
ABSTRACT 

XIAO, LI. Product Chemistry and Process Efficiency of Biomass Torrefaction, Pyrolysis and Gasification 

Studied by High-Throughput Techniques and Multivariate Analysis. (Under the direction of Dr. Stephen S. 

Kelley and Dr. Hasan Jameel.) 

 

Despite the great passion and endless efforts on development of renewable energy from biomass, the 

commercialization and scale up of biofuel production is still under pressure and facing challenges. New ideas 

and facilities are being tested around the world targeting at reducing cost and improving product value. Cutting 

edge technologies involving analytical chemistry, statistics analysis, industrial engineering, computer 

simulation, and mathematics modeling, etc. keep integrating modern elements into this classic research. One of 

those challenges of commercializing biofuel production is the complexity from chemical composition of 

biomass feedstock and the products. Because of this, feedstock selection and process optimization cannot be 

conducted efficiently.  

This dissertation attempts to further evaluate biomass thermal decomposition process using both 

traditional methods and advanced technique (Pyrolysis Molecular Beam Mass Spectrometry). Focus has been 

made on data base generation of thermal decomposition products from biomass at different temperatures, 

finding out the relationship between traditional methods and advanced techniques, evaluating process efficiency 

and optimizing reaction conditions, comparison of typically utilized biomass feedstock and new search on 

innovative species for economical viable feedstock preparation concepts, etc.  

Lab scale quartz tube reactors and 80µl stainless steel sample cups coupled with auto-sampling system 

were utilized to simulate the complicated reactions happened in real fluidized or entrained flow reactors. Two 

main high throughput analytical techniques used are Near Infrared Spectroscopy (NIR) and Pyrolysis Molecular 

Beam Mass Spectrometry (Py-MBMS). Mass balance, carbon balance, and product distribution are presented in 

detail. Variations of thermal decomposition temperature range from 200
o
C to 950

o
C. Feedstocks used in the 

study involve typical hardwood and softwood (red oak, white oak, yellow poplar, loblolly pine), fast growing 

energy crops (switchgrass), and popular forage crop (alfalfa), as well as biochar derived from those materials 

and their mixtures.   

It demonstrated that Py-MBMS coupled with MVA could be used as fast analytical tools for the study 

of not only biomass composition but also its thermal decomposition behaviors. It found that the impact of 

biomass composition heavily depends on the thermal decomposition temperature because at different 



temperature, the composition of biomass decomposed and the impact of minerals on the decomposition reaction 

varies. At low temperature (200-500
o
C), organic compounds attribute to the majority of variation in thermal 

decomposition products. At higher temperature, inorganics dramatically changed the pyrolysis pathway of 

carbohydrates and possibly lignin. In gasification, gasification tar formation is also observed to be impacted by 

ash content in vapor and char. In real reactor, biochar structure also has interactions with other fractions to make 

the final pyrolysis and gasification product. Based on the evaluation of process efficiencies during torrefaction, 

temperature ranging from 275
o
C to 300

o
C with short residence time (<10min) are proposed to be optimal 

torrefaction conditions. 500
o
C is preferred to 700

o
C as primary pyrolysis temperature in two stage gasification 

because higher primary pyrolysis temperature resulted in more tar and less gasification char. Also, in terms of 

carbon yield, more carbon is lost in tar while less carbon is retained in gas product using 700
o
C as primary 

pyrolysis temperature. In addition, pyrolysis char is found to produce less tar and more gas during steam 

gasification compared with gasification of pyrolysis vapor. Thus it is suggested that torrefaction might be an 

efficient pretreatment for biomass gasification because it can largely improve the yield of pyrolysis char during 

the primary pyrolysis step of gasification thus reduce the total tar of the overall gasification products. Future 

work is suggested in the end. 
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Preface 

 

 

 

Despite the great passion and endless efforts on development of renewable energy from biomass, the 

commercialization and scale up of biofuel production is still under pressure and facing challenges. New ideas 

and facilities are being tested around the world targeting at reducing cost and improving product value. Cutting 

edge technologies involving analytical chemistry, statistics analysis, industrial engineering, computer 

simulation, and mathematics modeling, etc. keep integrating modern elements into this classic research. In US, 

ExxonMobil and Iowa State University announced their cooperation in establishing two research projects on 

fast pyrolysis of biomass in October 2014. Later in November 2014, Kior, Inc. filed a voluntary petition for 

bankruptcy after it developed a proprietary (catalytic pyrolysis) technology platform to convert biomass 

feedstocks into renewable crude oil, which can be converted, using standard refinery equipment, into gasoline, 

diesel and fuel oil blendstocks several years ago. Rentech and ClearFuels Integrated Bio-Refinery Project 

Awarded $23 Million Grant by U.S. Department of Energy in early 2009. Rentech-SilvaGas Biomass 

Gasification Process is a patented, commercially proven, gasification technology with over $100 million 

invested in technology and assets which can process a wide variety of cellulosic feedstocks to produce syngas. 

However, in the end of 2012, Rentech Inc. also announced plans to cease operations at and mothball its research 

and development Product Demonstration Unit and to eliminate all related R&D activities. In Europe, UPM and 

Valmet announced their plan to work together on a five-year project to develop and commercialize integrated 

catalytic pyrolysis technology to produce biofuels from cellulosic feedstocks in March 2014. In the Netherlands, 

BTG - Biomass Technology Group BV developed its fast pyrolysis technology originally based on the rotating 

cone reactor (RCR) and started its construction of the plant in early 2014, with the first parts being transported 

to the site in October. In 2013, Chinese renewable energy investment company, Wuhan Kaidi successfully 

completed the commissioning of an Alter NRG Westinghouse plasma gasification waste to biofuel system at its 

demonstration facility in Wuhan, China. According to Canadian plasma gasification specialist, Alter NRG unit 
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is designed to take approximately 100 tons per day of biomass waste and convert it into clean syngas. Also in 

Asia, NextFuels is developing a pilot facility based on Shell's hydrothermal process, to convert palm waste to 

'green crude’.  

One of those challenges of commercializing biofuel production is the complexity from chemical 

composition of biomass feedstock and the products. Because of this, feedstock selection and process 

optimization cannot be conducted efficiently. In the past 30 years, high throughput techniques to replace the 

laborious and time consuming measurement for biomass and its derived materials have been developed rapidly. 

Biomass composition and its thermal decomposition products are thoroughly characterized using spectroscopic 

and spectrometry instrument coupled with statistics analysis. Fundamentals of reaction mechanism as well as 

materials balance between feedstock and final products during biomass pretreatment and decomposition have 

been addressed in a wide range of temperature (150
o
C to 1200

o
C).  

This dissertation attempts to further evaluate biomass thermal decomposition process using both 

traditional methods and advanced technique (Pyrolysis molecular beam mass spectrometry). Focus has been 

made on data base generation of thermal decomposition products from biomass at different temperatures, 

finding out the relationship between traditional methods and advanced techniques, evaluating process efficiency 

and optimizing reaction conditions, comparison of typically utilized biomass feedstock and new search on 

innovative species for economical viable feedstock preparation concepts, etc.  

Lab scale quartz tube reactors and 80µl stainless steel sample cups coupled with auto-sampling system 

were utilized to simulate the complicated reactions happened in real fluidized or entrained flow reactors. Two 

main high throughput analytical techniques used are Near Infrared Spectroscopy (NIR) and Pyrolysis Molecular 

Beam Mass Spectrometry (Py-MBMS). Mass balance, carbon balance, and product distribution are presented in 

detail. Variations of thermal decomposition temperature range from 200
o
C to 950

o
C. Feedstocks used in the 

study involve typical hardwood and softwood (red oak, white oak, yellow poplar, loblolly pine), fast growing 

energy crops (switchgrass), and popular forage crop (alfalfa), as well as biochar derived from those materials 

and their mixtures.  The arrangement of chapters is based on the increasing of temperature from torrefaction 

(200-300
o
C) to gasification (950

o
C). Here is the brief introduction of each Chapter. 
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Chapter 1 - Review of biomass composition and the characterization by NIR and Py-MBMS 

Optimizing the use of lignocellulosic biomass as the feedstock for renewable energy production is 

currently being developed globally. Biomass is a complex mixture of cellulose, hemicelluloses, lignins, 

extractives, and proteins; as well as inorganic salts. Cell wall compositional analysis for biomass 

characterization is laborious and time consuming. In order to characterize biomass fast and efficiently, several 

high through-put technologies have been successfully developed. Among them, near infrared spectroscopy (NIR) 

and pyrolysis-molecular beam mass spectrometry (Py-MBMS) are complementary tools and capable of 

evaluating a large number of raw or modified biomass in a short period of time. NIR shows vibrations 

associated with specific chemical structures whereas Py-MBMS depicts the full range of fragments from the 

decomposition of biomass. Both NIR vibrations and Py-MBMS peaks are assigned to possible chemical 

functional groups and molecular structures. However, it is challenging to interpret the informative results 

because of the large amount of overlapping bands or decomposition fragments contained in the spectra. In order 

to improve the efficiency of data analysis, multivariate analysis tools have been adapted to define the significant 

correlations among data variables, so that the large number of bands/peaks could be replaced by a small number 

of reconstructed variables representing original variation. Reconstructed data variables are used for sample 

comparison (principal component analysis) and for building regression models (partial least square regression) 

between biomass chemical structures and properties of interests. In this review, the important biomass chemical 

structures measured by NIR and Py-MBMS are summarized. The advantages and disadvantages of conventional 

data analysis methods and multivariate data analysis methods are introduced, compared and evaluated. This 

review aims to summarize the typical studies of utilizing these two high-thourghput techniques in biomass 

characterization and serve as a guide for choosing the most effective data analysis methods for NIR and Py-

MBMS.  
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Chapter 2 - Fuel properties and chemical composition of torrefied biomass and their prediction models built 

from mass yield, NIR and Py-MBMS 

Although as a renewable raw material, wood constitutes an enormous resource for biomass conversion. 

Disadvantageous properties of woody biomass which limit biofuel production from wood include high moisture 

content, recalcitrant structure, vulnerability to fungal attack and low energy density, which result in high cost 

for preparation, handling, transportation, as well as difficulties in feeding and processing woody biomass in 

standard commercial thermal energy systems. Torrefaction is a pretreatment technology for biofuel. It is 

generally defined as a mild thermal decomposition conducted at 200-300
o
C in an inert atmosphere (without 

oxygen). Torrefied biomass as a major product is superior in many feedstock properties, such as reduced 

equilibrium moisture content, enhanced energy density, improved grindability, and ease of co-feeding with coal, 

etc. These coal-like properties facilitate the utilization of various biomass feedstocks in combustion, pyrolysis, 

and gasification. In this study, torrefied materials were produced from one softwood and two hardwoods under 

various torrefaction conditions. The impact of species and conditions on the fuel properties and chemical 

structures of torrefied biomass were discussed. The chemical structures of raw and torrefied biomass were also 

studied by NIR and Py-MBMS. Principal Component Analysis (PCA) and Partial Least Squares Regression 

(PLS) modeling were utilized for sample comparison and prediction models building between spectral data and 

properties of interest. Those prediction models from NIR and Py-MBMS data are compared with predictions 

from mass yield in order to make suggestions on model selection.  Based on the results, it is concluded that 

torrefaction is efficient in improving fuel properties of biomass. Carbohydrates underwent chemical changes 

first, although subtle changes in lignin structure were also seen in the Py-MBMS spectra. Degradation of the 

carbohydrates led to formation of furans, while degradation of the lignin included demethoxylation reactions 

along with other degradation reactions. Mass yield, NIR spectra, and Py-MBMS spectra could all be used to 

construct useful predictive models for most fuel properties, although nitrogen content was generally the hardest 

property to predict. PCA and PLS tools were required to obtain a detailed understanding of the NIR and Py-

MBMS data. Mass yield and NIR can be used in an industrial processing environment to predict fuel properties 

and HHV, respectively. Py-MBMS also useful but best suited for detailed evaluation of the torrefaction 
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mechanisms. An analysis of the vapors produced during torrefaction is suggested in order to further understand 

the reaction mechanism of torrefaction.  

Chapter 3 - Optimizing biomass torrefaction processing condition and efficiency using kinetic relationships 

of mass, carbon and energy yield 

In order to increase the competitiveness of biomass in energy generation market, torrefaction has been 

implemented as a pretreatment technique to improve biomass fuel properties. The purpose of this study is to 

bridge research gaps in carbon and energy efficiency by tracking the change of mass, carbon, and energy yield 

during torrefaction of woody biomass. The resulting conclusions can be used to make recommendations for 

optimal torrefaction conditions, and to provide information for economic and environmental analysis. 

Hardwood (yellow poplar and red oak) and softwood (loblolly pine) were used as feedstocks and torrefied at 

temperatures from 200 - 300
o
C for intervals of 10, 20, and 30 minutes. Impact of biomass species and 

torrefaction condition on mass yield, carbon yield and energy yield were investigated. Kinetic parameters of 

mass, carbon, and energy loss were calculated based on the assumption of one step first order reaction. Results 

show that in comparison with torrefied softwood, torrefied hardwood resulted in lower mass, carbon, and 

energy yield at the same condition. Rate constants of mass loss and carbon loss were higher for hardwood 

torrefaction than for softwood torrefaction. Therefore, it is concluded that hardwood is more reactive than 

softwood during torrefaction. It is also found that the elemental yields and mass yields were linearly correlated. 

It means the composition of the torrefaction vapor products has similar elemental composition throughout the 

process. The universal molecular formula of torrefaction vapor was determined as C3.1 H11.6 O3.5.  In comparison, 

the linear correlations between energy yield and mass yield were not as good those between elemental yields 

and mass yields. It proves that energy content of torrefied biomass was not only determined by the elemental 

contents but also impacted by the chemical structure of torrefaction product. Overall, at temperature ranging 

from 275
o
C to 300

o
C for short residence time (<10min), energy yield was high while mass yield was low; the 

reaction rate of carbon loss was slow while that of mass loss was fast for both hardwood and softwood. 

