperfine peak signal that can be seen in 

Figure 3.2.3.  The initial tests of TEMPO showed a 3 hyperfine peak signal that can be 

seen in Figure 3.2.4. 
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 The double integral EPR signal area was calculated for each sample of 1, 2.5, and 

5 mM sample of DPPH (Figure 3.2.5) and TEMPO (Figure 3.2.6).  This data is also shown 

in Table 3.2.1.  This showed a linear relationship between the concentration and EPR 

radical signal area (Figure 3.2.5 and Figure 3.2.6).  Linear trendlines are fit in Figure 

3.2.7. 
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Conclusion: 

 It was concluded that a radical signal was found in both DPPH and TEMPO radical 

species.  It was also concluded that there was a correlation between EPR radical signal 

area to concentration with linear best fit lines of y = 990.61x + 56.735 for DPPH and y = 

1254.7x + 158.37 for TEMPO, an R2 of 1, and a p-value of 0.01365234 between time 

points.  This study will be compared to the wood samples to see if either of the radicals 

are similar to the wood for help creating a standard. 

 

3.3 Quantifying Radicals in industrial thermally treated Wood from NRRI 

Rationale 

 Prior research suggests that radicals can form in wood after thermal 

treatment.9,10  By utilizing EPR, a correlation between free radical signal and heat 

treatment might be measured.  To test this, industrially heat-treated and pre-cut pieces 
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of varying wood species that were treated at different temperatures were obtained 

from NRRI. Two different experiments on these specimens were performed to gain an 

understanding of the radial response and correlation.  

 For the first experiment, EPR was utilized to see if a sample of wood contained 

any detectable free radicals.  It was hypothesized that a radical presence would be 

detected, but not as strong as a signal output as TEMPO or DPPH because unlike the two 

radical standards, wood composition is more than one structure or chemical compound.  

The confirmation of radicals in this initial sample piece of wood would allow the further 

testing of other heat-treated wood samples. 

 In the second experiment, additional pieces of wood were tested by EPR to test 

radical presence and to investigate a correlation between heat treatment temperature 

and EPR signal.  It was hypothesized that there would be an increase in EPR signal with 

an increase in heat treatment temperature. 

 The source of initial wood samples and their preparation parameters, such as 

original size, time in kiln, and time at the stated temperature was not known.  The 

Varian EPR spectrometer and standard setting were used (vide supra Chapter 2.5), with 

2 scans per spectra, and 15 spectra per experiment.  All data was processed per the EPR 

data processing description given in Chapter 2.6 Materials and Methods. 

 

Results and discussion: 

 The original piece of wood that was acquired was treated at 180 ℃.  The type of 

wood was red maple with dimensions of 2 x 2 x 8 mm.  The raw signal from the EPR gave 
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a single derivative shape, shown in Figure 3.3.1.  The double integral yielded the area 

shown in Figure 3.3.2 and numerical data shown in table 3.3.1.  These results indicated 

that there was a significant radical presence in the wood shown in the form of EPR 

radical signal area. 
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 The clear presence of radicals in this sample allowed the project to progress 

forward to test other samples of wood.  There were six additional samples.  They were 

treated three different ways and were two separate species of wood.  The treatment 

temperatures were untreated, 170 ℃, and 180 ℃ and the types of wood were red 

maple and eastern hemlock.  The averaged raw EPR signal scans are shown in Figure 

3.3.3 (for red maple) and 3.3.5 (hemlock).  The data for double integrals of the EPR 

signals of each of these samples is shown in Figure 3.3.4 (for red maple) and 3.3.6 

(hemlock) with numerical data in table 3.3.2. 
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 A radical presence was found in all samples of the red maple scans shown in 

Figure 3.3.3.  Interestingly enough, there was a presence of radical signal in the 

untreated piece (Figure 3.3.3).  170 ℃ and 180 ℃ both had a higher radical signal 

presence than the untreated wood sample, but the 180 ℃ treated sample had a lower 

not higher signal than the 170 ℃ piece. 

 Radical signal presence was also found in all samples of the eastern hemlock 

sample scans shown in Figure 3.3.5.  Again, there was a higher radical presence at 170 

℃ and 180 ℃.  A decrease in signal area was seen in the 180 ℃ sample.  This decrease 

in signal intensity is something that should be revisited. However, it is hypothesized that 

it was due to the sample preparations and thermal treatment methods not being 
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conducted in the same way.  Since the details were unknown on how the samples were 

prepared it is hard to accurately say the cause in the decrease in signal from 170 ℃ to 

180 ℃. 

 

Conclusion: 

 In conclusion, the proof-of-concept of measuring radical signals present in the 

wood obtained from NRRI was supported, as shown in Figure 3.3.1 & 3.3.2.  The 

confirmation of a signal in the additional pieces of wood, as shown in Figures 3.3.3-3.3.6 

was also found.  It was concluded that an irregular pattern of data at 180 ℃ is due to 

something in the preparation of samples.  With an uncertainty of the methods used 

from NRRI for the treatment of the wood it’s hard to narrow down what was the cause 

of the data irregularity.  Prepping our own samples in-house might prove to provide 

better more quantifiable results and narrow down what variable caused the irregular 

data. 

 

3.4 First TGA and EPR attempts on commercially obtained wood samples  

Rationale 

 An initial pilot attempt was made to use Thermogravimetric Analysis (TGA) to 

thermally treat wood in order to test radical correlation with EPR.  The key advantage of 

using TGA is the ability to control temperature and reaction environment to analytical 

accuracy.  The mass loss can also be monitored to a high accuracy as well.  This allows 
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the elimination of multiple variables in sample preparation and brings focus to specific 

changes from which conclusions can be drawn. 

 Focused attention was placed on developing a way to prepare wood samples for 

the TGA treatment and EPR analysis.  The wood was chopped, cut randomly, and 

prepared to approximate dimensions of 2 x 2 x 8 mm.  Wood was acquired from the 

hardware store. The wood species was balsam poplar.  Six samples were prepared, one 

was prepared by the chopping method (vide supra Chapter 2.1), one was prepared by 

the random cutting method (vide supra Chapter 2.1), and 4 pieces were cut to the 

dimension of 2 x 2 x 8 mm using the standard wood preparation method (vide supra 

Chapter 2.1).  The chopped and random cut samples were untreated. For the treated 

sample tests, four wood samples were thermally treated from room temperature to 180 

℃ at a rate of 10 ℃ per minute, and then held two samples isothermal under nitrogen 

and the other two samples under an oxygen atmosphere for 12 hr each.  It was 

hypothesized that there would be a clear radical signal presence in the thermally 

treated wood with a minimal signal in the untreated wood. 

 The Varian EPR spectrometer and standard settings were used (vide supra 

Chapter 2.5), with 2 scans per spectra, and 2 spectra per experiment.  All data was 

processed per the EPR data processing description given in Chapter 2.6 Materials and 

Methods. 
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Results and discussion: 

 All six samples were tested using EPR. This includes the two untreated samples 

(chopped and random cut), the two prepped pieces under nitrogen at 180 ℃, and the 

two prepped pieces under oxygen at 180 ℃.  All six samples possessed radicals; the 

double integral radical signal area can be seen in a visual representation in Figure 3.4.1.  

The untreated samples were 2.3% and 4.7% away from the average double integral EPR 

signal area of the treated pieces. (Table 3.4.1)  
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 From the data shown in Figure 3.4.1 free radical presence in the wood treated at 

180 ℃ was supported.  The wood treated in this experiment didn’t produce as high as a 

signal from the wood studied from NRRI (vide supra Chapter 3.3), which is believed to 

be the result of only treating the wood in the TGA for 12 hr verses a range between 16-

35 hr of treatment for the NRRI wood.  Also, it was noticed that the untreated wood 

gave a radical signal just as large as the other samples.  After further investigation, it 

was found that construction lumber that is sold at commercial businesses are commonly 

oven dried per ASTM standards at 103 ℃.22  This would explain why there is a similar 

EPR signal between untreated and TGA heat treated wood samples due to this wood 

being treated with heat previous to this study. 