Therefore, those conditions are proposed to be optimal torrefaction conditions. 
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Chapter 4- Study on product chemistry of co-pyrolysis of woody and herbaceous biomass using  Py-MBMS 

To insure a reliable and consistent feedstock throughout a 12 months production cycle herbaceous and 

woody biomass can be blended to form uniform feedstock for a pyrolysis based biorefinery. Formulated 

feedstocks also have the opportunity to create specific feedstock characteristics, e.g., caloric content, fixed 

carbon or ash, and widening options for the biomass source. In order to elucidate potential interactions during 

co-pyrolysis of different feedstocks combinations, Pyrolysis-molecular beam mass spectrometry (Py-MBMS) 

was used to analyze primary pyrolysis products. Mixtures of pine and switchgrass, pine and water leached 

switchgrass, pine and switchgrass char, as well as pine and alfalfa, pine and water leached alfalfa, pine and 

alfalfa char were pyrolyzed at specific ratios. Pyrolysis vapor yield was estimated by integration of the total 

mass spectral intensity, while pyrolysis vapor composition was used to characterize chemical differences in the 

pyrolysis vapors. Possible interactions between vapors from different feedstocks were detected by comparing 

spectra calculated from linear combination of pyrolysis spectra of individual species with the experimentally 

derived pyrolysis spectra from real mixtures. In order to distinguish vapor phase interaction from solid phase 

interaction, premixed mixtures were compared with separated positioned mixtures in co-pyrolysis experiments. 

The impacts of pyrolysis temperature and residence time were also investigated. Results show that no 

interaction during co-pyrolysis is found for switchgrass-pine and water leached switchgrass-pine combinations 

even with increased pyrolysis temperature up to 650
o
C (from 500

o
C) and extended vapor phase residence time 

up to 2.33 s (from 0.07s). Interaction was detected in the co-pyrolysis of pine with alfalfa and water leached 

alfalfa due to high concentration of specific inorganics in alfalfa. Interactions in co-pyrolysis of pine and 

switchgrass char, and alfalfa char have also been detected and that is assigned to results from both inorganics 

and char structure. The main impact is on carbohydrate decomposition. It is not clear whether lignin 

decomposition has also been changed. It is suggested to study the different impact factors on carbohydrates and 

lignin separately in order to further locate the interaction during co-pyrolysis and find out the optimum ash 

composition and content for pyrolysis product generation. 
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Chapter 5 - The impact of primary pyrolysis temperature and biomass species on mass balance and carbon 

efficiency of two stage steam gasification using Py-MBMS 

Biomass gasification can be regarded as a two-stage process. Gasification tar, gas and char are formed 

from the secondary reaction of vapor and char from the initial pyrolysis process. In order to optimize the current 

gasification system and the feedstock selection by eliminating tar formation and maximizing syngas production, 

both pyrolysis and gasification experiments are conducted to simulate the two stage gasification in the quartz 

tube reactor. Four biomass species were pyrolyzed and gasified: switchgrass, alfalfa, pine, and oak under two 

primary pyrolysis temperatures: 500
o
C, 700

o
C. Product distribution and carbon yield on both pyrolysis and 

gasification stages are carefully calculated. Composition of syngas and tar was detected by Py-MBMS directly 

from hot gas sampling and the data was analyzed thoroughly using multivariate analysis. Results show that 

there is almost no species different in terms of overall product distribution and carbon distribution. However, 

the different gasification reactivity of pyrolysis char resulted in variation of gasification char yield. In terms of 

product composition, the vapor cracking product from alfalfa is different from that of other three species due to 

its nitrogen compounds and ash content, while there are small species difference in tar compounds for 

switchgrass, pine and oak. Since the loss of carbon as tar is less from the gasification 500
o
C pyrolysis products 

than from 700
o
C pyrolysis products, while the carbon efficiency in gas production is lower for 700

o
C as well, 

primary pyrolysis temperature of 500
o
C is preferred to 700

o
C. In addition, carbon loss as tar from gasification of 

pyrolysis char is less than that loss from pyrolysis vapor. Therefore, increasing the yield of char during primary 

pyrolysis is suggested for the improvement of gasification performance.  

Chapter 6 – Conclusions and future work 

Based on the above studies Py-MBMS and NIR are used together with traditional fuel analysis 

methods to evaluate biomass feedstock properties and its thermal decomposition products. Raw biomass 

composition was summarized in Chapter 1 while the solid residue from torrefaction of biomass was 

characterized in Chapter 2. The process efficiency of torrefaction of three woody biomass was compared in 
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Chapter 3. Vapor phase products from woody and herbaceous biomass during pyrolysis and gasification were 

evaluated in Chapter 4 and Chapter 5. Possible interaction during pyrolysis of wood with herbaceous biomass 

which has high ash content and nitrogen content was investigated in detail in terms of product yield and product 

composition. In Chapter 5, gasification reactivity of pyrolysis vapor and char from four different biomass was 

compared. The impact of primary pyrolysis temperature is also studied for the reduction of tar and increasing of 

gas yield. From this study, it demonstrated that Py-MBMS coupled with MVA could be used as fast analytical 

tools for the study of biomass compositional analysis and its thermal decomposition. A wide range of biomass 

species were studied and the impact of organic and inorganic fractions on product and process efficiency of 

biomass thermal decomposition was investigated. Thus suggestions were made on feedstock selection and 

formulation. This research also addressed the issue of optimizing the reaction conditions in order to improve the 

process efficiencies or get the desired product. Future work is suggested in the end of this Chapter.  
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Chapter 1 NIR and Py-MBMS Coupled with Multivariate Data Analysis as 

a High-Throughput Biomass Characterization Technique: A Review 

 

 

 

 Introduction  

1. Biomass chemical composition 

Because of its renewable nature and various chemical compositions, biomass is an attractive feedstock 

for energy and chemical products (Himmel et al., 2007; Ragauskas et al., 2006; Sluiter et al., 2010; Wei et al., 

2009). Typical fuel properties and cell wall composition for woody and herbaceous biomass are summarized in 

Table 1.1. 

Biomass is a complicated mixture of organic and inorganic compounds, which is composed of 

elongated cells oriented in the longitudinal direction of the stem. These cells provide necessary mechanical 

strength and biological functions to the tree. While lumen is important for the growth of the biomass, cell wall 

is critical for biomass used as a feedstock for material or energy production. Cell wall is mainly composed of 

cellulose, hemicelluloses and lignin, as well as minor components, such as proteins, extractives, ash and other 

nonstructural mineral materials. Cellulose serves as a skeleton for the conformation of the cell wall layers while 

lignin and hemicellulose surrounded functioning as a matrix and encrusting materials (Sjöström, 1981). 

Cellulose is a linear polymer consisting of β-(1→4)-D-glucopyranose units as shown in Figure 1.1. The degree 

of polymerization of cellulose is approximately 10000 to 15000 in wood and cotton, respectively. Parallel 

cellulose molecules bundled together by inter- and intra- molecular hydrogen bonds to form microfibrils to form 
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crystalline regions. Microfibrils are combined together to form bigger fibrils and lamellae. At the same time, 

disordered cellulose and hemicellulose and lignin are located in the spaces between the microfibrils. Cellulose is 

the highest molecular weight constituent of biomass and makes up to around 40-50 wt% of biomass (on dry 

basis) (Roger, 1984). Hemicellulose is the other polysaccharides in wood, which accounts for around 28 wt% of 

the mass in softwoods and 35% in hardwoods. Instead of containing only glucose in the structure of cellulose, 

hemicellulose has a heteropolysaccharide makeup and contains a mixture of various polymerized 

monosaccharides such as glucose, mannose, galactose, xylse, arabinose, 4-O-methyl glucuronic acid, and 

galacturonic acid residues as shown in Figure 1.2 (Huber et al., 2006; Roger, 1984). Hardwood hemicellulose is 

mainly consists of xylan and small amount of glucomannan, while softwood hemicellulose contain mainly 

galactoglucomannan with a small amount of xylan. The number of repeating saccharide monomers in 

hemicellulose is around only 150 and there are many side-chain pendent along the main polymeric chain. Due 

to the amorphous conformation, short chain length and branched structure, hemicellulose is much more reactive 

than cellulose thermal decomposition and it produces a slate of distinct anhydrosugars from those formed by 

cellulose (Mohan et al., 2006; Raveendran et al., 1996). The third major component of biomass is lignin, which 

accounts for 23 – 33 wt % of softwoods and 16 – 25% of hardwoods (Bridgewater, 2004). It is an amorphous 

cross-linked polymer with an irregular combination of various substituted phenylpropane units with three 

carbon chain, hydroxyl- and methoxyl- groups attached to six carbon rings. Three general monomeric 

phenylpropane units are shown in Figure 1.3. Softwood lignins are composed of mainly coniferyl alcohol as 

monomeric units. Hardwood lignins have both coniferyl and sinapyl alcohol while herbaceous biomass are 

formed from coniferyl, sinapyl, and coumaryl alcohol (Mohan et al., 2006).  

Routine procedures, a number of less common methods, and new analytical methods developed for 

research purposes in the field of wood chemistry are described in books (Browning, 1967; Sjöström & Alén, 

1999). These techniques quantify important chemical structure biomass, but they are time consuming and 

laborious. In order to provide an effective guide for feedstock selection and process development, it is very 

important to measure biomass chemical composition accurately and efficiently (Daystar et al., 2013; Sluiter et 

al., 2010; Templeton et al., 2010). To emphasize the chemistry of biomass, a brief introduction of chemical 
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components of plant biomass is included here. The general features of the thermal decomposition of these 

components will be discussed separately in each chapter at different decomposition condition.  

In this paper, we will review the use of two high-throughput techniques, Near Infrared Spectroscopy 

(NIR) and Pyrolysis-Molecular Beam Mass Spectrometry (Py-MBMS) in biomass characterization. The 

advantages and disadvantages of different data analysis methods, including band/peak assignment, tools for 

spectral treatments and resolution enhancement and multivariate data analysis methods, are introduced, 

compared and evaluated. Selected research publications are reviewed and categorized as ‘case studies’ 

according to the ways they analyzed data and the specific biomass properties that are evaluated.  

2. Conventional biomass characterization relevant to biofuel production 

Traditional biomass compositional analysis, based on two-stage sulfuric acid hydrolysis followed by 

gravimetric and instrumental analysis has been used to measure lignin and carbohydrates for more than 100 

years. These methods have been used by researchers for studies of wood materials, animal food, human health, 

bioenergy production, and many other areas related to biomaterials. The history and uses of these methods were 

reviewed in detail elsewhere (Sluiter et al., 2010). The analytical uncertainty for different methods was also 

evaluated by statistical analysis and reported as the standard deviation of measurement for each component 

(Templeton et al., 2010). Other wet chemical techniques also include: acidolysis, thioacidolysis, nitrobenzene 

oxidation, transesterification, acetyl bromide method, orcinol method, Van Soest method, etc. Routine 

procedures, a number of less common methods, and new analytical methods developed for research purposes in 

the field of wood chemistry are described in books (Browning, 1967; Sjöström & Alén, 1999). These techniques 

quantify important chemical structure biomass, but they are time consuming and laborious. Separately, 

combustion-related properties are of interest for the utilization of biomass in biofuel and biopower production. 

There are three types of combustion-related properties: morphological, physical, and chemical properties 

(Braadbaart & Poole, 2008). Traditional fuel analysis of biomass includes ultimate analysis, proximate analysis, 

and thermogravimetric analysis. In addition, ash composition and sulfur can be determined and used to predict 
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fuel indices, especially for slagging behavior, aerosol formation, and corrosion related risks (Obernberger, 

2014).  

3. Use of spectroscopic tools in biomass characterization as high throughput techniques 

Spectroscopic methods, such as Fourier transform infrared spectroscopy (FTIR), NIR, Raman 

spectroscopy (Raman), and nuclear magnetic resonance (NMR), are widely used to measure functional groups 

and chemical bonds in biomass. These measurements are faster and more convenient than most conventional 

chemical methods used for biomass characterization and fuel analysis. Besides, since there is no degradative 

chemical treatment used during analysis, the information gained from these tools is more representative of the 

chemical structures in original biomass. However, there are some drawbacks for using these spectroscopic tools. 

For example, data interpretation for FTIR, Raman and NMR is relatively complicated, sample preparation can 

be complex, and due to the mixed nature of biomass, peak assignment usually suffers from the overlap of many 

compounds. A good summary of spectroscopic tools used as high throughput techniques in biomass study can 

be found in a recent review (Lupoi et al., 2014) 

4. High throughput techniques coupled with multivariate statistical analysis 

Because of many chemical features included in a single spectrum, it is challenging to elucidate data 

directly for a group of samples. Therefore, multivariate analysis tools have been widely used in spectroscopic 

data analysis (Jin & Xu, 2011; Lupoi et al., 2014; Smith-Moritz et al., 2011; Xu et al., 2013). Among them, the 

two multivariate tools that have been widely used are: (1) Principal Component Analysis (PCA), and (2) Partial 

Least Square (PLS).  

PCA is mainly used for identifying outliers, sample comparison and screening. It relies on projecting 

original samples variables on several (usually less than six) reconstructed variables which are representative of 

original sample variation. Those reconstructed variables are known as principal components (PCs). Samples 
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described with PCs can be plotted in scores plot, in which similar samples cluster together while samples 

different from each other are separated in two-, three- or n- dimensional coordinates. Together with the scores 

plot, PCA loadings plot allows for the determination of important chemical features responsible for the sample 

grouping. In the loadings plot, variables with large values are highly correlated with sample grouping (Sykes et 

al., 2009).  

PLS is used to build prediction correlation models between spectral data and the property of interest. In 

the application of NIR and Py-MBMS, spectral data is regarded as ‘predictors’ for the biomass properties of 

interest. The properties of a new sample can then be estimated using a PLS model built from spectral data taken 

on a set of similar samples with known characteristics. In this way, time consuming experiments for new 

samples could be eliminated. Regression coefficients are generated and can be used to relate chemical features 

in the spectra to the specific sample properties (Labbe et al., 2006).  

In summary, multivariate tools used in spectroscopic data analysis have three functions: (1) comparing 

sample similarities and differences and discovering outliers; (2) building prediction models between 

spectroscopic data and biomass properties of interest; and (3) discovering correlations between property data 

and spectral data. 
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 Biomass characterization by NIR spectroscopy 

NIR is normally considered to be in the range of electromagnetic spectrum from 12000 cm
-1

 to 4000 

cm
-1 

(Smith-Moritz et al., 2011). This wavelength region has two major advantages: first, the speed of spectral 

acquisition is high, which facilitates the real-time data collection for process control; secondly, the wide 

applicability to a diverse ranges of materials with little or no sample preparation (Schwanninger et al., 2011). 

This allows NIR to be effective for online monitoring and quality control of a wide variety of product properties 

and manufacturing processes (Jin & Xu, 2011; Kelley et al., 2004a; Tsuchikawa, 2007; Workman, 2001). 

Because of this, NIR has been extensively used as a high-throughput method to determine chemical, physical, 

mechanical, and fuel properties of woody biomass during the past 20 years.  

However, there are some disadvantages to NIR. Although NIR absorption spectra have similar patterns 

to those in the mid-IR, they have wider separation, more anti-symmetry, and weaker intensity due to the fact 

that it is the combination and overtone bands from fundamental vibrations involved in NIR region. Therefore, 

the interpretation of NIR spectra are much harder than mid-IR (Lupoi et al., 2014; Schwanninger et al., 2011).  