 

Conclusion: 

 In conclusion, radical presence in the samples treated at 180 ℃ in oxygen and 

nitrogen atmosphere was supported.  Heat-treating wood for 12 hr gave less EPR radical 

signal than the heat-treated industrial samples provided by NRRI.  Therefore, the next 

trial would be treated longer, for 24 hr.  There was also a confirmation of radical 

presence in the untreated chopped and random cut wood.  This was due to commercial 

construction lumber wood being kiln dried per ASTM standards.  To move forward, fresh 

wood that was not treated would be used. This would allow a more accurate control on 

the measurement of untreated wood to compare to treated pieces, and therefore give a 

better correlation of heat treatment to radical signal. 
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3.5 Chapter Conclusions 

 Initial testing was imperative in learning more about EPR spectroscopy and 

pressing towards the goal of this project of determining the extent of heat treatment by 

EPR.  Many discoveries were made through this process.  First, more understanding 

about how the EPR works through the testing of DPPH and TEMPO standard radical 

species.  It also allowed an understanding of the relationship of EPR signal to 

concentration.  Second, an EPR radical signal was found in an industrially thermal 

treated sample of wood that NRRI provided.  This was an important finding confirming 

radical presence in thermally treated wood.  This finding helped the transition to treat 

wood utilizing thermal gravimetric analysis and the use of EPR to measure the free 

radical content.  The initial tests brought great insight towards the main goal.  It also 

developed great questions that once investigated and answered would help towards the 

main goal as well. 
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Chapter 4 

Exploring and tuning experiment parameters 

 

4.1 Rationale: 

 After the initial success of the tests performed utilizing EPR, it was time to 

move on to the next stages of this project. A variety of questions arose 

throughout the initial testing phase: 1. Why was there a high EPR radical signal 

area for the untreated wood? 2. How does size of a sample play a role in EPR 

radical signal?  3. How does sample weight play a role in EPR radical signal? 4. 

What is the most effective way to maximize signal to noise?  5. What is the best 

way to account for moisture and the most efficient way for all samples to contain 

the same moisture level?  6. Why was there an absence of trend in the wood 

from NRRI and is there something that can be done to find one?  Addressing and 

fixing these problems is crucial to move forward to develop a standard method of 

testing for future experiments. 

 

4.2 Problem #1: “untreated” wood signal:   Why was there a high EPR 

radical signal area for the untreated wood and ultimately no trend in EPR 

signal to treatment temperature? 

Rationale: 

 The first study using TGA in Chapter 3.4 found that the untreated wood 

samples had a close EPR radical signal area to the heat-treated samples.  In 

order to move forward, the need to figure out why the EPR radical signal area of 
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the two untreated samples were 2.3% and 4.7% away from the heat-treated 

samples was to be addressed.  To address this, it was decided to run the same 

test utilizing fresh wood samples from outside.  What was not known at the time 

of the initial test is that commercially purchased wood is often kiln dried.22,23  It is 

hypothesized that utilizing fresh wood would generate a lower EPR radical signal 

area for the untreated samples in comparison to the heat-treated samples. 

Fresh, untreated balsam poplar was obtained from the outdoors to make 

sure that it had no kiln heat treatment.  A large amount of fresh poplar that had 

been cut for firewood was obtained, which had been air dried for >6 months.  

From the experiments in Chapter 3.4 above, it was learned that an extended 

TGA run time of 24 hr for each sample might yield radical signals closer to the 

industrial heat-treated wood, described above in Chapter 3.3.  It is hypothesized 

that these TGA conditions, which more closely resembled the industrial condition, 

would also give a radical signal that more closely emulated industrial samples.  In 

addition, temperatures of 195 ℃ and 210 ℃ were selected to probe additional 

radical generating temperatures in order to identify any trends that may persist.  

It is hypothesized that the EPR signal area would increase with the increase in 

treatment temperatures. 

For this round of thermal treatment using TGA, seven total wood samples 

were prepared.  One sample was left untreated while the other six samples 

underwent thermal treatment, two at each temperature of 180 ℃, 195 ℃, and 210 

℃.  Within each temperature set, one sample was run under an oxygen 

environment, while the other was in a nitrogen environment.  Each sample of 
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wood was cut to the same sample size as before of 2 x 2 x 8 mm.  It was 

hypothesized that there would be a trend with an increase in signal as the 

temperature increased. 

The Varian EPR spectrometer and standard settings were used (vide 

supra Chapter 2.5), with 2 scans per spectra, and 15 spectra per experiment.  All 

data was processed per the EPR data processing description given in Chapter 

2.6 Materials and Methods.  

 

Results/discussion: 

After running each sample for 24 hr in TGA under nitrogen, EPR 

measurements indicated a radical presence in all samples (Figure 4.2.1).  For the 

samples that were treated under nitrogen, an increase was observed in EPR 

signal with the increase in treatment temperature shown in Figure 4.2.2 and 

numerical data in Table 4.2.1.  All samples also had a radical presence higher 

than the untreated piece. 
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After running each sample for 24 hr in TGA under oxygen, EPR 

measurements indicated a radical presence in all samples (Figure 4.2.3).  The 
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wood samples that were run under oxygen atmosphere conditions also displayed 

a trend, but not as strongly as the samples treated under nitrogen. The trend 

under oxygen displayed an increase in EPR signal with the increase in treatment 

temperature except for 210 ℃ that gave a lower signal (Figure 4.2.4).  Numerical 

data can be seen in Table 4.2.2. 
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The utilization of fresh balsam poplar wood allowed for a smaller signal 

within the untreated wood in comparison to the treated wood samples. In 

addition, running the samples for 24 hr in TGA instead of 12 hr yielded larger 

EPR radical signals, and results more like those from industrial samples.  The 

radical presence in the oxygen samples were smaller than nitrogen.  For both 

nitrogen and oxygen atmospheres, there was an upward trend in radical content 

as treatment temperature increased with the exception of the 210 ℃ sample 

treated under oxygen.  Two important observations were made. First, under 

oxygen the wood samples were visibly charred in the TGA. The higher the 

temperature of treatment and the presence of oxygen lead to withered burned 

samples. It therefore was believed the smaller signal at 210 °C under oxygen is 

due to an extent of oxidation with fresh oxygen that allows the wood to carry out 

the chemical reactions to a greater extent.  It also was believed that this is the 

reason for the smaller signal in all the oxygen samples compared to the nitrogen 

samples. 

 To further examine the hypothesis of focus, it is imperative to compare this 

data and that of Chapter 3.4 to see the difference in trend (Figure 4.2.5 & Table 

4.2.3). 
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A clear difference can be seen in Figure 4.2.5 for the differences in EPR 

radical signal area.  The store-bought wood samples, shown above in orange, 

had the untreated sample signal area in between the signal area of the nitrogen 

and oxygen atmospheres. On the other hand, the fresh-wood samples showed a 

higher signal for both treated pieces in comparison to the untreated piece.  The 

distance between untreated samples and heat-treated samples was 12.7% and 

2.3% for fresh wood and store-bought wood respectively (Table 4.2.3).  With no 
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commercial oven drying, the fresh-wood samples allowed for a better 

representation of the treated samples and the control sample. 

 

Conclusion: 

In conclusion, thermally treating the balsam poplar wood samples for 24 hr 

and using freshly acquired wood led to a more reliable trend between the 

correlation of thermal treatment to EPR signal area.  A lower signal in all oxygen 

samples in comparison to nitrogen could be an indicator that the oxidation of the 

samples under that condition could have an effect.  With fresh oxygen being 

supplied into the instrument this allows the chemical reaction of oxidation and 

depolymerization of the wood structure to continue longer than the nitrogen 

experiment.  Thus, leaving a smaller size and weight sample afterwards, and 

potentially fewer radicals. 

When comparing the fresh wood and the store-bought wood tests, the 

problem at hand can be resolved.  The data set from the fresh wood had larger 

EPR radical signal than the untreated pieces, whereas the store-bought wood 

that was oven-dried did not.  The findings of this study answered the question 

about the untreated sample and confirmed the hypothesis.  This study also 

helped to remedy the gap of EPR radical signal of untreated to heat treated 

sample from 2.3% to 12.7%.  For further experiments, the wood used for tests 

will be fresh balsam poplar wood, and the utilization of store-bought samples will 

not be further used. 
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Lastly, upon further investigation the wood sample for 210 ℃ oxygen was 

found to be smaller in size post-run due to the charring that occurred under 

oxygen.  When comparing all of the samples by weight and by size, sample size 

and sample weights were varied across all samples treated and analyzed.  This 

led to the next major adjustments to the studies, to investigate the size of wood 

sample, the positioning of the quartz sample tube inside of the resonating cavity, 

and the weight of the wood in relationship to EPR signal and comparable data. 

 

4.3 Problem #2: Size: Will a consistent size of samples provide better data 

and comparability?  

Rationale: 

 To improve reliability in the TGA treatments and resulting EPR data, it was 

hypothesized this could be done by having all wood samples prepared to a 

similar size and weight.  The samples should be weighed before and after the 

heat treatment in order to improve the correlation between heat treatment and 

radical content, and also might explain the inconsistent data point observed with 

the 210 ℃ sample treated under oxygen (vide supra Chapter 4.2).  It was also 

speculated that the microwave excitation from the EPR could pass all the way 

through the wood sample, therefore probing all radicals, or that only the surface 

radicals were being detected. It therefore was decided to explore how size and 

surface area effects results when measuring EPR on wood samples.  

 To explore this speculation further, it was decided to accurately cut a 

piece of wood (fresh balsam poplar) to the dimension of 1.5 x 1.5 x 8 mm in size 
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to study different sizes and its correlation to EPR signal.  Calipers were used to 

verify the dimensions. The sample was treated in the TGA at 195 ℃ for 24 hr 

under nitrogen conditions.  The sample was then measured in the EPR four 

different ways.  The first time, the sample was run as normal in the EPR quartz 

sample tube.  The piece was then cut directly in half making the length 4 mm 

instead of 8 mm.  For the second run, just the bottom half was scanned.  For the 

third run the bottom half was removed and the top half was scanned, the 

orientation was kept the same as when it was a run as a full sample.  Finally, for 

the fourth run, the pieces were put back in their original orientation for the upper 

and lower pieces.  It was hypothesized that the microwave radiation would pass 

through the wood and irradiate all radicals in the sample. Therefore, it was 

expected the first (full piece) and last sample (top and bottom half together) 

would have a similar signal area to each other, while the second (bottom half) 

and third (top half) sample would have a similar signal area to each other, as well 

as having half the signal to the first and fourth sample. 

 The Varian EPR spectrometer and standard settings were used (vide 

supra Chapter 2.5) with 2 scans per spectra, and 15 spectra per experiment.  All 

data was processed per the EPR data processing description given in Chapter 

2.6 Materials and Methods. 
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Results/discussion: 

After running the sample for 24 hr in the TGA, EPR measurements 

showed a radical presence in all samples.  The results can be seen in Figure 

4.3.1 and Table 4.3.1. 

 

  

 

  

 

The area under the EPR radical signal for the full piece of wood had a 

value of 16.32.  The bottom half of the wood sample gave an EPR radical signal 

with an area of about half (8.86), 54.3% of the full piece sample.  The top half of 

the wood sample had a similar EPR radical signal area of 8.19, 50.2% of the full 
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piece.  Finally, the scan of the top and bottom pieces together in the same 

orientation had an EPR radical signal area of 16.5, 101.1% of the full piece.  Both 

half piece samples gave a reading that was close to half of the original full piece, 

and the top and bottom pieces together in the same orientation gave close to 

100% of the original piece signal.  Based on this data it is clear how important the 

actual size of the sample is when it comes to running EPR and it became clear 

that the microwaves were exciting all radicals in the wood, not just those on the 

sample surface.   

 

Conclusion: 

 To conclude, the hypothesis was supported that the EPR radical signal 

area was cut in half when the size of the wood was cut in half.  The second 

hypothesis was also confirmed that the scan of the upper and lower halves 

together would have an area that was the same as the full uncut piece.  Based 

on these results, it was decided all future wood samples would be cut to the 

same size of 1.5 x 1.5 x 8 mm, thus also making the position and height of the 

wood the same in the resonating cavity amongst all samples.  These extra 

changes should help reduce variability in samples.  
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4.4 Problem #3: weight: Will a consistent weight of samples provide better 

data and comparability? 

Rationale: 

 In Chapter 4.2 fresh wood was thermally treated using TGA.  There was a 

failure in trend with the samples treated in an oxygen atmosphere (Figure 4.2.4).  

The wood sample treated at 210 ℃ had an EPR radical signal that fell out of 

trend and was lower than the samples treated at 180 ℃ and 195 ℃.  When 

addressing this problem, the data, methodology, and samples were carefully 

examined.  It was found that the piece had shriveled to a significant smaller size 

after treatment, thought to be the effect of oxidation.24  It was also observed that 

all pieces, though they were close, were not precisely the same size or weight.  

In Chapter 4.3 it was concluded that all samples needed to be cut to the same 

size, with an improvement in precision.  This is due to the sensitivity of the 

instrument and the resonating cavity.25  To better represent the data, it was 

decided to also adjust the final EPR radical signal area by its starting and ending 

weight for all samples so a more precise representation and comparison of the 

samples would be shown.  With this added step, it was decided to also make 

sure all samples size and weight were close to each other before treatment to 

prevent an increase in error (vide supra Chapter 2.1 wood sample prep).  

Equation 4.4.1 shows the formula for weight normalization that was used. It was 

hypothesized that there would be a better trend with the EPR radical signal area 

with the adjustment in weight. 
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Adj. EPR radical signal area

=
(EPR radical signal area ×

Heaviest weight before treatment of all samples
 weight before treatment )

weight after treatment
    EQ. 4.4.1 

 

Results/discussion: 

 The data from Chapter 4.2 was taken and adjusted per Eq.4.4.1.  The 

data is now represented as EPR signal area per milligram of wood.  The data 

from the original EPR signal area to the new EPR signal area per milligram of 

wood was compared (Figure 4.4.1 and Table 4.4.1).  A trend could now be seen 

with the correct adjustment to weight. 

 

  

 

 

Conclusion: 

 The failure in trend with the experiment from Chapter 4.2 was corrected by 

appropriate weight adjustment.  With the use of Eq.4.4.1 not only was the 
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problem fixed, but it better represents the actual radical signal and content in 

each sample of wood by representing the signal to its weight.  For correct data 

representation, all samples for future studies will be compared by EPR signal 

area per milligram using Eq.2.  To minimize adjustments in data, all samples will 

be cut to the same size of 8 mm x 1.5 mm x 1.5 mm and weigh between 7 and 8 

mg (vide supra Chapter 2.1 sample preparation). 

 

4.5 Problem #4: Signal to noise:  If a signal is present in a blank sample 

holder, should it be subtracted to achieve a better signal representation? 