The utility of band assignments depends on the purpose of specific research or application. There is 

ongoing discussion around the necessity of interpreting NIR spectra in detail. Chemical/physical information 

contained in the NIR spectra can be used for detailed analysis (Schwanninger et al., 2011). However, it is not 

necessary to fully understand the chemical details for NIR to be useful for quantitative analysis. If NIR is used 

as a fast tool in distinguishing samples and in building prediction models for biomass properties, the detailed 

assignments are generally not needed. Statistical analysis for extracting useful information is essential for this 

purpose (Xu et al., 2013). Meaningful scientific insight of structural information could be better gained with the 

help of both statistical analysis and band assignments. 
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1. NIR band assignment and data processing 

In NIR analysis, data points are usually collected in reflectance form (R) and converted to log10 (1/R) 

form, which is equivalent to an absorbance spectrum.  As stated above, knowledge regarding band assignment 

is important for the understanding of chemical structures in biomass and there are several references on NIR 

band assignments (Schwanninger et al., 2011; Tsuchikawa et al., 2003; Via et al., 2013). Commonly assigned 

vibrations in the NIR spectra of woody biomass include (Schwanninger et al., 2011):  

1370nm – 1471nm: First and second overtones of O-H stretching vibrations from free or weakly 

bonded O-H in carbohydrates and first overtones of C-H, Caromatic-H stretching vibrations, such as first 

overtone of O-H stretching in free OH group or OH group with a weak H-bond from cellulose, xylan 

and glucomannan (1386, 1414, 1428, 1471, 1477-1484), first overtone of O-H stretching in phenolic 

hydroxyl groups from extractive or lignin (1410, 1447, 1448), first overtone of C-H stretching and 

bending in aromatic associated C-H from lignin (1417,1440).  

 

1471nm – 1632nm: first overtone of O-H stretching from strong O-H bonded group, semi-crystalline 

and crystalline region of cellulose (1473-1632) or intramolecular H-bond in glucomannan (1471, 

1493). 

 

1666nm – 2000nm: first overtone of aliphatic and aromatic C-H stretching vibrations and O-H 

combination bands from extractives/lignin (e.g. 1668, 1674, 1684, 1726), hemicellulose (e.g.1720, 

1724), cellulose (e.g. 1723, 1731), which are overlapped with each other and water band (e.g.1887-

2000). 

 

Above 2000nm: Assignment in this region is difficult due to high number of possibilities for the 

coupling of vibrations. 
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There are a number of well-established NIR spectra preprocessing techniques that can be used to 

achieve resolution enhancement and to more precisely locate band position. Methods for spectral data 

preprocessing include: (1) smoothing and derivatization (DeNoyer & Dodd, 2002; Rousset et al., 2011) such as 

using the algorithm based method used by Savitzky and Golay (Savitzky & Golay, 1964), (2) calculation of 

differential spectra (Rousset et al., 2011), and (3) Fourier self-deconvolution, curve fitting (Ozaki et al., 2001) 

with more advanced techniques involving principal component analysis (Fackler & Schwanninger, 2010) and 

two dimensional correlation analysis (Ozaki et al., 2001; Schwanninger et al., 2011). 

Among those preprocessing methods, derivatives are widely used to reduce the impact of overlapping 

peaks and baseline variation. However, there is a concern that generating derivatives can possibly generate false 

information. Both the shape of the spectrum and the data processing algorithms have an impact on band shape 

and location. Differences between the location of the bands between the raw and the second derivative spectrum 

can be more than 20 cm
-1 

(5 nm). Researchers have also reported that the second derivative form was not always 

more precise than the normal form for the prediction of lignin in wood (Michell, 1995; Xu et al., 2013). 

Therefore, when spectral data is processed with the second derivative, possible peak shifts should be taken into 

consideration. The same consideration is also important for deriving conclusions from processing spectra of 

PCA and regression coefficients from PLS (Schwanninger et al., 2011).  

2. NIR spectroscopy coupled with PCA 

The primary application of NIR coupled with PCA is to classify biomass samples of various origins or 

from different pretreatments without conducting laborious traditional wet chemistry techniques on all samples. 

Related areas of this application are summarized below:  

 Related to species/plant fractions (Kelley et al., 2004a; Labbe et al., 2008a; Labbe et al., 2008b; (1)

Michell, 1995; Nkansah et al., 2010); 

 



   17 

 Related to genetic engineering of feedstock crops (Baillères et al., 2002; Sandak & Sandak, 2011; (2)

Zhou et al., 2011); 

 

 Related to chemical/thermal/biological treatments (Houghton et al., 2009; Kelley et al., 2004b; (3)

Krongtaew et al., 2010; Yang et al., 2007). 

For example, in order to evaluate the impact of biomass pretreatments (including acid and alkaline 

pretreatments, some in combination with hydrogen peroxide) on the change of cell wall compositions of wheat 

and oat straw, FT-NIR was utilized to characterize raw and pretreated straw (Krongtaew et al., 2010). Second 

derivatives from NIR absorption bands were generated and evaluated to show the changes in properties related 

to biomass recalcitrance during subsequent bioethanol production. These properties include the change of lignin, 

hemicelluloses; as well as amorphous, semi-crystalline, and crystalline regions of cellulose moieties of 

pretreated sample. PCA of derivative data was efficiently utilized to differentiate the alterations in chemical 

structure of straw due to different pretreatment methods as shown in Figure 1.4. It was demonstrated that FT-

NIR coupled with PCA is a powerful tool to assess biomass digestibility, with a potential to be used in process 

control in the area of biomass utilization or energy conversion.  

3. NIR spectroscopy coupled with PLS 

One of the main applications of NIR coupled with PLS is to build regression models for the prediction 

of biomass properties, such as lignin content, S/G-lignin ratio, moisture content, heating value (Kelley et al., 

2004a; Rousset et al., 2011; Schwanninger et al., 2011). Related areas of the application of NIR coupled with 

PLS in existing literatures are summarized below: 

 Prediction of cell wall components (Baillères et al., 2002; Hou & Li, 2011; Jin & Chen, 2007; Kelley (1)

et al., 2004a; Labbe et al., 2008b; Lovett et al., 2004; Michell, 1995; Nkansah et al., 2010; Philip Ye et 
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al., 2008; Sandak & Sandak, 2011; Sanderson et al., 1996; Smith-Moritz et al., 2011; Tucker et al., 

2001; Wolfrum & Sluiter, 2009; Yeh et al., 2004; Zhou et al., 2011). For example, in order to identify 

specific monosaccharide outliers from a plant mutant population, FT-NIR coupled with PLS regression 

was utilized to analyze plant leaves of Arabidopsis (Smith-Moritz et al., 2011). Various Arabidopsis 

cell wall mutants were analyzed for prediction model building. PCA was performed on pre-processed 

and area-normalized NIR spectra, followed by calculation of the Mahalanobis distance, a linear 

discriminate analysis technique to identify outliers using PCA results. By using this technique, a pilot 

study was conducted which consisted of 550 mutant lines (3590 leaf samples), resulting in a set of 235 

leaf samples as Mahalanobis outliers. Quantitative information about monosaccharide composition is 

gained by means of PLS modeling with known biochemical values and FT-NIR spectra. The 

correlation between predicted and experiment determined monosaccharide composition (mol%) of 226 

rice leaf samples are shown in Figure 1.5 with R
2
 = 0.98 (Smith-Moritz et al., 2011).  

 

 Prediction of other physical properties (Hoffmeyer & Pedersen, 1995; Thygesen, 1994), mechanical (2)

properties (André et al., 2006; Kelley et al., 2004a), fuel properties (Labbe et al., 2008a; Lestander & 

Rhen, 2005):  For example, NIR coupled with PLS has been used to predict cell wall chemistry and 

mechanical properties of loblolly pine from different radial locations and heights of trees grown in 

Arkansas (Kelley et al., 2004a). Mechanical properties include three point bending test and related 

microfibril angle. The correlation between experimental data and predicted data from PLS modeling is 

very strong with correlation coefficients (r) as high as 0.80. A reduced spectral range (650 nm – 1150 

nm) usually available in handheld NIR spectrometers was also demonstrated to be useful for predicting 

mechanical properties.  

 Biomass characterization by Py-MBMS  

Py-MBMS has been intensively used for studies of biological and synthetic macromolecules, such as 

wood, grasses, carbon in soil and chars. It has proved to be an efficient and powerful analytical tool (Evans & 
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Milne, 1987; French & Czernik, 2010; Kelley et al., 2002; Labbe et al., 2005; Magrini et al., 2007; Mann et al., 

2009; Sykes et al., 2008). Detailed description of this technology is available in the above references. In short, 

the Py-MBMS is composed of a pyrolysis furnace and a free-jet Molecular Beam Mass Spectrometer (MBMS). 

Typically the furnace is preheated to 500
o
C before ground sample of biomass is inserted into the inert 

atmosphere of the furnace. Pyrolysis products from biomass in the furnace are swept out of the furnace into the 

MBMS by an argon gas stream. Molecular fragments contained in the pyrolysis vapor are expanded in a series 

of vacuum chambers to be quenched; so that intermolecular collisions are prevented. A low-energy electron 

beam (17eV – 23 eV) in the triple quadruple mass spectrometer is employed to produce a positive ion mass 

spectrum. The positive ion stream is magnified and collected by the detector. Mass peaks were assigned to 

chemical fragments produced from fast pyrolysis of biomass for direct interpretation (Evans & Milne, 1987). 

The spectra from Py-MBMS is also interpreted with the help of multivariate analysis tools, especially PLS and 

PCA (Hoover et al., 2002; Kelley et al., 2002; Kelley et al., 2004b; Labbe et al., 2005; Magrini et al., 2007; 

Mann et al., 2009).  

1. Py-MBMS peak assignment and data processing 

During data acquisition of Py-MBMS, amplified positive ions from biomass pyrolysis vapor are 

scanned continuously; then the signal is collected by a computer. Approximate evolution time of fast pyrolysis 

for a sample of 4 mg is less than 1min. During the evolution time there are typically 50 single scans collected. 

Biomass with larger sample size will need longer evolution time and more scans during fast pyrolysis. Together 

with single scan spectrum, time resolved profile and averaged spectrum can be collected by the computer 

acquisition software (Evans & Milne, 1987).  

Average spectra are also known as spectral ‘fingerprints’. Spectral fingerprints gained at analytical 

pyrolysis temperature of 500 to 550 
o
C and the molecular beam free jet expansion represent primary products 

from biomass pyrolysis. Studies shown that at this temperature range, molecular structure of the original 

biomass is well preserved and there is no interaction observed among organic components during pyrolysis, 
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although inorganics may alter the pyrolysis pathways of the carbohydrates (Evans & Milne, 1987). Thus, with 

known peak assignment, spectral ‘fingerprints’ generated could be used to depict the molecular structure of 

chemical composition in biomass. A summary of important peak assignment in biomass is shown in Table 1.2 

(Evans & Milne, 1987; Sykes et al., 2008). Characteristic spectral fingerprints of whole biomass samples and 

separated constituents of biomass are shown in Figure 1.6 (Evans & Milne, 1987).  

Py-MBMS has been successfully applied in many biomass-related studies, including the research of 

cellulose, cellulose with inorganics, many woods, xylan, milled wood lignin, bagasse (Evans & Milne, 1987), 

herbaceous biomass under different storage environments (Agblevor et al., 1994), hardwood sawdust and its 

torrefaction products (Nimlos et al., 2003), and poplar grown under different nitrogen conditions (Sykes et al., 

2009).  

For example, in the study of bark phenolysis conducted by Alma and Kelley, bark and its phenolysis 

products from Calabrian pine, Lebanon cedar, acacia, and European chestnut were characterized using Py-

MBMS (Alma & Kelley, 2002). From the results of Py-MBMS averaged spectra, it was shown that bark (1) has 

less common lignin peaks at m/z 180, 194, 210 assigned to coniferyl alcohol/vinylsyringol, 4-

propenylsyringol/ferulic acid, and sinapyl alcohol, respectively; (2) has unique triplet of peaks at m/z of 96, 97, 

98 assigned to furans; and (3) has more phenols, such as peaks at m/z of 110, 124, 150, and 164 assigned to 

catechol, guaiacol, vinyl guaiacol, and isoeugenol. In softwood bark, extractives and lignin dimers can be 

identified at m/z of 298, 300, 302, and 272 assigned to didehydro abeitic acid, dehydro abeitic acid, abeitic acid, 

and lignin dimer, respectively (Alma & Kelley, 2002). These results are consistent with known differences 

between bark and wood.  

2. Selected peaks from Py-MBMS raw data 

As summarized above, certain Py-MBMS peaks can be unambiguously assigned to specific biomass 

components. Lignin fragments are particularly easy to identify. Because of this, Klason lignin content of 

biomass can be directly estimated from Py-MBMS spectral fingerprints. Firstly, spectral fingerprints of samples 
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are area/mean normalized for the mass of the original sample. Then, the total intensity of lignin related peaks 

from the normalized spectrum is calculated. After that, a correction factor is calculated by dividing the known 

Klason lignin value by the summed intensity of a NIST standard material. The correction factor can be used to 

convert the total intensity of lignin related peaks to Klason lignin content (Davis & Lagutaris, 2002; Sykes et al., 

2008; Sykes et al., 2009; Ziebell et al., 2013). Similarly, S/G ratios were determined by dividing the sum of S-

lignin peaks by the sum of G-lignin peaks excluding peaks associated with both S and G fragments (Davis & 

Lagutaris, 2002; Mann et al., 2009; Sykes et al., 2008; Sykes et al., 2009; Ziebell et al., 2013).   

For example, corrected lignin values and S/G-lignin ratio were determined from Py-MBMS for 800 

greenhouse-grown poplar trees grown under atmosphere containing different amount of nitrogen (Sykes et al., 

2009).  Lignin contents ranged from 13 to 28% whereas S/G ranged from 0.5 to 1.5. It was shown that the 

variations in cell wall composition were larger in the plants grown under high nitrogen conditions than those 

grown under low nitrogen conditions.   

Similarly, ‘within-tree’ variability in lignin content and S/G ratio with increasing height and increasing 

ring for poplars was determined by Py-MBMS (Sykes et al., 2008). Wood disks from seven different poplar 

trees, which were seven years old, were sampled at five different heights of 0.3, 0.6, 1.2, 1.8, and 2.4 m from 

base to stem. Samples were collected from the north side of each wood disk taken at height of 1.2 m to study 

difference between growth rings. According to results from Py-MBMS, ring effect on lignin content was 

significant while the effect of height was small. Higher S/G ratio was observed with increasing ring size, 

whereas lignin content decreased. S/G ratio was determined for switchgrass grown under different environment 

using the same methodology (Mann et al., 2009).  