Rationale: 

 After the many preliminary tests, focus was turned towards the theory 

behind EPR and harnessing this to increase the chances of achieving quality 

data.  One method to improve data would be to achieve a better signal to noise 

ratio similar to when radical species like DPPH and TEMPO are run.  This would 

allow for a better understanding of the differences between the samples.  After 

further research on the theory of EPR it was hypothesized, due to common 

resonator properties, that a small signal could be observed with no sample.26  It is 

common for EPR spectrometers to have iron in the cavities, which can be 

observed through a sharp noise signal. If a signal containing no sample is 

observed and not accounted for it would provide difficulties in trying to represent 

a sample.  Therefore, the data from running just the quartz sample tube with no 

sample would need to be measured and quantified.  This signal would have an 

absence of analyte, and therefore could serve as a blank or background signal.27  
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The signal from the empty measurement would be removed from the signal 

containing a sample, otherwise referred to as a blank or background. This 

ultimately would provide a deeper look at the true representation of a sample. 

The Varian EPR spectrometer and standard settings were used (vide 

supra Chapter 2.5), with 2 scans per spectra, and 15 spectra per experiment.  All 

data was processed per the EPR data processing description given in Chapter 

2.6 Materials and Methods.  

Results/discussion: 

The quartz sample tube was scanned in the EPR and a radical presence 

was detected (Figure 4.5.1).  For comparison, a sample of wood that was heat 

treated at 180 °C utilizing an oven kiln was also measured by EPR (Figure 4.5.2). 

The same sharp radical impurity is observed on top of the wood radical signal.  

 

 

 



 62 

 

 

A background signal was confirmed in running an empty quartz sample 

tube shown in Figure 4.5.1.  The peak is seen at 3356 gauss.  In Figure 4.5.2 the 

same background peak can be seen at 3356 gauss.  Because the radical 

presence of wood is not as large as TEMPO or DPPH the empty sample signal 

becomes a significant signal due to its size comparison.  A test was performed by 

subtracting the EPR radical signal area of a blank measurement from a treated 

sample to see if it would make a difference in data.  The difference between 

having the empty quartz sample tube signal removed from the EPR radical signal 

area (“blank delete”) and it being included is seen in Figure 4.5.3 and Table 4.5.1 

with the data from Chapter 4.3. 
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An EPR signal area is proportional to the radical concentration.28  For 

example, if you measure a full sample of a substance that has an EPR signal 

area of ten and only half of that sample is measured, you should have an EPR 

area of five (vide supra Chapter 4.3).  Figure 4.5.3, shown above, displays the 

data represented when you don’t remove that blank measurement (left graph) 

and when you do (right graph).  In the left graph the halved piece (signal of 17.65 

and 16.98) does not have half the signal as the full piece (signal of 25.11).  

Whereas, in the right graph there is half the signal for the halved piece (signal of 

8.86 and 8.19) in comparison to the full piece (signal of 16.32). 
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Conclusion: 

 Figure 4.5.1 shows the confirmation of the hypothesis of there being an 

EPR radical signal presence running an empty quartz sample tube. With this 

confirmation, the next step was to test for a better representation of data with the 

blank subtracted from each sample.  The confirmation of this data can be seen in 

Figure 4.5.3.  Samples after this test will have a blank run and subtracted to give 

a better visualization of the actual sample for a more accurate representation of 

the results.  This is crucial especially when studying wood samples due to their 

smaller EPR radical signal. 

 

4.6 Problem #5: Moisture and equilibrating samples: Can no moisture or 

the same moisture content in all samples be achieved? 

Rationale: 

EPR utilizes and directs microwaves down the wave guide onto samples 

and records the signal of microwaves coming back from the resonating cavity 

when the magnetic field is swept during a scan.  Due to wood’s natural property 

of water retention and possessing a moisture content, its effects on EPR signal 

needed to be studied.  Water molecules absorb microwaves and rotate when 

microwaves are directed at and around them, similar to the way food is warmed 

in a microwave oven.29  Due to the moisture in wood an attenuation in signal may 

be observed based on the different moisture content levels.  With the effect it can 

have on EPR, it is important to eliminate moisture in all samples or to make sure 
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all samples have the same moisture content.  There are two main ways to 

measure moisture content in a sample of wood.  The first method is the utilization 

of a moisture meter that is either a pin or pin-less type.30  The pin meter needs to 

be inserted into the wood while the pin-less meter rests directly on top of the 

wood, requiring a larger, flat piece of wood.  However, due to the small sample 

sizes needed for these tests, this method is not an effective way to measure 

moisture content. The second method is to utilize ASTM oven-drying to calculate 

the moisture content.  However, this method requires an additional heat 

treatment of the wood, and therefore contradicts the study. 

 With both of the previously known moisture content measurement 

methods being ineffective, a different method needed to be produced.  The idea 

originally was to be able to account for moisture and the signal attenuation per 

sample with the thought that all samples would not contain the same moisture 

level.  Finding a way that all samples contain the same level of moisture would 

be the next best solution available.  To try to achieve this, Drierite (anhydrous 

calcium sulfate) and a desiccator were utilized.  Using a desiccator and a drying, 

or moisture absorbing agent, are typically used to eliminate moisture in an 

chemical environment.31  Drierite is a drying agent used for the efficient drying of 

organic liquids and solids, air, industrial gasses, and refrigerents.32  The 

utilization of this product will allow increased control of moisture content and 

equilibrium of the samples within the desiccator.  The samples will be evenly 

distributed within the desiccator and suspended using a cardboard matrix and 

microcentrifuge tubes (Figure 4.6.1).  The wood is stored in room temperature 
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and atmospheric moisture conditions before treatment.  With these storage 

condition in mind, and heat treatment being the source of treatment, it is 

assumed that not much moisture in the wood after treatment.  A loss of moisture 

is actually expected.  Because of this and the smaller size of the desiccator the 

sample are left inside to equilibrate for 24 hr before measurement on EPR. 

 

 

Conclusion: 

 To account for the possible variable of signal attenuation due to moisture 

in the samples, the moisture content will be controlled and equilibrated instead of 

directly measured.  This will be done by using a desiccator and Drierite.  

Practicing this method, all samples will be placed in the desiccator at the same 

time and enclosed for a selected amount of time to ensure that all samples are at 

the same moisture content before measurement. Therefore, any attenuation to 

the signal will be negligible because it will be the same across all samples. 
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4.7 Problem #6: No trend in NRRI wood: Why would there be no trend in the 

samples provided by NRRI? 

Rationale: 

 When looking deeper at the initial collection of EPR data (vide supra 

Chapter 3.3) of the wood treated by NRRI, a way to acquire more reliable data 

was needed.  There was a lack of a trend in Figure 3.3.4 and 3.3.6.  When 

looking closer at their methods, some adjustments needed to be made to 

produce better samples.  An attempt was made for access to their pilot kiln to 

test samples.  A problem of obtaining access, training, and transportation to the 

site arose.  After further thought, trying to make a pilot kiln in-house was the next 

best plan of action. 

 The oven kiln that NRRI used had internal thermometers inside of a 

chamber to keep track of and adjust temperatures.  An inquiry about NRRI 

methods was asked and information of note was learned. Inconsistent treatment 

times, temperatures, and no known source of the wood was found.  Without 

knowing if the wood was commercially dried before acquisition and an 

inconsistency in treatment times, it was hard to accurately compare the wood. 

 An attempt will be made to achieve a better method of treatment by 

implementing a consistent and a smoother rise to temperature, set temperature, 

and cool down temperature.  This will be easier to accomplish with an oven that 

is smaller in size, that has a calibrated heating element, possesses a data logger 

for a second temperature reading to increase accuracy, and to record time and 
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temperature stamps.  It is hypothesized that the control of temperature could be 

achieved at a more accurate degree. 

 

Results and discussion: 

 The oven kiln data was collected from NRRI from the original samples of 

Red Maple and Eastern Hemlock.  The reported temperatures were 170 ℃ and 

180 ℃ for each wood species.  Temperature was plotted in respect to time 

(Figure 4.7.1).  Two probes were used in the collection of temperature. 