3. Py-MBMS coupled with PCA 

Py-MBMS coupled with PCA provides a fast analytical method to distinguish a large number of 

biomass samples. It has been used to study biomass compositional variations due to species (Agblevor et al., 

1994; Alma & Kelley, 2002; Evans & Milne, 1987; Kelley et al., 2004b), genetic engineering (Davis et al., 
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2006; Labbe et al., 2005), different growth environments (Mann et al., 2009; Sykes et al., 2009), thermal 

(Nimlos et al., 2003)/chemical (Alma & Kelley, 2002; Kelley et al., 2004b)/biological (Arantes et al., 2009; 

Kelley et al., 2002) treatments, and various storage/collection (Agblevor et al., 1994) methods.  

For example, Py-MBMS coupled with PCA has been used to measure the overall composition between 

and within a series of original and transgenic aspens (Labbe et al., 2005). Two clones were transformed with 

GRP-iaaM gene (N1-17-26 and N1-2-1) and GRP-iaaM/35S-ACCase (N2-4-9 and N2-5-5). PCA analysis was 

conducted for data analysis with an attempt to identify chemical differences between the modified and control 

aspens. Figure 1.7 shows PCA scores plots with four replicate samples from five different aspen samples. 

Figure 1.7a shows a plot of PC-1 versus PC-2, while Figure 1.7b shows a plot of PC-2 versus PC-3. In Figure 

1.7a, there is clear separation between the two N1 samples while two N2 samples are indistinguishable. 

Moreover, two N2 samples are clearly separated from each other along PC3 as shown in Figure 1.7b. The 

loadings from PCA are shown in Figure 1.8. Using PC-1 loadings as an example, C5 carbohydrates (m/z 85 and 

114) and lignin (m/z 137, 180, 210, and 272) are highlighted for PC-1. This suggests there are more C5 sugars 

and less lignin in controls than those in N1 and N2 samples (Labbe et al., 2005).  

Py-MBMS had been also used to study the impact of storage environment on herbaceous material. 

Weathered and unweathered fractions of three types of herbaceous biomass after storage at 18 different 

conditions for 6 to 9 months were analyzed by Py-MBMS coupled with PCA (Agblevor et al., 1994). Two 

major trends in the data were shown by PCA (factor analysis): major clusters were distinguished by relative 

nitrogen contents between switchgrass and the other two herbaceous biomass samples; subgroups of weathered 

and unweathered materials are clearly separated as subgroups within the major clusters. According to the 

variance diagram (similar to loadings plot), lower amount of carbohydrates constituted the major chemical 

difference between weathered and unweathered samples (Agblevor et al., 1994).  This observation is consistent 

with results from traditional wet chemical analysis and Py-GC/MS.  

In some cases, there is no separation of clusters in PCA scores plot. This indicates that there is no 

comprehensive difference among samples for the specific chemical features included in those particular PCs. 

For example, three transgenic clones of populous wood were analyzed by Py-MBMS, GC/MS, and traditional 
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wet chemical techniques to screen for possible variations in cell wall composition due to genetic engineering 

(Davis et al., 2006). Various Bacillus thuringiensis (Bt) gene-containing constructs were used to transform 

poplar genotypes. Transgenic poplar was then compared with non-transgenic control. PCA results showed that 

there were generally no distinct groupings of individual transgenic lines or non-transgenic controls, indicating 

no significant differences in cell wall composition between control and transgenic poplars (Davis et al., 2006).  

4. Py-MBMS coupled with PLS 

One of the primary applications of Py-MBMS has been the development of prediction models for 

biomass compositional properties. Results from conventional methods of cell wall compositional analysis were 

used as references to build calibration models with capability for predicting the composition for future samples. 

As a result, laborious wet chemistry techniques can be eliminated. PLS regression is widely used in this arena 

for both woody (Labbe et al., 2005; Tuskan et al., 1999) and herbaceous biomass (Agblevor et al., 1994; Kelley 

et al., 2004b; Mann et al., 2009).   

For example, the effectiveness of NIR and Py-MBMS in predicting cell wall composition of various 

agricultural residues was tested (Kelley et al., 2004b). 41 samples from 14 species with known content of lignin 

and six individual sugars were analyzed by NIR and Py-MBMS. Prediction models were built between spectral 

data from both techniques and cell wall compositional data. Correlation coefficient and root mean square error 

data for each calibration and validation model was presented and compared. Good correlations between the 

predicted and measured value of major components (lignin, glucose, xylose, and mannose) were obtained 

(correlation coefficients of both calibration and validation model are above 0.80 for both NIR and Py-MBMS), 

while correlations for minor sugars (mannose, galactose, arabinose, and rhamnose) were not as good. A 

summary of PLS prediction of chemical composition from Py-MBMS is presented in Table 1.3. According to 

the author, more samples for specific feedstocks are needed for building improved models.  This work also did a 

thorough comparison between NIR and Py-MBMS (Kelley et al., 2004b).  
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Other than being used to predict cell wall composition of biomass, PLS has been applied in predicting 

other biomass properties and processing parameters. The acidic phenolysis condition of bark (Alma & Kelley, 

2002), weight loss during fungal degradation of spruce (Kelley et al., 2002) and carbon content/fraction of 

different soils (Hoover et al., 2002; Magrini et al., 2007) were also predicted by Py-MBMS coupled with PLS. 

For example, NIR and Py-MBMS were utilized to monitor the chemical changes of wood undergoing 

brown-rot degradation. In this case, spruce blocks were infected by Postia placenta or Glaoeophyllum trabeum 

for 0, 2, 4, 8, and 16 weeks (Kelley et al., 2002). Weight losses over the time period were monitored and 

recorded. PLS models were built to predict weight loss. Strong correlation between recorded weight loss and 

predicted weight were obtained (correlation coefficients of calibration model reached 0.98, while those of test 

model reached 0.96 for both NIR and Py-MBMS). The regression coefficients for PLS model from Py-MBMS 

data show that weight loss during decay is positively correlated to carbohydrates (m/z 85, 114, and 126) and 

negatively correlated to monomethoxylated lignin fragments (m/z 123, 138, and 151) (Kelley et al., 2002).  

Conclusions 

Compared to traditional techniques in biomass characterization, high-throughput analytical techniques, 

such as NIR and Py-MBMS have been proved to be efficient tools in exploring the chemical features of 

different biomass samples with minimal sample preparation. These high-throughput techniques coupled with 

multivariate analysis (MVA) have been demonstrated to be efficient in identifying outliers, comparing samples 

(using PCA), and building prediction models (using PLS). Both NIR and Py-MBMS coupled with MVA could 

be used not only for characterizing the cell wall chemistry, but also for predicting other chemical, physical, 

mechanical, and fuel properties. In comparison with Py-MBMS, NIR has the advantages of low cost and simple 

instrumentation, field-portable, and nondestructive, whereas Py-MBMS provides superior information of 

molecular structural information.  

Thus, we recommend that NIR and Py-MBMS coupled with multivariate analysis should be widely 

employed for biomass characterization. Additional fundamental work on assigning NIR vibrations band and Py-
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MBMS peaks for modified biomass or biomass related products are recommended since current assignment are 

mainly based on the study of unmodified biomass. Lack of assignments for new bands/peaks in modified 

biomass limit the application of these two techniques in exploring the fundamental changes of chemical 

composition of modified biomass. Also, comparison and correlation between analytical results from Py-GC/MS 

and Py-MBMS should be encouraged because of the important similarity and differences in these two 

techniques are critical for using those techniques for the characterization of biomass molecular structure. 
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Figure 1.1 Chemical structure of cellulose (Mohan et al., 2006) 
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Figure 1.2 Main components of hemicellulose (Mohan et al., 2006) 
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Figure 1.3 Lignin monomeric structures (Mohan et al., 2006) 
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Figure 1.4 PCA scores plot of treated and untreated wheat straw samples (●) and samples treated with 

acid (▼), alkali (■), acid/H2O2 (□), and alkali/H2O2 (Δ) as reproduced from literature (Krongtaew et al., 

2010). 
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Figure 1.5 A correlation analysis predicted (PLS model of FT-NIR) versus experimentally determined 

monosaccharide composition (mol %) of rice leaf samples. The correlation coefficient between 

experimental and predicted values was calculated to be R
2
 = 0.98 as reproduced from literature 

(Agblevor et al., 1994; Smith-Moritz et al., 2011). 
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Figure 1.6 Characteristic mass spectral patterns of primary pyrolysis products for several whole biomass 

samples and for separated constituents of biomass (Evans & Milne, 1987). 
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Figure 1.7 Scores plot of PCA of Py-MBMS data for original and transgenic aspens; (a) PC-1 versus PC-2; 

(b) PC-2 versus PC-3; N1 samples are clearly separated from control samples in (a) while two N2 samples 

are not distinguishable; In (b) two N2 samples are clearly separated by PC-3 as reproduced from 

literature (Labbe et al., 2005). 
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Figure 1.8 Loadings from PCA of Py-MBMS data for original and transgenic aspens; from top to bottom: 

PC3, PC2, PC1; C5 carbohydrates (m/z 85 and 114) and lignin (m/z 137, 180, 210, and 272) are 

highlighted for PC1 as reproduced from literature (Labbe et al., 2005) 
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Table 1.1 Typical wood and herbaceous biomass composition (Carpenter et al., 2014) 

  
Wood Switchgrass 

Corn 

stover 

Ultimate analysis (wt%-daf) 
   

C 51.5 50.7 49.7 

H 4.71 6.32 5.91 

O 40.9 41.0 42.6 

N 1.06 0.83 0.97 

S 0.12 0.21 0.11 

Cl 0.02 0.22 0.28 

    
Proximate analysis (wt%, as received) 

Moisture 42.0 9.8 8.0 

Ash 2.3 8.1 6.9 

Volatile matter 47.8 69.1 69.7 

Fixed carbon 7.9 12.9 15.4 

    
Structural organics (wt%-daf) 

   
Cellulose 38.3 44.8 36.3 

Hemicellulose 33.4 35.3 23.5 

Lignin 25.2 11.9 17.5 
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Table 1.2 Peak assignments associated with Py-MBMS spectrum for Populus wood based on literature 

(Evans and Milne, 1987; Sykes et al., 2008) 

Mass peaks (m/z) Assigned products S or G precursor* 

57, 73, 85, 96, 114 from C5 sugar 

 57, 60, 73, 98, 126, 144 from C6 sugar 

 94 Phenol, dimethylcyclopentene 

 108 Methyl phenol (o-cresol, m/p-cresol) 

 110 Dihydroxybenzene, 5-methylfurfural 

 120 Vinylphenol 

 122 Ethylphenol, ethylphenol, benzoic acid 

 124 Guaiacol (2-methoxyphenol), trimethylcyclopentenone G 

137* Ethylguaiacol, homovanillin, coniferyl alcohol G 

138 Methylguaiacol G 

150 p-inylguaiacol, coumaryl alcohol G 

152 4-ethylguaiacol, vanillin G 

154 Syringol (2,6- dimethoxyphenol) S 

164 Isoeugenenol, eugenol G 

167* Ethylsyringol, syrinylacetone, propiosyringone S 

168 4-methyl-2,6-dimethoxyphenol S 

178 Coniferyl aldehyde G 

180 Coniferyl alcohol, syringylethene S, G 

182 Syringaldehyde S 

194 4-propenylsyringol S 

208 Synapyl aldehyde S 

210 Synapyl alcohol S 

* Fragment ion; S: Syringyl lignin; G: Guaiacol lignin 
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Table 1.3 Summary of the PLS-2 predictions of chemical composition from Py-MBMS (6 PCs) (Kelley et 

al., 2004b) 

  Lignin Glucose Xylose Mannose Galactose Arabinose Rhamnose 

r(CALB) 0.85 0.85 0.87 0.92 0.83 0.70 0.80 

r(VALD) 0.77 0.75 0.81 0.86 0.65 0.54 0.71 

RMSEC 4.60 6.20 3.40 1.40 0.40 0.50 0.10 

RMSEP 5.50 8.00 4.10 1.80 0.50 0.60 0.10 
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Chapter 2 Fuel Properties and Chemical Composition of Torrefied 

Biomass and Their Prediction Models Built from Mass Yield, NIR and Py-

MBMS 

 

 

 

 Introduction 

Heat, electricity, and biofuels can all be generated from woody biomass. But relative to fossil fuels 

woody biomass has not been widely adopted in developed countries because of limitations of both fuel 

properties and cost. Only 2% of the energy consumed annually in US is generated from wood and wood-derived 

fuels (White, 2010). The recent Billion-Ton Update report from US Department of Energy (DOE) and 

Agriculture (USDA) suggests that there is more than a billion tons of woody and herbaceous biomass available 

in US that could be transformed into energy products, which could in turn replace up to 30% of current 

petroleum fuels (Carpenter et al., 2014; Perlack; & Stokes;, 2011). Disadvantages of woody biomass which 

limit its conversion into bioenergy products include high moisture content, recalcitrant structure, vulnerability 

to fungal attack and low energy density. These limitations result in high cost for preparation, handling, 

transportation, as well as difficulties in feeding and processing in standard commercial thermal energy systems, 

e.g., combustion or gasification. It has been suggested that pretreatment of the biomass could be used to reduce 

the cost and improve the performance of biomass as fuel (Rousset et al., 2011b). Many pretreatment 

technologies are under research, such as drying, pelletisation, and torrefaction, among which torrefaction 

uniquely improves fuel properties such as energy density and ease of grinding. Torrefaction is generally defined 

as a mild thermal decomposition conducted at 200-300
o
C in an inert atmosphere (without oxygen). 
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Modifications of this common base process include the use of pressured atmosphere, CO2 and, steam/water 

environment (hydrothermal carbonization) (Rousset et al., 2012; Uemura et al., 2013; Wannapeera & 

Worasuwannarak, 2012). Compared with raw biomass, torrefied biomass is superior in many feedstock 

properties, such as reduced equilibrium moisture content, enhanced energy density, improved grindability, and 

ease of co-feeding with coal, etc. These coal-like properties facilitate the utilization of various biomass 

feedstocks in combustion, pyrolysis, and gasification (Carpenter et al., 2014; Deng et al., 2009b; Janssen, 2005; 

Rousset et al., 2011a). 

Ultimate and proximate analyses are commonly used to characterize the fuel properties of different 

types of biomass. Several review papers have summarized the impact of species and reaction condition on fuel 

properties of torrefied biomass (Ciolkosz & Wallace, 2011; Medic et al., 2012; van der Stelt et al., 2011b). 