 

  

 

In Figure 4.7.1, a few observations can be made in regard to the oven 

data.  The first observation is that with each trial the temperature reported for 

treatment only barely reached, or shortly reached, the reported temperature.  
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Also, the total run time for each isn't the same, with the timings being 16, 19, 

24.5, and 35 hr.  Finally, the ramp of temperature and decrease of temperature is 

dissimilar.  With so many variables, it becomes obvious why it was difficult to 

compare the samples and their radical content.  An attempt to correct a few of 

these variables with an in-house kiln was made. The components and set-up of 

this kiln was described in Chapter 2.4 in the Materials and Methods section. A 

wood thermal treatment run was performed and is shown in Figure 4.7.2 below 

for comparison to the industrial pilot scale kiln. 

 

 

 

The data shown in Figure 4.7.2 shows the four in-house oven kiln trials.  

Each of these used a smaller size oven and used a data logger probe to record 

the temperature.  For each of these treatments, the oven was allowed 1 hr to 
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warm up with adjustments in temperature until it was as close to the goal 

temperature as possible (170 ℃, 180 ℃, 195 ℃, 210 ℃).  After the oven was held 

“at temperature” for 24 hr it was then switched off for a cool down period of 1 hr.  

A comparison between Figure 4.7.2 and 4.7.1, shows the time, the temperature, 

and the overall method was consistent and much more reproducible for the in-

house kiln and the industrial pilot-scale kiln. 

 

Conclusion: 

 To conclude, testing with an in-house pilot scale of the kiln works to great 

efficiency.  When examining the NRRI data, inconsistencies were found in time 

and temperature within the trials.  With the in-house kiln, those inconsistencies 

were controlled and resolved.  The hypothesis of controlling temperature at a 

higher degree with the in-house kiln was confirmed.  With the added ease of 

using the kiln in house, no restrictions to access, and the confirmation of the 

added control of variables, it was concluded that the in-house oven kiln should be 

used for all future kiln experiments. 

 

4.8 Conclusion 

 Addressing the areas of concern was crucial to the forward advancement 

of the overall experiments and bigger picture questions.  Some of these areas 

included questioning why there was such a high EPR radical signal area for the 

untreated wood, how does sample size and weight play a role in EPR radical 

signal, how to effectively minimize signal to noise, how to account for moisture 
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and the most efficient way for all samples to contain the same moisture level, and 

addressing why there wasn't a trend in the wood from NRRI and if something 

could be done about it.  The issue of a high untreated signal was resolved by 

acquiring fresh wood that was not previously oven-dried.  Better overall data and 

better sample comparison was accomplished through cutting each sample of 

wood to a uniform size, using wood in a similar starting weight range, and 

correcting the signal to weight.  The issue of signal to noise ratio and achieving a 

more accurate representation of the sample was solved by taking a blank scan 

and subtracting that from the sample.  The utilization of the desiccation method 

ensured each sample was at the same starting moisture content.  The final 

problem that was faced was to address the inaccuracy of the wood samples from 

NRRI. This was solved through the creation of an in-house oven kiln and the 

implementation of a data logger to keep record of temperature with respect to 

time, under much more reproducible kiln runs. 

 When combining all of these adjustments, an excellent data set may be 

provided.  Using the oven kiln, cutting the wood more precisely, and desiccating 

will ultimately lead to a much more precise method of comparing the samples to 

each other.  Using fresh wood and cutting the same size wood will provide for 

much better sample prep and results, while practicing a blank delete and 

adjusting for weight will allow for a better representation of each sample.  Once 

all of these small changes are put into effect, the minimization of variables will 

occur and in turn allow for more freedom within future tests. 
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Chapter 5 

Industry Questions 

 

5.1 Rationale 

 As the preliminary control experiments were completed and the 

experimental parameters were tuned, it was time to revisit to the original question 

as well as explore some industry questions related to this project.  Many of the 

questions within the industry, as well as my project, revolve around the study of 

quantifying thermal treatment by EPR spectroscopy.  Being able to tackle 

experiments without the many issues that ensued previously would allow a 

smooth transition to our end goal.   

 

5.2 Moisture study 

Rationale: 

 In Chapter 4.6, a new way to equilibrate all samples before testing in the 

EPR was created.  The effects of moisture on EPR signal needed a closer look. 

As an EPR sweeps the magnetic field, it directs microwaves into the resonating 

cavity and records the change at the detector.  Many individuals warm food in the 

microwave every day, yet many do not know that what warms the food is the 

rotation of the food’s water molecules stimulated by the microwaves.29  So, if 

there is any water (moisture) in the EPR samples it may absorb some of the 

microwaves resulting in a weaker microwave energy exciting the radicals, thus 

attenuating the EPR signal.  Due to the common property of moisture content 
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amongst all types of wood, it is an important parameter to control or measure 

when doing quality measurements of wood.33 

The scope of this experiment is to hydrate and desiccate samples of heat-

treated wood in different ways and record the effect.  The wood samples were 

treated in the TGA using the methods in Chapter 2.2 under a nitrogen 

atmosphere.  The samples were treated at 180 °C, 195 °C, and 210 °C as well as 

an untreated sample. The Varian EPR spectrometer and standard settings were 

used (vide supra Chapter 2.5), with 2 scans per spectra, and 15 spectra per 

experiment.  All data was processed per the EPR data processing description 

given in Chapter 2.6 Materials and Methods.  A range of moistures needed to be 

obtained. There were four different ways each group was treated and measured, 

and moving forward, this is referred to as batches.  Each Batch consisted of four 

samples of wood treated at 180 °C, 195 °C,210 °C and one untreated sample. 

The first batch was desiccated for 24 hr and measured as normal.  The second 

batch was hydrated with 300 microliters of milli-Q water for 24 hr and then 

desiccated for only 1 hr before EPR measurement.  The third batch was hydrated 

with 300 microliters of milli-q water for 24 hr and desiccated for 24 hr before EPR 

measurement.  The fourth batch was hydrated with 300 microliters of milli-q 

water for 24 hr and desiccated for a week before EPR measurement.  It was 

hypothesized that in comparison to the first batch the second batch would have 

the biggest attenuation in signal resulting in the smallest EPR radicals signal 

area, the third batch would also have an attenuated EPR radical signal area and 
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would be smaller than batch one but larger than batch two, and finally batch four 

is hypothesized to have the same/similar EPR radical signal area to batch one. 

 

Results and discussion: 

 All of the wood was treated as according to the experiment above and 

each batch was treated and measured with EPR.  Batch one had a good trend 

with a correlation of heat treatment to EPR radical signal with untreated being the 

lowest signal with an incremental increase of signal in order of 180 °C, 195 °C, 

and 210 °C.  Batch two had the lowest EPR radical signal area. A trend was also 

observed.  The third batch had a slightly lower signal than batch one and had the 

same trend.  Batch four had almost the same EPR radical signal area as batch 

one.  The results can be seen in Figure 5.2.1 below and Table 5.2.1. 
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 In Figure 5.2.1, you can see the results of each batch with batch one 

plotted on the left and right of each temperature for better data comparison.  

Thinking of the different batches in relation to how wet each batch would be or 

how high their moisture content would be, batch two would have the highest 

moisture content, followed by batch three as the next highest and then either 

batch four or one with the smallest moisture content.  It makes sense why the 

data followed this pattern of attenuated EPR radical signal due to the hydrated 

samples with the moisture content being batch 2 ＞ batch 3 ＞ batch 4 ≧ batch 1. 