Compositional analysis of biomass is commonly used to track the changes to biomass due to pretreatments. 

Specifically, changes in the amount of extractives, acid insoluble lignin, and carbohydrates as a function of 

processing conditions have been used to monitor changes in torrefied biomass (Ciolkosz & Wallace, 2011; 

Rousset et al., 2011b; Rousset et al., 2011c; Siedlecki et al., 2011; van der Stelt et al., 2011b). To understand the 

molecular levels changes in biomass properties during torrefaction a variety of spectroscopy tools, including 

FTIR, NIR, XPS, TEM, SEM, NMR (Ibrahim et al., 2013; Melkior et al., 2012; Park et al., 2013; Rousset et al., 

2011c; Shang et al., 2012; Stelte et al., 2011) were used. Mass spectrometry coupled with chromatogram and 

analytical pyrolysis, such as pyroprobe-GC/MS, has also been applied to generate chemical information of the 

torrefied biomass at molecular and supramolecular levels (Ben & Ragauskas, 2012; Gronnow et al., 2013). 

These studies suggested that the dominant changes during torrefaction include decomposition of hemicellulose 

into char, non-condensable gases and a variety of furans, ketons, aldehydes, acids and slate of anhydrosugars, 

thermal softening of lignin, depolymerization of the lignin through breaking of carbon carbon bond and ether 

bond yielding more char, phenolic compounds, as well as depolymerization of amorphous carbohydrates 

forming char, non-condensable gas, anhydrosugars, a variety of furans, ketones, aldehydes, and acids. 

Condensation reaction of lignin monomers also lead to increased aromatic rings thus more char is formed than 

from carbohydrates (Bates & Ghoniem, 2013). The product distribution of carbonhydrates can be dramatically 
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changed in the presence of mineral matters (Carpenter et al., 2014; Chen & Kuo, 2011a; Chen & Kuo, 2011b; 

Mohan et al., 2006).  

Due to the complexity of biomass chemical structure and the interrelated thermal decomposition 

reactions and also the potential for creation of new condensed structures, more investigation on the chemical 

structure of torrefied biomass is needed; so that the quality and value of the torrefied biomass can be better 

controlled (Bates & Ghoniem, 2012; Broström et al., 2012; Chen & Kuo, 2011a; Deng et al., 2009a; Prins et al., 

2006b; White et al., 2011). However, many of the common tools and analytical approaches mentioned above 

either fail to provide the needed chemical insights or are very time consuming and laborious. Both pyrolysis 

molecular beam mass spectroscopy (Py-MBMS) and near infrared spectroscopy (NIR) can be used as high 

through-put techniques, that analyzed the entire biomass samples, and that provide tremendous insights into the 

chemical and physical changes that take place during the torrefaction process biomass. Multivariate analysis 

tools are commonly used to better understand the subtle changes in the Py-MBMS fingerprints and NIR spectra. 

NIR has many advantages in research and industrial application as a rapid, non-destructive, low-cost, and 

reproducible method for the rapid assessment of solid wood properties (André et al., 2006; Jin & Xu, 2011; 

Lupoi et al., 2014). Recently, NIR shown promise in the characterization of torrefied wood. Assignments of the 

NIR vibrations associated with specific biomass have been reported (Rousset et al., 2011a; Rousset et al., 

2011c). In additional to chemical properties NIR has also been used to measure physical properties of woody 

and biomass, including density, strength and stiffness, cellulose crystallinity, and changes in color with aging or 

irradiation (Hoffmeyer & Pedersen, 1995; Kelley et al., 2004a; Labbé et al., 2008; Labbe et al., 2008; Lestander 

& Rhen, 2005; Sandak & Sandak, 2011; Thygesen, 1994).  

Py-MBMS is another high-throughput technique that has been intensively used for investigating 

chemical structure of complex biological and synthetic macromolecules. While it is not useful for measuring 

physical such as density or strength, Py-MBMS provides tremendous chemical details, and offers unambiguous 

assignments for many specific molecules and fragments, The chemical insight of biomass and biomass-related 

materials, including biomass constituents and model compounds(Shin et al., 2001a; Shin et al., 2001b; Wang & 

Evans, 1995), wood (Penning et al., 2009; Tuskan et al., 1999), grasses (Agblevor et al., 1994; Kelley et al., 
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2004c; Mann et al., 2009), bark(Alma & Kelley, 2002), and carbon in soil (Hoover et al., 2002; Magrini et al., 

2007) have been conducted by Py-MBMS. It showed that the Py-MBMS is an efficient and powerful analytical 

tool for collecting chemical information from those samples (Evans & Milne, 1987a; French & Czernik, 2010; 

Kelley et al., 2002; Labbe et al., 2005; Magrini et al., 2007; Mann et al., 2009; Sykes et al., 2008). While Py-

MBMS offers tremendous chemical insights, it is fundamentally a “destructive” technique and the specific 

fragmentation patterns as a function of pyrolysis conditions (Evans & Milne, 1987a; Jarvis et al., 2011), and 

under some conditions the fragmentation patterns for the carbohydrate components are affected by the type and 

amount of mineral in the sample (Evans & Milne, 1987a).  

There is only one paper on the use of Py-MBMS to study torrefied wood [47]. In this work hardwood 

pellets were torrefied at five different temperatures from 175 to 295
o
C with residence times from 5 to 30min. 

The author identified two groups of compounds from the spectra analysis. One group of compounds included 

the primary lignin products and hemicellulose products, while the second group of compounds contained 

secondary lignin products and products from cellulose. The decreasing contents of group one and increasing of 

products in group two were identified with increasing residence time at 295
o
C (Nimlos et al., 2003).  

In order to enhance the data interpretation of spectroscopic data, multivariate statistical tools are 

commonly applied to NIR and Py-MBMS. Among the Multivariate Analysis (MVA) techniques, Principal 

component analysis (PCA) and Partial Least Square Regression Analysis (PLS) are widely used. PCA is a 

descriptive multivariate tool that allows for visualization of the main variability of a data set, and is aimed at 

identification of the relationships among different variables while also generating the principal components that 

contain the spectral features that explain the original variations. Samples assigned with scores on each principal 

component are plotted against each other to identify possible clusters within the sample sets. Samples within a 

cluster have similar chemical properties while samples apart from one another are regarded as different (Labbe 

et al., 2006). Outliers can also be identified by sorting out data points that is far apart from other replicates or 

the main clusters. PLS is a directed modeling technique where spectral features are used to construct correlation 

models that identify spectral features associated with a separately measured property of interest. In the case of 

NIR and Py-MBMS, spectral features, e.g.,  vibrations or atomic mass units are used as ‘predictors’ for the 
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biomass properties of interest, e.g., density, strength chemical composition or caloric content (Kelley et al., 

2002; Kelley et al., 2004c; Sykes et al., 2009; Xiao et al., 2013). The properties of a new sample(s) can then be 

predicted using the spectral data from these samples, and a PLS model built from spectral data of the ‘known’ 

samples. In this way, time consuming measurements, e.g., biomass compositional analysis and or mechanical 

strength properties, for new samples can be eliminated. Regression coefficients are generated and can be used to 

relate chemical features in the spectra to the specific sample properties of interest (Labbe et al., 2006).  In 

addition the PLS predictions also provide a coefficient of determination, a R
2 
value, that can be used to judge 

the quality of the prediction. For example, constituent components, physical, and mechanical and energy 

properties of wood have predicted from NIR (Rousset et al., 2011b; Schwanninger et al., 2011). Mass 

spectrometry data was interpreted with the help of multivariate analysis tools as well (Hoover et al., 2002; 

Kelley et al., 2002; Kelley et al., 2004c; Labbe et al., 2005; Magrini et al., 2007; Mann et al., 2009). Chemical 

and species difference could be identified (Kelley et al., 2004c). A recent review paper made a detailed 

summary on the use of NIR and Py-MBMS on the analysis of biomass properties with multivariate analysis 

(Xiao et al., 2014).  

In this study, torrefied materials were produced from one softwood and two hardwoods. Conventional 

methods were utilized to examine fuel properties and cell wall composition of raw and torrefied samples. The 

impact of the different species and torrefaction conditions on the fuel properties and chemical structures of 

torrefied biomass were discussed. The chemical structures of raw and torrefied biomass were also studied by 

NIR and Py-MBMS. PCA analysis and PLS modeling were utilized for sample comparison and building 

prediction models between spectral data and properties of interest. Those prediction models from NIR and Py-

MBMS data are compared with prediction from mass yield in order to make suggestions on model selections for 

different torrefied biomass properties prediction. 
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 Experimental and methods 

1. Feedstock and torrefaction 

Three wood species are used as feedstock: loblolly pine (Pinus teada), yellow poplar (Liriodendron 

tulipifera) and red oak (Quercus rubra) all obtained from local sources. Fifteen torrefied samples (in triplicate) 

were prepared for each wood species using an experimental matric of five temperatures: 200
o
C, 225

o
C, 250

o
C, 

275
o
C, and 300

o
C; and three residence time: 10 min, 20 min, and 30 min. A tube furnace with a quartz tube 

(50mm i.d. x 1000mm length) manufactured at MTI Corporation was used to produce the torrefied samples. 

This quartz tube was approximately 250 mm longer than the furnace heating zone. The two ends of the tube 

were sealed by stainless steel flanges with a tube inlet that allowed for nitrogen flow and a sealed rod hole that 

allowed for adjustment of sample position. Torrefaction temperature was measured by thermocouple surround 

the tube. Residence time was controlled by digital stop watch.  

The tube furnace was preheated to the set temperature. Wood samples (0.25 inch x 1 inch x 2 inch) 

were placed in the cool end before the furnace was sealed and flushed with nitrogen. Nitrogen flow was 

controlled at 1L/min. To initiate the torrefaction reaction three pieces of wood (replicates) were pushed into the 

center of the furnace using a sealed rod inserted in a hole on the steel flange. At the end of the set time the 

samples were removed from the heating zone to the cool end of the tube, still blanketed with nitrogen, until all 

samples cooled to room temperature. Then the steel flange was removed and the samples were collected for 

further analysis.   

2. Ultimate Analysis 

Raw and torrefied materials were grounded, oven dried and reserved in the desiccator before CHNO 

analysis. The CHNO measurements were conducted with a Perkin-Elmer model _2400 CHN Elemental 

Analyzer at the Environmental and Agricultural Testing Service laboratory at North Carolina State University, 
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Raleigh, NC. CHN concentrations were measured directly (mass% on a dry basis). O concentration was 

calculated by difference (100 - C% - H% - N%), assuming 100% mass closure. We didn’t take ash into 

consideration for this calculation because ash content in wood is very small (shown below).  

3. Proximate analysis and heating value measurement 

The volatile matter, fixed carbon, and ash content of fuel are important parameters commonly used to 

measure the properties of coal or charcoal. The proximate analysis of the volatile matter, fixed carbon, and ash, 

was conducted according to ASTM E 1131 - 08 (Standard Test Method for Compositional Analysis by 

Thermogravimetry). Thermogravimetry (Q 500, Thermal Analysis, TA instruments) was used to record sample 

weight as a function of time. Weight loss of the sample over a specific heating program provides the proximate 

analysis information for the sample. Heating programs of TGA used for proximate analysis are shown in Table 

2.1. Heating Value (HHV) was measured by Combustion Bomb Calorimeter (1341 Oxygen Bomb Calorimeter, 

Parr Instrument Company).  

4. Cell wall chemistry 

Klason lignin (acid–insoluble lignin) was determined according to National Renewable Energy 

Laboratory’s (NREL) Laboratory Analytical Procedures (Ehrman, 1996; Ehrman, 1994). Ground wood samples 

of 0.3 g were hydrolyzed by 3.0 mL of 72% (w/w) H2SO4 for 2 hours (h) at room temperature. The hydrolysate 

was diluted to 4% (w/w) H2SO4 with 84 mL of deionized water and autoclaved for 1 h at 121
o
C. Insoluble 

fraction was weighted as ‘acid insoluble residue’. Mono-sugars were collected in filtrate and analyzed by a 

Dionex ICS-300 ion chromatography (IC) system. Detailed IC parameters are introduced by Ertas et. al (Ertas et 

al., 2014). Note, as expected the mass closures for these chemical analyses are modest for the torrefied samples. 
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5. Mass yield 

Mass yield is defined as the yield of the mass of the solid material. Moisture content of both torrefied 

and raw biomass was measured for the calculation of mass yield on a dry basis. The corresponding weight loss 

is known as anhydrous weight loss (AWL). 

The calculation equation of mass yield is: 

Mass yield %    =   
𝑀𝑡𝑜𝑟𝑟−𝑀𝐶𝑡𝑜𝑟𝑟
𝑀𝑟𝑎𝑤−𝑀𝐶𝑟𝑎𝑤

 × 100 %      Eq.1 

Where M torr is mass of torrefied biomass; MCtorr is the moisture content of torrefied biomass; M raw is 

mass of raw biomass; MCraw is the moisture content of raw biomass; The calculation equation of weight loss is: 

Weight loss % = 100% - Mass yield %        Eq.2 

6. NIR 

Grounded raw and torrefied wood samples were oven dried at 50
o
C for 12h. 4g of wood meal of each 

sample were scanned using a Foss NIR system Model 6500 Spectrometer. Reflectance was measured over the 

range of 400-2500 nm at 2nm intervals. A total of 32 scans were completed and averaged to produce a single 

reflectance spectrum for each sample. The reflectance spectra were converted to absorption spectra and used 

directly for qualitative analysis. In order to enhance the resolution and localize the maxima of the absorption 

bands for band assignment, smoothing and derivatization (Savitzky and Golay, 2 derivative, 17 points) 

algorithm are conducted on the raw spectra.  
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7. Py-MBMS 

At NREL a commercially available auto-sampler connected to a pyrolysis system and interfaced with 

Extrel TM Model TQMS C50 mass spectrometer to build a customized Py-MBMS (Detilleux & Vandooren, 

2008; Evans & Milne, 1987a; Sykes et al., 2008). Biomass samples of around 4 mg were placed in 80μL 

deactivated stainless steel Eco-Cups (Frontier Lab, Ltd.) and lined up in auto-sampler. Each Eco-Cup with 

biomass sample inside was dropped through a quartz tube into a pyrolysis furnace heated to 500
o
C. Pyrolysis 

vapor generated from each sample was carried by helium gas (2L/min) and forwarded to the molecular beam 

inlet system and mass spectrometer through the 350
o
C sample transfer line. The residence time of the pyrolysis 

vapor in the furnace and the transfer line is around 5ms and avoids secondary cracking reactions. Rapid 

quenching and formation of a focused molecular beam are achieved by free jet expansion and cooling through a 

skimmer. The molecular beam was ionized at 17 eV, yielding a positive ion stream flowing into detector of 

quadrupole mass spectrometer.  

Continuous data is acquired through digitization of electron-multiplier signals from the arrived positive 

ions into a Merlin Software for storage and further manipulation. Mass spectra of m/z 30-450 were repetitively 

scanned during the evolution of pyrolysis vapor at a typical rate of 0.5-1 scan/second. The stored spectra can be 

transformed into average spectra, background subtracted spectra, or time evolution of specific masses (Detilleux 

& Vandooren, 2008; Sykes et al., 2008). Example of the kinds of data generated in a serial of pyrolysis 

experiment and the interpretation can be found elsewhere (Evans & Milne, 1987a; Hoover et al., 2002; Kelley et 

al., 2002; Magrini et al., 2007; Mann et al., 2009; Sykes et al., 2008; Sykes et al., 2009). The spectrum used to 

represent a single sample in this paper is an average of 50 consecutive scans collected during the evolution of 

pyrolysis vapor. Background signal was subtracted from the averaged spectrum.   
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8. Multivariate analysis 

The Unscrambler (Version 10.3, CAMO, Inc.) was used for PCA analysis in this study. Before PCA 

analysis, Py-MBMS spectra were weight normalized or area normalized according to specific situation. Outliers 

identified as one or more samples very different from the rest were removed based on analysis results. Averaged 

spectra were calculated for vapor compositional comparison. Spectral was mean-normalized before conducting 

PCA and PLS analysis in order to eliminate the impact of vapor yield on comparison of vapor composition.  

 Results and Discussion 

1. Traditional methods  

1.1. Raw biomass properties 

Three species of biomass were used as raw materials for this study: loblolly pine (Pinus teada), yellow 

poplar (Liriodendron tulipifera) and red oak (Quercus rubra). Fuel properties of biomass, including results from 

ultimate analysis and proximate analysis, are shown in Table 2.2. The three species of biomass show similar 

amounts of CHNO content. Loblolly pine has higher HHV value than poplar and oak. HHV of three biomass 

are comparable to the measured value in literature. Carrasco et.al published a HHV of 7623 BTU/lb for red oak 

(Carrasco et al., 2013). Tanger and co-workers summarized that the HHV of poplar ranges from 7308 BTU/lb to 

9028 BTU/lb (Tanger et al., 2013a). HHV of pine was reported as 7936 BTU/lb and 8404 BTU/lb (Phanphanich 

& Mani, 2011; Yan et al., 2009). While the fixed carbon and volatile content of loblolly pine and red oak are 

within normal range (12% to 28%) (Peng et al., 2012; Tanger et al., 2013b), that of yellow poplar is lower than 

expected. The lower fixed carbon for yellow poplar may be related to its slightly higher ash content; see below. 

Results of cell wall compositional analysis of the three biomass species are shown in Table 2.3. As 

expected from the literature the loblolly pine has higher Klason lignin content than red oak and yellow poplar. 

About one-fifth of the lignin in biomass is solubilized during hydrolysis (Sluiter et al., 2010), which was not 
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measured in this study. It is known as the acid-soluble lignin (ASL) and contributed to the modest mass closures. 

Loblolly pine and red oak have similar amounts of extractives, albeit of very different composition. The xylan, 

arabinan and mannan contents for red oak and yellow polar are similar, and very different from that of loblolly 

pine. Overall, the chemical composition of loblolly pine and two hardwood are very different (Table 2) while 

there are also significant differences in fuel properties between the two hardwoods.  

1.2. Mass yield and torrefaction condition 

The mass yields and moisture contents of torrefied wood were tracked with increasing torrefaction 

temperature and residence time and shown in Table 2.4. In general, mass yield decreased with increasing 

torrefaction severity. According to previous study (see Chapter 3), mass yield can be described by a first order 

reaction: 

-ln 
𝑋0
𝑋

 = -ln 
1

𝑋
 = kt      Eq. 3                           

where X0 is the yield of biomass during torrefaction at t=0 min, X0 = 100%; X is the yield of the sample; k is the 

rate constant (min
-1

); n is the order of reaction; t is time (min). The dependence of mass loss rate constant on 

temperature is assumed to obey Arrhenius law: 

k = A exp (
−𝐸𝑎

𝑅𝑇
)      Eq. 4    

Mass loss rate constant (k), pre-exponential factor (A), and activation energy (Ea) of torrefaction mass loss were 

derived. Rate constants k of three species could be expressed as:  

Pine:     kpine = 2.92 x 10
4
 exp (

−63300

𝑅𝑇
)    Eq. 5 

Poplar:  kpoplar = 2.65x 10
4
 exp (

−63000

𝑅𝑇
)    Eq. 6 

Oak:      koak = 2.70x 10
4
 exp (

−62600

𝑅𝑇
)    Eq. 7 
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It is observed that rate constant k increased with increasing torrefaction temperature. Three biomass 

had similar value of Ea. Two hardwood (poplar and oak) had lower Amass and higher kmass than pine.  Higher k of 

hardwood than softwood also supported the fact that hardwood resulted in higher mass loss than softwood at the 

same torrefaction condition. Based on Eq.5-7, mass yield can be calculated directly from species, residence time 

and reaction temperature.  

1.3. Fuel properties and chemical composition 

Table 2.5 shows the proximate and ultimate analysis of raw and torrefied wood. Fuel properties, as 

measured by HHV and carbon content, of torrefied biomass are improved by increasing torrefaction severity. 

Nitrogen content in woody biomass is very low and remained unchanged. Under mild torrefaction, when 

temperature was below 250
o
C, changes of fuel properties were small, but when the temperature reached 250

o
C, 

fixed carbon content, heating value and carbon content increased remarkedly with increasing torrefaction 

severity while volatile content, hydrogen, and oxygen content decreased. When torrefaction conditions reached 

300
o
C and 20min, changes in the fuel properties slowed down suggesting that the more liable bonds had been 

reacted. Similar results of improved fuel properties of biomass through torrefaction were observed in previous 

studies (van der Stelt et al., 2011a).   

The impact of inorganic compounds on torrefaction remains under debate (Saleh et al., 2013; 

Shoulaifar et al., 2013). The non-volatile ash increases with increasing loss of the organic component during 

torrefaction. While minerals, in particular potassium is known to have a catalytic effect on the decomposition of 

carbohydrates at higher temperatures (Hong-xiang et al., 2013), Shafizadeh and co-workers claimed that their 

role in decomposition at torrefaction temperatures (250
o
C - 300

o
C) is less clear (Bradbury et al., 1979; 

Shafizad.F & Fu, 1973). HHV of pine was consistently higher than that of the two hardwoods. This is due to the 

higher HHV of the original pine and the slower decomposition under torrefaction as described in Eq. 5-7. The 

loss of hydroxyl and hydrophilic groups associated with the decrease in oxygen (Table 2.5) also lead to lower 

equilibrium moisture content for the torrefied biomass (Table 2.4). 
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The torrefied biomass is composed of both the original biomass constituents, and degradation products 

and charring material from decomposition reactions. To track the changes of biomass constituents during 

torrefaction quantitatively, wet chemistry analysis was conducted to measure the remaining orignial biomass 

components in torrefied biomass. Results of selected carbohydrates and acid insoluable residue (Klason lignin 

and decomposition materials) are presented in Table 2.6. As expected there was a rapid decrease in the amount 

of the original polycharrides, glucose, xylose, arabinose and mannose. Xylan, arabinan and mannan all 

decreased rapidly at 250
o
C. Comparetively, glucan decomposed at slower rate and does not completely 

decomposed until the torrefaction temperature reached 300
o
C. During torrefaction process, charring reaction of 

both lignin and polysacharrides resulted in the increasing concentration of acid insoluable residue. With this 

traditional chemical analysis protocol the oirginal  lignin fraction could not be measured separately from the 

other decmposition products.  

1.4. Relationship between mass yield and fuel properties 

Mass yield is the most direct and easily measured response to torrefaction. The mass yield can be 

predicted from torrefaction temperature and residence time using Eq.5-7. The correlation between mass yield 

and other properties were examined and shown in Table 2.7. Although there are various reactions occurred 

during torrefaction, the correlation between most fuel properties and mass yield is good with R
2
 greater than 

0.90, expect for the HHV, whose R
2
 is 0.78. Thus, the fuel properties listed can be predicted conveniently from 

mass yield using the prediction equations in the table, which should be useful for process control in an industrial 

production environment. 

1.5. Relationship between mass yield and chemical composition 

The correlation between mass yield and cell wall composition of raw and torrefied biomass were also 

examined. But the correlations were poor. This is due to the complex nature of these decomposition reactions. 
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At low temperatures (below 250
o
C) the modest weight loss can be attributed to dehydration reactions that 

change the structure of the carbohydrates but result in modest weight loss and only minor changes in elemental 

composition. At intermediate temperatures of 250
o
C, the weight loss was due to depolymerization, 

decomposition and volatilization of the hemicelluloses, and a small amount of cellulose (Table 2.6). At 

temperature above 250
o
C, dramatic weight loss results from the extensive loss of labile oxygenated species 

from decarboxylation and dehydration reactions of hemicellulose and cellulose as well as the side chain in 

lignin structure. Higher weight loss of two hardwood species relative to loblolly pine can be explained by the 

different reactivity of hemicellulose in hardwood and softwood, specifically xylose. Thus, mass yield is not 

correlated with a specific biomass constituent throughout the whole torrefaction process (Chen & Kuo, 2011a; 

Chen & Kuo, 2011b; Melkior et al., 2012; Prins et al., 2006a).  

2. NIR 

1.1. Impact of species and torrefaction condition on NIR analysis of biomass 

1.1.1. NIR Spectra of the Starting Biomass and Torrefied Products  

NIR has been extensively used for characterization of biomass (Baillères et al., 2002; Hou & Li, 2011; 

Kelley et al., 2004b; Lovett et al., 2004; Philip Ye et al., 2008; Sanderson et al., 1996). In this work NIR was 

used to measure changes in the torrefied biomass to identify chemical changes that might be associated the loss 

of hydroxyl groups and changes in hydrogen bonding, as well as, performing an initial evaluation of the 

potential for using NIR as a process control tool.   

The analyses were all reported as 2
nd

 derivative of the NIR spectra to minimize baseline issues, and 

localize the maxima of the absorption bands allowing for more insights into peak assignments. The 2
nd

 

derivative of the starting biomass is shown in Figure 2.1. Species difference between the three biomass is not 

obvious. Figure 2.2 shows the impact of torrefaction severity on the NIR spectra using pine as an example. 

There is a clear trend of decreasing band intensity with increasing torrefaction severity, which is consistent with 
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a loss of many of the NIR active O-H and C-O bonds and an overall loss in spectral intensity due to the darker 

color of the torrefied biomass. To better understand changes in the NIR spectra of the torrefied biomass both 

PCA and PLS tools were used to identify key changes, and relate changes in the NIR spectra to other properties 

of the torrefied biomass.   

1.1.2. PCA of NIR spectra 

Figure 2.3 shows the results of scores plot (Figure 2.3-A) and loading plot (Figure 2.3-B) based on 

PCA analysis of 2
nd

 derivative of NIR spectra of torrefied samples. Change in samples from low to high 

severity formed a smooth curve starting dominated by changes in PC-1. This analysis shows that 89% of the 

changes in the NIR spectra can be explained by PC-1 and the loadings plot in Figure 2.3-B. The scores plot also 

shows that different species are distinct from each other at mild torrefaction conditions, but that the species 

differences gradually diminish with increasing torrefaction severity.  Possible assignment of NIR bands that 

highly correlated with torrefaction are highlighted in Figure 2.3-B and listed below: 

1370nm – 1471nm: First overtones and second overtones of O-H stretching vibrations from free or 

weakly bonded O-H in carbohydrates and first overtones of C-H, Car-H stretching vibrations  

 

1840nm – 2000nm: first overtone of aliphatic and aromatic C-H stretching vibrations and O-H 

combination bands 

 

Above 2000nm: Assignment in this region is difficult due to high number of possibilities for the 

coupling of vibrations. 
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However, due the mixture of both positive and negative correlated peaks co-existed in each assignment, 

it is hard to address any solid conclusion on the change of chemical structures from PCA analysis of NIR 

spectra.  

1.2. Prediction of fuel properties from NIR spectra by PLS analysis 

The 2
nd

 derivative of the NIR spectra were used to predict the fuel properties of raw and torrefied 

biomass using PLS analysis. The results of R
2
 for calibration and validation models are shown in Table 2.8. R

2
 

of volatile matter, fixed carbon, CHO content in calibration models ranged from 0.87 (HHV) to 0.93 (volatile 

and oxygen content), and only slightly lower for the R
2 
for validation model. Given the limited number of 

factors (3) used in the PLS models these R
2 
values for the validation models show that NIR is a very useful tools 

for characterization of torrefied biomass. Compared to the predicted solid fuel properties based on the mass 

yield alone, these results suggest that NIR based models can more effectively predict solid fuel properties. NIR 

also has the distinct advantage of also providing chemical insight into changes in the torrefied biomass.  

3. Py-MBMS 

In order to obtain more detailed insights into the specific chemical changes in the torrefied biomass Py-

MBMS was used to analyze the torrefied biomass.  

1.3. Impact of species and torrefaction condition studied by Py-MBMS analysis  

1.3.1.Biomass starting materials 

Py-MBMS spectra of starting biomass and torrefied products were collected. Representative spectra 

are shown in Figure 2.4. Raw spectra of pine, oak and poplar represent typical cell wall constituents in biomass. 
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Most peaks in the lower end of the spectrum peaks are assigned to fragments and carbohydrate compounds (m/z 

43, 60, 73, 85, 114, 126). Pyrolysis of cellulose and hemicellulose resulted in yield of levoglucosan and its 

(Electronic Ionization) EI fragments (m/z 163, 144, 57, 60, 73, 98), as well as furfural derivatives (126, 100, 96). 

Peak m/z 43 is a representative of low molecular weight carbonyl compounds during pyrolysis of carbohydrates 

(Jarvis et al., 2011). Peaks on the higher end of the spectra are mostly assigned to lignin fragments: S lignin 

(m/z 154, 167, 168, 182, 194, 208, 210) (Evans & Milne, 1987b; Sykes et al., 2008) and G lignin (m/z 124, 137, 

138, 150, 164, 178) (Evans & Milne, 1987a; Jarvis et al., 2011; Sykes et al., 2009). Two hardwood contain both 

S lignin and G lignin while softwood contains G lignin.  