 

Conclusion: 

 It was concluded that excess water or moisture in an EPR sample would 

attenuate the signal in a correlation to moisture content.  The hypothesis of 

having EPR radical signal area attenuation be in the order of being batch 2 ＞ 

batch 3 ＞ batch 4 ≧ batch 1 due to moisture was confirmed by this study.  Due 

to these results, it was confirmed that taking recently heat-treated samples (that 

are low in moisture by default) and desiccating them for 24 hr before running 

EPR is the best process for minimizing signal attenuation and for equilibrating the 

samples for EPR. 
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5.3 Relation between heat treatment and EPR signal utilizing TGA 

Rationale: 

 With the standard methods for the preparation of samples finalized to 

mitigate any unwanted variables and to improve measurements, a closer look 

was made into the correlation between EPR radical content and the extent of 

thermal treatment.  The thermogravimetric analyzer (TGA) was utilized for this 

experiment to treat the wood to an accurate and precise level.  This allowed a 

closer focus on the relationship of heat treatment to EPR radical signal.  There 

were 8 different samples that were run in the TGA.  Four temperatures were 

selected to reflect a range of industry standard treatments 170 °C, 180 °C, 195 

°C, and 210 °C.34,35  Two samples would be treated at each temperature, one 

under a nitrogen atmosphere and the other under an oxygen atmosphere (again 

for industry standards) for a total of eight samples.  All samples were prepared 

using standard methods (vide supra Chapter 2.1). 

 After all samples were treated with the TGA, they were desiccated for 24 

hr before measurement by EPR.  EPR was run on the Magnettech using EPR 

data collection method (vide supra Chapter 2.5), with two scans per spectra and 

15 spectra per experiment.  The data was then processed per the EPR data 

processing method (vide supra Chapter 2.6).  The data will also be shown as 

EPR radical signal area per mg of wood for a better representation of radical 

content inside the full sample of wood (vide supra Chapter 4.4). It was 

hypothesized that a trend in the correlation of EPR radical signal area per mg of 
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wood to heat treatment temperature would be found.  More specifically, the data 

would show a higher signal for higher treatment temperatures and a lower signal 

for lower treatment temperatures. 

 

Results/discussion: 

 All samples were prepared, treated, and measured using the EPR to 

observe and to calculate the EPR radical signal per mg of wood.  The samples 

treated under a nitrogen atmosphere can be seen in Figure 5.3.1 vide infra, 

whereas the samples treated in an oxygen atmosphere can be seen in Figure 

5.3.2 vide infra.  All numerical data is shown in Table 5.3.1. 

 

 

  



 78 

  

 

 

 A trend can be seen in Figure 5.3.1 with EPR radical area per mg of wood 

to thermal treatment temperature under a nitrogen atmosphere.  As temperature 

increases, EPR radical area per mg of wood also increases.  The same trend can 

be seen in Figure 5.3.2 with an oxygen atmosphere.  Overall, the signal in the 

oxygen samples were much higher than the nitrogen samples.  Also, the 

untreated sample of wood had a far smaller signal in comparison to the heat-

treated wood. 

 

Conclusion: 

 Both studies (oxygen and nitrogen) have a direct increase in EPR signal 

with an increase in thermal treatment.  This was a big deal because this 
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supported a correlation of EPR radical signal area per mg of wood to the extent 

of heat treatment temperature, thus supporting the hypothesis.  With this, the 

hypothesis was further explored by repeating this same experiment using an in-

house oven kiln to replicate industry standards.  The same experiment was also 

repeated with more replicates for statistics to further support our hypothesis.  

 

5.4 Relation between heat treatment and EPR signal utilizing an in house 

kiln 

Rationale: 

 The TGA presented two major restrictions with treating wood.  The first 

restriction is the limitation of treating one sample at a time. This makes for 

numerous hours of sample treatments (at about one sample per 48 hr) with low 

turnover for total number of samples.  The second restriction is that in the 

manufacturing process, industrial wood is treated in large quantities, in the same 

kiln, at the same time.36  Due to the inability to use an industry size kiln, an 

expedient kiln was built in-house for this next study to allow more wood to be 

treated at once and to be closer to an industrial process. 

 The kiln was built to the specification in the oven kiln method (vide supra 

Chapter 2.4 and Chapter 4.7).  Four different treatment experiments were 

executed at goal temperatures of 170 °C, 180 °C, 195 °C, and 210 °C.  Five 

pieces of wood were treated at each temperature for a total of 20 total samples 

for this experiment and all samples were treated for 24 hr.  The wood samples 

were prepared, treated in the kiln, and tested in the EPR according to the method 
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section (vide supra Chapter 2.5), with two EPR scans per spectra and fifteen 

spectra per experiment were taken for a total of 30 spectra.  It was hypothesized 

that a similar relationship seen in the TGA experiment would be seen with a 

correlation between EPR radical signal to heat treatment temperature with a rise 

in signal as the temperature increased. 

 

Results/discussion: 

 The four heat treatment trials in the oven kiln were completed per the 

design of the experiment.  For the goal temperature of 170 °C the average 

temperature was 169.8 °C, for the goal temperature of 180 °C the temperature 

was 180.1 °C, for the goal temperature of 195 °C the temperature was 195.7 °C, 

and for the goal temperature of 210 °C the temperature was 209 °C.  Each of the 

treatment experiment results can be seen in Figure 5.4.1 and table 5.4.1. 
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 For each heat treatment experiment, the five wood samples are shown 

with their EPR radical signal per mg of wood as well as the average signal of all 

five.  All groupings stayed in a close range of each other.  In order to clearly see 

if a trend emerged, the average of each group was combined to create a new 

graph seen in Figure 5.4.2. Standard deviation bars are shown on the graphs. 
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 With the average data from each temperature plotted on one graph, as 

seen in Figure 5.4.2, it becomes easier to compare the data between each heat 

treatment oven kiln experiment.  A trend can be observed. As heat treatment 

temperature rises, the EPR radical signal area per mg of wood increases. 

 

Conclusion: 

 It was concluded that as the heat treatment temperature increased, the 

EPR radical signal area per mg of wood also increased, supporting the 

hypothesis.  This was huge for a few reasons.  The first reason was that just like 

in Chapter 5.3 the original goal to correlate this relationship was achieved, but 

this time in conditions similar to industry. Secondly, a  higher sample turn around 
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was accomplished.  Heat-treating 5+ samples (upwards to 30+) per 48 hr verses 

1 sample max per 48 hr was a large advancement. And of course, this could be 

scaled up to treat hundreds of samples in 48 hr if desired.  Lastly, this industrial 

expedient kiln provided the same results and conclusions for the correlation of 

EPR signal and heat treatment like the TGA experiment.  With this a push toward 

collecting statistical data for the oven kiln and TGA relationship could be studied. 

 

 5.5 Statistics studies 

Rationale: 

 With the success in both tests for correlation of EPR radical signal with 

extent of thermal treatment using TGA (vide supra Chapter 5.3) and by using an 

in-house kiln (vide supra Chapter 5.4), there was a need for statistical backing.  

To do this, both tests would need to be redone but done with multiple samples or 

with duplicate treatments to show reproducibility.37  A higher insight on how 

effective the treatment types are, and how effective the method of using EPR to 

quantify the extent of heat treatment can be gained through repeating the 

experiments to gain statistics. 

 

TGA statistic study overview: 

 The goal of this study was to collect statistical results for the study done in 

Chapter 5.3.  The method of thermal treatment of wood will be the TGA analyzer 

with EPR spectroscopy to measure the radical output.  A triplicate statistical test 

will be done with three samples of wood for each temperature of 170 °C, 180 °C, 
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195 °C, and 210 °C for a total of twelve samples that will be heat treated.  They 

were thermally treated at their temps using the standard TGA method under 

nitrogen (vide supra Chapter 2.3).  The wood will be prepared by the wood 

sample preparation method (vide supra Chapter 2.1). 

The Magnettech Miniscope 5000x spectrometer and standard settings 

were used (vide supra Chapter 2.5), with 2 scans per spectra, and 15 spectra per 

experiment.  All data was processed per the EPR data processing description 

given in Chapter 2.6 Materials and Methods. 