A comparison of the Py-MBMS spectra of the starting biomass and spectra of the samples treated at 

250
o
C for 30min show subtle changes. For example, careful examination shows an increase in peaks m/z 124 

and m/z 126 which can be attributed to furfural derivatives. But overall significant changes are hard to detect 

for the samples torrefied at 250
o
C or below. The Py-MBMS spectra of pine, oak and poplar torrefied at 275

o
C 

for 30min show significant changes in both peaks assigned to both carbohydrate and lignin (Evans & Milne, 

1987a; Jarvis et al., 2011; Sykes et al., 2009). The carbohydrates peaks are reduced, and there are also changes 

in the relative intensity of a number of the aromatic peaks associated with lignin.  

1.3.2.Changes in Lignin Content 

In order to further investigate changes in the lignin content during torrefaction the lignin content was 

estimated from Py-MBMS spectra by summing the peak intensity of m/z = 120, 124, 137, 138, 150, 152, 154, 

164, 167, 178, 180, 181, 182, 194, and 210. The well-characterized NIST standard biomass samples were also 

subjected to Py-MBMS analysis and used to create a “lignin-Py-MBMS” calibration curve (Sykes et al., 2009). 

Using this calibration curve the lignin content of the torrefied biomass samples could be measured.   

These results of Klason lignin yield are shown in Figure 2.5-A. The chemically sensitive Py-MBMS 

results provided a more detailed picture into changes in the lignin taking place below 20 % mass loss at 

temperature under 250
o
C. It indicates that there were changes in the native lignin structure even under mild 
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torrefaction conditions. This analysis also shows that the lignin content appears to plateau for weight loss 

between 20-60%. While the initial lignin content and structure of three species are different, the lignin 

decomposition characteristics are similar. 

Figure 2.5-B shows changes in the S/G ratio against the weight loss. The S/G ratio is constant at 

weight losses between 0-20%, and then starts to slowly decrease as the overall sample weight loss increases to 

70%. It is worth noting that the lignin content decreases between 0-20% weight loss, while S/G ratio remains 

constant. Between 20-60% weight loss the lignin content is constant, while the proportion of S/G ratio decreases. 

This suggests demethoxylation reactions are transforming “S lignin” into “G lignin” during torrefaction. What 

needs to mention is because of the capability of predicting Klason lignin content of torrefied biomass by Py-

MBMS, the amount of charring material can be calculated by subtracting Klason lignin content from Acid 

Insoluble Residue.  

1.3.3.PCA of Py-MBMS spectra 

In order to compare the subtle changes in the Py-MBMS spectra PCA analysis was performed. The 

scores plot and loadings plot are shown in Figure 2.6-A and 6-B, respectively. Two principal components were 

calculated to represent 83% of the sample variation totally, in which PC-1 represents 65% variation while PC-2 

represents 18% of total variation. In the scores plot, torrefaction severity drives the variation of samples from 

positive PC-1 to negative PC-1, while species difference (in particular the differences between pine and the two 

hardwoods) distinguished samples along PC-2. Along PC-1 (the torrefied axis) the samples can be grouped in 

two clusters. Raw biomass and samples torrefied under mild condition, e.g.,  250 
o
C-30 min from one cluster. 

Samples prepared under more severe torrefaction conditions for a second, elongated cluster, and are responsible 

for most of the changes along PC-1. It is worth noting that the Py-MBMS spectra of the ‘severely” torrefied 

hardwood samples move away the ‘mild’ cluster, consistent with more rapid changes in the hardwoods 

compared to the pine. 
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Figure 2.6-B shows the corresponding loadings for peaks composed in PC-1 and PC-2. Along PC-1, 

peaks with large positive loadings have been assigned in the literature (Evans & Milne, 1987a; Jarvis et al., 

2011; Sykes et al., 2009) to primary pyrolysis products from carbohydrates (m/z 43, 60, 73, 85, 98, 114), while 

those with large negative value are assigned to secondary lignin cracking products (m/z 110, 124). This means 

with increasing torrefaction severity, the relative content of carbohydrates decrease while that of lignin increase. 

Along PC-2, S-lignin peaks have high positive value (m/z 140, 154, 167, 194) while G-lignin peaks have 

negative value (m/z 137) due to the species difference of lignin structure between hardwood and softwood.  

1.3.4.Relationship between Py-MBMS spectra  and fuel properties (PLS) 

Py-MBMS data were used to build prediction models for fuel properties of raw and torrefied biomass. 

The results of R
2
 of calibration and validation models are shown in Table 2.9. R

2
 of both calibration and 

validation models are very good with values above 0.87. With great chemical detail the Py-MBMS models have 

higher R
2
 values than models based on mass yield and NIR spectra.  

4. Comparison of prediction performance of mass yield, NIR, and Py-MBMS 

Four types of analytical methods are used to examine the chemical properties of raw and torrefied 

biomass. Three types of prediction models are built to predict fuel properties, chemical composition (modeling 

data not shown here). The efficiencies of analytical techniques and prediction models are summarized in Table 

2.10. Based on the summary, (1) Conventional fuel properties and cell wall composition can be measured by 

fuel analysis and compositional analysis; However, the derived products from call wall constituents can only be 

detected efficiently by Py-MBMS; (2) Compositional analysis results and Py-MBMS spectra are capable in 

determine biomass species; (3) NIR along is not efficient in showing any fuel properties or cell wall 

composition of raw and torrefied biomass; However, the spectra from NIR can be used to build efficient 

prediction model for fuel properties; (4) The amount of charring material can be calculated by (Acid Insoluble 
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Residue – Klason Lignin estimated by Py-MBMS); (5) None of these techniques is efficient in predicting ash 

content in torrefied biomass; Detailed chemical structure information in charring material is still missing. (6) 

Mass yield can be directly estimated from torrefaction temperature and residence time based on kinetics 

equations; (7) The efficiency of prediction performance is: Py-MBMS > NIR > mass yield. Mass yield is 

efficient enough to predict fuel properties of torrefied biomass; NIR is also suggested for the prediction of HHV 

and glucan content rather than mass yield. Py-MBMS did the best in predicting both fuel properties and 

chemical structure, especially lignin structure.  
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 Conclusions 

The impact of biomass species and torrefaction conditions have been examined by fuel analysis, cell 

wall compositional analysis, NIR spectroscopy, Py-MBMS. Mass yield, NIR spectra, and Py-MBMS spectra 

could all be used to construct useful predictive models for most fuel properties, although HHV was generally 

the hardest property to predict. Based on the results, it is concluded that:  

 Torrefaction is demonstrated to be efficient in improving fuel properties of biomass.  

 Carbohydrates underwent chemical changes first, although subtle changes in lignin structure were also 

seen in the Py-MBMS. Degradation of the carbohydrates led to formation of furans, while degradation 

of the lignin included demethoxylation reactions along with other degradation reactions.  

 PCA and PLS tools were required to obtain a detailed understanding of the NIR and Py-MBMS data.  

 Mass yield and NIR can be used in an industrial processing environment to predict fuel properties and 

HHV, respectively. Py-MBMS also useful but best suited for detailed evaluation of the torrefaction 

mechanisms.  

 An analysis of the vapors produced during torrefaction is suggested in order to further understand the 

reaction mechanism of torrefaction.  
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Figure 2.1 2
nd

 derivative of NIR spectra as a function of biomass species 
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Figure 2.2 2
nd

 derivative of NIR spectra as a function of torrefaction condition using pine as an example 
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Figure 2.3  PCA analysis of 2
nd

 derivative of NIR spectra (A) Scores plot; (B) Loadings plot 
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Figure 2.4 Py-MBMS spectra of the starting biomass and torrefied products  

(A-1) Raw pine; (A-2) Torrefied pine made at 250
o
C for 30min; (A-3) Torrefied pine made at 275

o
C for 

30min; (B-1) Raw oak; (B-2) Torrefied oak made at 250
o
C for 30min; (B-3) Torrefied oak made at 275

o
C 

for 30min; (C-1) Raw poplar; (C-2) Torrefied poplar made at 250
o
C for 30min; (C-3) Torrefied poplar 

made at 275
o
C for 30min. 
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Figure 2.5 (A) Klason lignin yield estimated by Py-MBMS as a function of weight loss; (B) Syringyl to 

guaiacol ratio (S/G) estimated by Py-MBMS as a function of weight loss for hardwood 
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Figure 2.6 PCA analysis of Py-MBMS spectra of raw and torrefied wood (A) Scores plot; (B) Loadings 

plot 
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Table 2.1 Reaction Conditions used to Measured Biomass Components (Proximate Analysis by TGA) 

(ASTM E1131-08) 

Component 
Start Temperature 

(
o
C) 

Rate 

(
o
C/min) 

Final Temperature 

(
o
C) 

Hold 

(Min) 
Gas 

Moisture 50 50 110 5 N2 

Volatile 110 100 950 15 N2 

Fixed C 950 0 950 10 Air 

Ash 950 0 950 0 Air 

 

  



87 

Table 2.2 Fuel properties of raw biomass 

Biomass C H N O 
HHV 

(BTU/lb) 
Volatile matter Fixed Carbon Ash 

Loblolly pine 50.12 6.66 0.06 43.16 8752 85.80 13.90 0.40 

Yellow poplar 48.15 6.32 0.06 45.47 8304 94.98 3.32 1.44 

Red oak 49.35 6.32 0.08 44.25 8320 87.08 12.42 0.47 
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Table 2.3 Cell wall composition of raw biomass 

Biomass Extractives Glucan Xylan Ara+Man 
Klason 

Lignin 
Total 

Loblolly Pine 3.4 43.3 3.20 9.84 26.5 86.4 

Yellow poplar 1.7 45.1 13.4 3.90 20.1 84.2 

Red oak 3.2 42.8 15.4 3.70 22.5 87.7 
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Table 2.4 Moisture content and mass yield of raw and torrefied wood 

Species 
Temperature 

o
C 

Time min Moisture 
Mass 

yield 

Pine 

  
7.7 100.0 

200 10 2.3 99.1 

200 20 2.8 97.9 

200 30 3.8 95.2 

225 10 2.9 97.6 

225 20 2.3 94.5 

225 30 3.2 89.2 

250 10 3.4 95.9 

250 20 4.0 84.6 

250 30 3.6 56.0 

275 10 3.4 82.1 

275 20 2.7 62.2 

275 30 3.6 42.3 

300 10 2.9 60.8 

300 20 5.2 32.4 

300 30 6.4 29.9 

Oak 

  
8.0 100.0 

200 10 6.6 95.0 

200 20 5.2 94.8 

200 30 5.1 94.7 

225 10 5.5 94.9 

225 20 4.5 86.9 

225 30 3.9 85.0 

250 10 4.0 91.2 

250 20 3.5 76.7 

250 30 4.0 68.8 

275 10 3.3 64.0 

275 20 3.0 49.2 

275 30 2.8 42.5 

300 10 3.3 38.6 

300 20 4.5 31.4 

300 30 3.7 32.5 
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Table 2.4 Continued 

Species 
Temperature 

o
C 

Time min Moisture 
Mass 

yield 

Poplar 

  
8.6 100.0 

200 10 4.5 96.6 

200 20 6.0 94.4 

200 30 5.1 94.4 

225 10 6.0 94.1 

225 20 4.5 92.2 

225 30 4.3 89.4 

250 10 4.1 92.8 

250 20 3.8 83.3 

250 30 3.8 78.7 

275 10 3.3 67.5 

275 20 3.3 56.1 

275 30 4.0 45.0 

300 10 3.8 56.3 

300 20 5.5 30.3 

300 30 7.7 24.3 
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Table 2.5 Proximate and ultimate analysis of raw and torrefied wood 

Species 
Temperature 

o
C  

Time 

min 
Volatile Fixed C Ash 

HHV 

(BTU/lb) 
C H N O 

Pine 

    85.8 13.9 0.4 8320 50.1 6.7 0.1 43.2 

200 10 86.5 12.8 0.7 8192 50.5 6.7 0.1 42.8 

200 20 85.9 13.6 0.5 8171 50.7 6.6 0.1 42.7 

200 30 na na 0.0 8156 51.0 6.6 0.1 42.4 

225 10 85.8 13.7 0.5 8213 50.6 6.6 0.1 42.8 

225 20 84.7 14.8 0.5 8300 51.6 6.4 0.1 41.9 

225 30 83.9 13.2 2.9 8266 52.7 6.3 0.1 41.0 

250 10 85.0 14.6 0.4 8222 51.2 6.4 0.1 42.4 

250 20 82.1 17.9 0.0 8848 53.5 6.1 0.1 40.4 

250 30 65.9 34.1 0.0 8908 62.8 5.1 0.1 32.0 

275 10 82.2 17.5 0.3 9105 53.2 6.1 0.1 40.7 

275 20 70.5 28.7 0.7 10056 59.3 5.6 0.1 35.1 

275 30 42.6 56.8 0.5 11406 72.0 4.3 0.2 23.6 

300 10 70.4 29.0 0.6 11274 60.2 5.5 0.1 34.2 

300 20 51.0 48.1 0.9 11893 73.6 3.7 0.2 22.5 

300 30 39.1 60.1 0.8 11300 74.2 3.4 0.1 22.3 

Oak 

    87.1 12.4 0.5 8752 49.4 6.3 0.1 44.3 

200 10 86.2 13.2 0.7 8635 49.0 6.3 0.1 44.6 

200 20 85.8 13.7 0.4 8650 49.5 6.3 0.1 44.2 

200 30 88.7 10.8 0.5 9111 49.7 6.3 0.1 44.0 

225 10 90.8 9.2 0.0 8935 49.6 6.3 0.1 44.1 

225 20 90.0 9.0 1.0 9363 51.6 6.0 0.1 42.4 

225 30 84.2 15.2 0.5 10022 52.3 6.0 0.1 41.7 

250 10 85.1 14.4 0.4 9122 51.2 6.0 0.1 42.7 

250 20 79.8 19.6 0.6 10208 54.5 5.8 0.1 39.6 

250 30 81.8 17.7 0.5 11705 56.0 5.7 0.1 38.3 

275 10 70.3 28.5 1.2 10863 59.1 5.4 0.1 35.3 

275 20 63.4 36.1 0.4 12210 62.7 5.3 0.1 31.9 

275 30 51.9 47.7 0.4 12372 69.5 4.8 0.1 25.6 

300 10 na na 0.1 12904 65.0 5.0 0.1 29.8 

300 20 36.9 62.7 0.5 12325 74.2 4.0 0.2 21.7 

300 30 37.8 61.7 0.5 13470 73.9 4.1 0.2 21.9 
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Table 2.5 Continued 