 

Results discussion: 

 Each group of samples were treated at their respective temperatures, 

measured with the EPR, and processed.  The EPR area per mg of wood for each 

wood sample in the triplicate set, along with the average is plotted in Figure 

5.5.1. 
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 Each group of temperatures had a slight variation of EPR signal.  Each 

triplicate group had signal responses that were close to each other.  In order to 

be able to say they were close, and to give a statistical significance, the averages 

were plotted with each other with error bars showing the standard deviation of 

each set.  This can be seen in Figure 5.5.2 and table 5.51. 

 

  

 

 

 Looking at Figure 5.5.2, it is supported that each of the triplicates fell 

within a good range of EPR radical signal with the averages displayed in the bar 

graph.  The error bars show the statistical significance between each set of 

samples.  Each average temperature set falls outside the error bars.  The p-
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values are displayed in table 5.5.2.  This shows that each signal output from 

each range is significantly separate from the next, thus further supporting the 

correlation of signal to thermal treatment. 

 

 

Kiln statistics overview: 

The goal of this study was to collect statistical results for the study done in 

Chapter 5.4.  The method of thermal treatment of wood will be the in-house oven 

kiln with EPR spectroscopy to measure the radical output.  A statistical test will 

be done with six samples of wood for each goal temperature of 170 °C, 180 °C, 

195 °C, and 210 °C for a total of twenty-four samples will be heat treated.  They 

were thermally treated at their temps using the oven kiln method (vide supra 

Chapter 2.4).  The wood will be prepared by the wood sample preparation 

method (vide supra Chapter 2.1). 

The Magnettech Miniscope 5000x spectrometer and standard setting were 

used (vide supra Chapter 2.5), with 2 scans per spectra, and 15 spectra per 

experiment.  All data was processed per the EPR data processing description 

given in Chapter 2.6 Materials and Methods. 
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Results/discussion: 

 Each set of oven kiln runs were accomplished successfully with measured 

average temperatures of 169.7 °C, 179 °C, 194.4 °C, and 209.2 °C.  The EPR 

data was reported as EPR radical signal area per mg of wood seen in Figure 

5.4.3 with the average taken of each set of six samples. 

 

  

 

 Each set of oven kiln samples stayed within a close range of each other.  

To give a better representation of how each set related to each other a graph 

displaying the averages of each set was made with error bars showing the 

standard deviation of each set. This can be seen in figure 5.5.4 and table 5.5.3 

below. 
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 A linear relationship can be seen in Figure 5.5.4 of EPR radical signal 

area per mg of wood.  The error bars only overlap the average area on the 194.4 

°C, and 209.2 °C sets.  The p-values can be seen in table 5.5.4, which shows 

statistical significance in all comparisons besides 194.4 °C and 209.2 °C.  One 

reason for no statistical difference could be from the actual set up of the in-house 

kiln.  The kiln was made to replicate an industrial kiln chamber as much as 

possible, but there are drawbacks and limitations.  One of which is the open 

space of the model and amount of wood, industrial kilns have a higher wood to 

air ratio inside of the kiln. 
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Conclusion: 

In conclusion, there was a support for the hypothesis that heat treatment 

and EPR signal area could be correlated, by both the TGA statistic study and 

oven kiln statistic study.  The study in Chapter 5.3 was repeated with more 

samples utilizing the TGA analyzer. The EPR radical signal per mg of wood 

increased as thermal treatment temperature increased.  The added samples 

allowed for statistical analysis, and in result confirmed a statistical significance.  

In addition, the same study as explained in Chapter 5.4 was conducted 

containing more samples utilizing the in-house oven kiln. The EPR radical signal 

per mg of wood increased as thermal treatment temperature increased.  The 

added samples allowed for statistical analysis, and although more radicals were 

observed with higher treatment temperatures, all testes showed statistical 

significance besides 194.4 °C and 209.2 °C for the kiln study.  More samples 

would need to be run and tested here to see if a statistical difference arises.  The 

reason behind the lack in statistical difference is unknown.  The oven kiln was 

designed to be a scale model of what is found in industry, that model made was 

still not perfect.  The statistical difference found in the TGA study was supportive 

evidence that the same controlled environment that was achieved with TGA is 

similar to the controlled environments in industry, so adjusting the oven kiln to be 

closer to industry should help the statistical difference.  It was already confirmed 
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in previous Chapters (vide supra Chapter 5.3 and 5.4) that there is an EPR 

radical signal response to thermal treatment temperature.  The results of these 

two tests further supports the results of those studies and the overall goal of this 

project. 

 

5.6 Radical formation rate study 

Rational/ overview: 

 Different lengths of thermal treatment were to be tested next.  Industry 

treatment times can vary depending on the company and can range from 16-36 

hr in total time under heat.9, 34  Heat could trigger the depolymerization of 

hemicellulose or lignin, the two radical creating suspects.38  To acquire another 

dimension in the measurement of EPR radical signal and how it relates to heat 

treated wood, a test was performed to see if there is a rate of formation of 

radicals with respect to time. 

 To test for the rate of formation of radicals, the TGA analyzer will be 

utilized for the thermal treatment of wood.  Six pieces of wood were treated at 

each temperature of 170 °C, 180 °C, and 195 °C.  Instead of treating each 

sample for 24 hr, the samples will be treated for 2, 8, 16, 24, 36, and 48 hr long 

all under nitrogen atmosphere.  There were six samples at each temperature and 

one per treatment length, for a total of 18 samples, with all being prepared by the 

standard wood preparation method (vide supra Chapter 2.1). 

The Magnettech EPR Spectrometer and standard settings were used 

(vide supra Chapter 2.5), with 2 scans per spectra, and 15 spectra per 
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experiment.  All data was processed per the EPR data processing description 

given in Chapter 2.6 Materials and Methods.  

 

Results/discussion: 

 All samples were treated, tested, and analyzed per the experimental set 

up.  The data was grouped together by temperature and displayed as EPR area 

per milligram of wood verses treatment time (2, 8, 16, 24, 36, and 48 hr) (Figure 

5.6.1).  The calculated rate slope of each temperature was also plotted (Figure 

5.6.1, Table 5.6.1). 
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 Each temperature group had an overall trend with treatment time and EPR 

radical area per milligram of wood.  Each treatment time had a respective EPR 

radical signal for its respective temperature (170 the smallest, followed by 180, 

and 195).  For the samples treated at 170 °C, the trend had a radical growth rate 

of y = 0.0817x + 6.1876 with respect to time in hr.  For the samples treated at 

180 °C, the trend had a radical growth rate y = 0.1426x + 8.3465 with respect to 

time.  For the samples treated at 195 °C, the trend had a radical growth rate of y 

= 0.5515x + 13.081 with respect to time.  With all of the trend lines plotted 

together it is seen that there is an increase in slope as treatment temperatures 

rise. 

 

Conclusion: 

 A few observations ultimately confirmed a radical formation rate.  Each 

treatment temperature group showed an overall upward trend in EPR radical 

signal area with respect to time.  For each treatment time, there was a higher 

EPR radical signal for a higher temperature respectively.  When comparing each 

trend line slope, it was observed that as the treatment temperature rose the slope 

became steeper.  In applying these observations, it was confirmed that there is a 

rate at which radicals form through thermal treatment.  This could be useful 
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industrially, where higher temperatures could be used to achieve the same 

results in a shorter amount of time. However, the bulk wood properties would 

need be measured to confirm that radical content in the wood still correlated with 

the desirable wood properties. In future studies, higher treatment temperatures 

will be tested to obtain similar rate plots.   

 

5.7 Polyacrylamide Study 

Rationale: 

 When the wood samples are heat treated, a loss in mass is observed.  It is 

assumed that a reduction in mass is due to the evaporation of water within the 

specimen initially, as well as the ultimate chemical breakdown of hemicellulose 

and lignin.  The question arose of how much reduction in mass was due to each 

factor.  When looking at TGA data of mass loss and temperature, there is a 

significant but consistent drop of mass in the beginning of the temperature ramp 

and up to the final hold temp.  This was followed by a very slow decrease in 

mass after the initial drop.  It was assumed that the first mass loss was due to 

moisture (water content) but it was best to try and get a concrete answer. 

 To answer this question, it was decided polyacrylamide would be 

examined.  Due to its similar properties as wood, polyacrylamide was a good 

choice to use for comparison because of its structure and water storing 

capabilities.  Wood is composed of an interwoven network of a variety of 

polymers and naturally retains water; polyacrylamide has the same water storing 

capabilities and is a woven polymer itself. 



 94 

 The polyacrylamide samples were hydrated for 1 hr and thermally treated 

in the TGA using the same parameters of the wood samples- 10 °C per min up to 

the temperatures of 180 °C, 195 °C, and 210 °C, followed by an isothermal 

period of 45 min.  It was hypothesized that this first drop was water and the 

second consistent drop in mass was a chemical breakdown inside the wood 

leaving a radical. 

 

Results/ discussion: 

 All samples were hydrated and treated in the TGA at the 3 selected 

temperatures.  To compare the mass loss, each sample of polyacrylamide is 

compared to a corresponding wood sample treated at the same temperature. 
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 Seen above in Figures 5.7.1, 5.7.2, and 5.7.3 the correlation and similarity 

in the initial mass drop from start to final temperature can be seen between the 

polyacrylamide and Poplar wood samples for each corresponding temperature 

profile.  In 2017, Shaikh conducted a study to examine the thermal degradation 

of polyacrylamide up to 900 °C.  Shaikh attributed the first mass loss to moisture 

or in this case water.39  The data from Shaikh’s paper can be seen in in Figure 

5.7.4.39 
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As an addition to Shaikh’s supporting information, the moisture content 

was also calculated from my TGA data.  For the polyacrylamide study at 180 °C, 

the water content was around 64% leaving the other 36% to be polyacrylamide.  

For the polyacrylamide study at 195 °C, the water content was around 57% 

leaving the other 43% to be polyacrylamide.  For the polyacrylamide study at 210 

°C, the water content was around 48% leaving the other 52% to be 

polyacrylamide.  The ending masses in Figures 5.7.1-3 are close to the 

calculated value of what dehydrated polyacrylamide would be, giving a second 

confirmation on the first drop in mass to be water. 

Conclusion: 

 It was concluded that the initial drop in mass during thermal treatment is a 

loss in water.  With similar TGA degradation profiles, Shaikh’s paper, and manual 

calculation as supporting evidence, this allowed me to confirm this assumption of 

the first mass loss being water, therefore proving my hypothesis. 
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 5.8 Conclusion 

 Using knowledge from previous Chapters, many tests helped answer the 

main question at hand: Can you quantify heat treatment?  The effects on EPR 

signal due to moisture was studied.  A confirmation of signal attenuation leads to 

a method to equilibrate samples using a desiccator before EPR measurement to 

mitigate such signal attenuation.  Thermally treated wood by use of a TGA 

analyzer was utilized to see the corresponding EPR radical signal area per 

milligram of wood.  Using this instrument allowed for accurate control of time, 

temperature, and weight loss measurement.  A direct correlation of EPR radical 

signal per milligram of wood to thermal treatment temperature was observed.  

Thermally treated wood by use of an in-house kiln was utilized to see the 

corresponding EPR radical signal area per milligram of wood.  Using this kiln 

allowed to be closer to industry standards and allowed for a higher sample yield 

(with respect to time).  A direct correlation of EPR radical signal per milligram of 

wood to thermal treatment temperature was observed.  Thermally treating wood 

for different lengths and measuring their EPR radical signal area per milligram of 

wood response was also done.  It was found that there was an overall rate of 

radical formation with respect to treatment temperature.  Lastly, both the TGA 

experiment and oven kiln experiment were done again but with multiple samples 

to obtain statistics.  It was found that the correlation of EPR radical signal per 

milligram of wood to thermal treatment temperature was statistically significant 

with the TGA, however, more data will need to be collected with the in-house kiln 
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to make the expected trend statistically significant.  With these experiments 

performed and their positive results, it can be confirmed that the extent of wood 

thermal treatment can be measured by EPR spectroscopy.  
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Chapter 6 

Conclusion and future directions 

 

 The main goal of this project was to find a reliable, quantifiable and 

efficient way to determine the extent of heat treatment of wood.  This would 

provide benefits to the industrial heat treatment of wood in the ability to provide a 

more consistent product.  One idea to determine the extent of heat treatment in 

wood was to examine the free radicals that form as the wood decomposes under 

the heating process.   

To begin the studies, EPR was utilized to measure DPPH and TEMPO, 

compounds with known radical presence, to quantify radicals of different 

concentrations (vide supra Chapter 3.2).  A direct relationship between EPR 

radical signal and concentration of radicals was confirmed.  With this relationship 

found, an initial test was done to confirm radicals in thermally treated wood (vide 

supra Chapter 3.3).  This allowed the direction to see if there was a correlation of 

wood thermal treatment temperature and EPR radical signal. 

 To study this, more in-depth tests were done to get to that final goal.  

Utilizing a TGA analyzer allowed accurate control of the temperature and 

atmosphere of thermally treating wood.  By using TGA and measuring EPR 

radical content of the thermally treated wood samples, it helped find and confirm 

that fresh wood not store-bought wood needed to be used for tests because of 

the kiln drying process of commercially bought wood (vide supra Chapter 4.2).  In 

utilizing both the TGA analyzer and an in-house kiln to thermally treat wood and 
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analyzing their EPR radical signals area, a few key discoveries were made.  

These discoveries include the importance of sample size (vide supra Chapter 

4.3, 4.4), proper data calculations (vide supra Chapter 4.5), desiccating to 

equilibrate samples (vide supra Chapter 4.6), and accounting for unwanted 

background signal (vide supra Chapter 4.5).  In additional studies, It was 

confirmed that moisture attenuates EPR radical signal.  It was also found that it 

attenuates signal with a correlation to how high the moisture content is (vide 

supra Chapter 5.2). 

 The main goal of this project was to be able to measure heat treatment of 

wood by the use of EPR.  The thermal treatment of wood was performed utilizing 

two methods for different advantages; first the TGA analyzer for the advantage of 

temperature, atmosphere, and weight measurement accuracy and control (vide 

supra Chapter 5.3), and second the in-house oven kiln for the advantage of a 

higher sample yield, and a closer representation of industry (vide supra Chapter 

5.4).  A positive correlation to thermal treatment temperature and EPR radical 

signal area was found in both treatment methods.  With that confirmation, 

repeats of both methods where done to get statistics on the reproducibility of the 

experiments (vide supra Chapter 5.5).  The experiments were proven to be 

reproducible.  With the statistical reproducibility, the positive correlation between 

thermal treatment temperature and EPR radical signal area was supported. 

 Future studies focus around additional places to explore or questions that 

arose during this project.  From the beginning, the want was to find a radical 

standard that resembles the radical found in wood with one EPR peak.  It was 
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not found in DPPH and TEMPO, but it was speculated that a manganese radical 

standard could provide a signal that is able to be used for quantification and 

comparison.  Finding the manganese radical standard having a similar single 

EPR peak will allow for direct radical comparison and radical quantification of 

thermally treated wood radicals.  Further studies would also be done to narrow 

down exactly where the radical is forming.  Cellulose and lignin should be studied 

using TGA, EPR, and pyrolysis GC-MS to study the decomposition and possible 

radical formation during thermal treatment.  Regarding precision of EPR 

measurements, the exploration of EPR cavity temperature (at time of scan) and 

how it effects the EPR data is a future goal.  A collaboration with Vim Williams of 

Firmolin that started looking to analytically account for moisture for an EPR 

measurement in any sample will be continued.  Lastly, a statistical test will be 

done on the EPR rate formation study for reproducibility. 
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