Species 
Temperature 

o
C  

Time 

min 
Volatile Fixed C Ash 

HHV 

(BTU/lb) 
C H N O 

Poplar 

    95.0 3.5 1.5 8304 48.2 6.3 0.1 45.5 

200 10 92.6 6.0 1.4 8194 47.5 6.3 0.1 46.0 

200 20 91.7 7.3 0.9 8506 47.6 6.4 0.1 46.0 

200 30 91.4 8.0 0.6 8385 48.1 6.3 0.1 45.6 

225 10 91.1 8.4 0.5 8391 47.5 6.3 0.1 46.1 

225 20 90.8 8.6 0.6 8746 48.8 6.2 0.1 45.0 

225 30 89.0 10.4 0.6 8994 47.1 5.9 0.1 47.0 

250 10 91.5 8.5 0.0 8550 49.1 6.1 0.1 44.7 

250 20 90.2 6.2 3.6 9316 51.3 6.0 0.1 42.7 

250 30 84.8 15.2 0.0 9459 52.5 5.9 0.1 41.5 

275 10 79.6 19.8 0.5 9572 54.5 5.7 0.1 39.7 

275 20 70.5 28.9 0.6 10943 58.6 5.3 0.1 36.1 

275 30 64.0 35.2 0.8 11836 66.0 4.6 0.1 29.3 

300 10 73.4 26.6 0.0 12204 57.3 5.4 0.1 37.2 

300 20 40.0 58.5 1.6 12647 72.5 3.9 0.1 23.5 

300 30 35.6 64.4 0.0 12913 73.7 3.2 0.1 23.0 
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Table 2.6 Cell wall composition of raw and torrefied wood 

Species 
Temperature 

o
C  

Time 

min 
Glucan Xylan 

Arabinan 

and Mannan 

Acid Insoluable 

Residue 

Pine 

    55.4 9.0 27.1 25.5 

225 30 53.8 4.0 15.6 34.8 

250 10 48.2 1.8 7.5 24.5 

250 30 26.9 0.0 0.0 74.4 

275 10 52.1 0.0 1.4 55.9 

275 20 47.8 2.4 0.0 33.5 

275 30 6.3 0.8 0.0 99.3 

Oak 

    46.6 16.8 12.4 16.8 

225 30 45.1 17.5 4.6 25.2 

250 10 48.2 6.2 0.0 17.3 

250 30 50.1 11.2 3.7 21.3 

275 10 42.3 0.8 0.0 55.7 

275 30 10.3 0.0 0.0 94.1 

Poplar 

  

62.9 0.9 0.0 37.9 

225 30 60.5 10.0 0.9 46.7 

250 10 56.3 14.3 0.4 32.1 

250 30 59.5 1.8 0.0 55.5 

275 10 59.7 0.0 0.0 40.2 

275 20 45.4 2.1 0.0 57.1 

275 30 13.0 0.0 0.0 91.0 
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Table 2.7 Relationship between mass yield and fuel properties 

Fuel properties (x) Prediction equation of mass yield (y)  R
2
 

Volatile y =  0.697x + 24.1 0.91 

Fixed Carbon  y = -0.698x + 75.3 0.90 

HHV   y = -59.4x + 14289 0.78 

C  y = -0.348x + 82.2 0.94 

H y =  0.036x + 3.0 0.92 

O   y =  0.313x + 14.7 0.93 
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Table 2.8 Summary of PLS predictions of fuel properties from 2
nd

 derivative of NIR 

Response 
Calibration Validation 

Factor R
2
 Factor R

2
 

Volatile 3 0.93 3 0.91 

Fixed Carbon 3 0.92 3 0.9 

HHV 3 0.87 3 0.87 

C 3 0.93 3 0.91 

H 3 0.9 3 0.87 

O 3 0.93 3 0.92 
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Table 2.9 Summary of PLS predictions of fuel properties from Py-MBMS using total mass 

Response 
Calibration Validation 

Factor R
2
 Factor R

2
 

Volatile 3 0.97 3 0.94 

Fixed Carbon 3 0.96 3 0.95 

HHV 5 0.91 5 0.87 

C 3 0.98 3 0.97 

H 4 0.98 4 0.97 

O 3 0.98 3 0.97 
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Table 2.10 Summary of the efficiencies of analytical techniques and prediction models  

(√: able to measure; ×: not able to measure; Good: good prediction; OK: able to predict but performance 

is not good enough; Bad: not able to predict) 

  

Examination Prediction 

Fuel 

analysis 

Compositional 

analysis 
NIR 

Py-

MBMS 
Mass yield NIR 

Py-

MBMS 

Volatile √ × × × Good Good Good 

Fixed Carbon √ × × × Good Good Good 

Ash √ × × × Bad Bad Bad 

HHV √ × × × OK OK OK 

C √ × × × Good Good Good 

H √ × × × Good Good Good 

N √ × × × Bad Bad Bad 

O √ × × × Good Good Good 

Cellulose × √ × × Bad OK Good 

Hemicellulose × √ × × Bad Bad Bad 

Carbohydrates 

derivatives 
× × × √ Bad Bad Bad 

Lignin × √ × √ Bad Bad Good 

Lignin 

derivatives 
× × × √ Bad Bad Good 

Charring 

material 
× × × √* Bad Bad Good 

*The amount of charring material can be calculated by (Acid Insoluble Residue – Klason Lignin estimated by 

Py-MBMS) 
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Chapter 3 Optimizing Biomass Torrefaction Processing Condition and 

Efficiency Using Kinetic Relationships of Mass, Carbon and Energy Yield 

 

 

 

 Introduction 

Converting biomass into renewable energy is an attractive option for energy production due to the 

global need to reduce carbon dioxide emissions and replace exhaustible fossil fuels. Compared to other options, 

thermochemical processes have the advantages of high efficiency, versatility, and insensitivity to fuel feedstock. 

As fuel feedstock for energy production, biomass has certain drawbacks, such as low energy density, high 

moisture content, and the risk of biological degradation, etc. (Bergman et al., 2005; Bourgois et al., 1989; 

Bourgois & Guyonnet, 1988; Prins et al., 2006a; Shah et al., 2012; Van der Stelt et al., 2011b). In order to 

increase the competitiveness of biomass in energy generation market, torrefaction has been implemented as a 

pretreatment technique to improve biomass fuel properties (Barin et al., 2014; Bergman, 2005; Bourgois et al., 

1989; Bourgois & Guyonnet, 1988; Hoekman et al., 2011; McKendry, 2002; Oliveira et al., 2013; Prins et al., 

2006a; Prins et al., 2006b; Reza et al., 2013; Sarvaramini et al., 2013a; Sarvaramini et al., 2013b; Stemann et al., 

2013; Xiao et al., 2012). Torrefaction is also known as slow pyrolysis, mild pyrolysis, roasting, and thermal 

pretreatment. It is a thermolysis process that decomposes biomass at temperatures of 200-300
o
C in an inert 

atmosphere for a period of time from minutes to several hours, depending on application (Deng et al., 2009; 

Medic et al., 2012; Pimchuai et al., 2010).  Torrefied biomass is produced with superior fuel properties, such as 

increased heating value (Bourgois et al., 1989; Bourgois & Guyonnet, 1988), friability, grindability (Lee et al., 

2012; Shah et al., 2012; Van der Stelt et al., 2011b) and hydrophobicity (Bekhta & Niemz, 2003; Kamden et al., 
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2002), as well as resistance to fungal attack (Acharjee et al., 2011; Van der Stelt et al., 2011b). The advantages 

provided by torrefaction could be helpful for gasification (Deng et al., 2009; Fisher et al., 2012; Prins et al., 

2006a), combustion (Fisher et al., 2012), and pellet manufacturing (Bergman, 2005; Bergman et al., 2005). 

Torrefaction characteristics (reaction kinetics, product yields, and composition) are influenced by many 

parameters, such as feedstock types, torrefaction temperature, residence time, heating rate, reaction atmosphere, 

and particle size. This is due to complex chemical structures of biomass and decomposition reactions involved 

(Antal & Gronli, 2003; Bates & Ghoniem, 2013; Park et al., 2014).  

According to the analytical results, the chemical mechanism behind torrefaction for the improvement 

of fuel properties is eliminating oxygen in the form of low heating value torrefaction gases (carbon dioxide, 

water, and organic acids, and other hydrocarbons) while retaining carbon in the torrefied biomass in the form of 

high heating value solids [18, 19]. Because of higher loss in oxygen and hydrogen compared to carbon in this 

process, energy value of biomass is increased (Bergman et al., 2005; Couhert et al., 2009). Based on previous 

studies, in spite of the fact that 20-50% of mass is released in the form of gaseous or volatile species during 

torrefaction, up to 80 – 95% of the carbon and 70-90% of the energy is retained in the solid products (Bates & 

Ghoniem, 2013; Van der Stelt et al., 2011b). Energy yield is always higher than mass yield for both woody 

(Bridgeman et al., 2008; Felfli et al., 2005; Phanphanich & Mani, 2011; Wannapeera et al., 2011) and non-

woody biomass (Bridgeman et al., 2008; Deng et al., 2009; Pimchuai et al., 2010; Uemura et al., 2011; Wang et 

al., 2011). Studies show that below 250
o
C at residence time no greater than 1hr, energy yield of woody biomass 

is above 90%. When torrefaction temperature increases to 250
o
C, the range of energy yield varies from 60% to 

94% (Bridgeman et al., 2008; Phanphanich & Mani, 2011; Wannapeera et al., 2011).  

In order to control the torrefaction process, several kinetic models of mass yield have been proposed 

(Chew & Doshi, 2011; Ciolkosz & Wallace, 2011; Repellin et al., 2010; Van der Stelt et al., 2011b) from one 

step global model (Prins et al., 2006b; Ratte et al., 2011; Repellin et al., 2010) to distributed activation energy 

model (Sarvaramini et al., 2013a). All models are assumed to follow Arrhenius law. In general, one step model 

is preferred for industrial application since good correlation was reported between the calculated and 

experimental weight loss (Repellin et al., 2010).  However, the one step model is not suggested for the 
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prediction of individual product yield due to the assumption of fixed reaction of producing different pyrolysis 

products (Chew & Doshi, 2011; DiBlasi & Lanzetta, 1997; Repellin et al., 2010). 

Above all, research of torrefaction focused mainly on the mass yield, mass loss kinetics, elemental 

content, heating value content, change in major components, hydrophobicity, grindability, the impact of 

torrefaction conditions on those properties, and economic analysis of the integrated torrefaction with other 

thermal conversion processes, etc. (Arias et al., 2008; Bridgeman et al., 2010; Chew & Doshi, 2011; Pimchuai 

et al., 2010; Prins et al., 2006a; Shah et al., 2012; Uslu et al., 2008; van der Stelt et al., 2011a). Although the 

process efficiency is as important as property improvement in the commercialization of biofuel production, few 

existing studies described the carbon and energy efficiency of torrefaction. Specifically, there are several vital 

gaps in torrefaction studies that need to be bridged: 

 Impact of torrefaction condition and biomass species on carbon and energy yield 

 Impact of torrefaction condition and biomass species on carbon loss kinetics  

 Kinetic relationships of mass and carbon yield 

 Correlations among mass, carbon, and energy yield 

 Optimal torrefaction condition based on high carbon and energy efficiency and low mass yield 

Therefore, this study aims to bridge the above gaps by tracking the changes of carbon and energy 

content during torrefaction of hardwood and softwood. The kinetic relationships among mass, carbon, and 

energy yield are identified. The conclusions from this study can be applicable for both industrial controls of 

torrefaction process and exploration of biomass thermal decomposition mechanism.   
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1. Biomass raw materials 

Three species of woody biomass, including loblolly pine, yellow poplars, and red oak, were chosen as 

the test materials. Raw materials were obtained from local sources and were dried in a kiln at 105
o
C overnight 

before torrefaction.  

2. Biomass torrefaction process 

Torrefaction experiments were conducted at temperatures from 200
o
C to 300

o
C with 25

o
C increments 

for 10, 20, and 30 minutes (min), resulting in a matrix of 15 torrefaction conditions. A tube furnace (OTF-1200x, 

MTI Corporation) with a quartz tube (50 mm inner diameter x 1000 mm length) was used as torrefaction reactor.  

Figure 3.1 shows the schematic of the torrefaction reactor. This quartz tube was approximately 250 mm longer 

than the furnace. The part of the tube in the center of the furnace was the hot zone, while the part outside the 

furnace was the cool zone. The two ends of the tube were sealed with stainless steel flanges with a nitrogen inlet 

in the front end and an exhaust outlet in the back end. Biomass samples (0.25 inch x 1 inch x 2 inches) were 

placed on a sample boat made of stainless steel wires in the cool zone with the furnace sealed and nitrogen 

flushed.  After all the oxygen was replaced by nitrogen in the tube and the hot zone reached the set torrefaction 

temperature, biomass samples were pushed into the hot zone for torrefaction. At the end of the residence time, 

wood samples were pulled out from the center of the furnace back to the cool zone.  After samples cooled down 

to room temperature (approximately 10 min), they were collected. Weight and moisture content of torrefied 

biomass are measured immediately. 

3. Ultimate Analysis 

Raw and torrefied materials were oven dried and reserved in the desiccator before CHNO analysis. The 

CHNO measurements were conducted with a Perkin-Elmer model _2400 CHN Elemental Analyzer at the 
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Environmental and Agricultural Testing Service laboratory at North Carolina State University, Raleigh, NC. 

CHN concentrations were measured directly (mass% on a dry basis). O concentration was calculated by 

difference (100 - C% - H% - N%), assuming 100% mass closure.  

4. Proximate analysis and heating value measurement 

The volatile matter, fixed carbon, and ash content of fuel are important parameters commonly used to 

measure the properties of coal or charcoal. The proximate analysis of the volatile matter, fixed carbon, and ash, 

was conducted according to ASTM E 1131 - 08 (Standard Test Method for Compositional Analysis by 

Thermogravimetry). Thermogravimetry (Q 500, Thermal Analysis, TA instruments) is used to record sample 

weight as a function of time. Weight loss of the sample over a specific heating program provides the proximate 

analysis information for the sample. Different heating programs used to define the different fractions are shown 

in Table 3.1. Heating Value (HHV) was measured by Combustion Bomb Calorimeter (1341 Oxygen Bomb 

Calorimeter, Parr Instrument Company).  

5. Biomass compositional analysis 

Klason lignin (acid–insoluble lignin) was determined by National Renewable Energy Laboratory’s 

(NREL) Laboratory Analytical Procedures (Ehrman, 1996; Ehrman, 1994). Ground wood samples of size 0.3 g 

were hydrolyzed by 3.0 mL of 72% (w/w) H2SO4 for 2 hours (h) at room temperature. The hydrolysate was 

diluted to 4% (w/w) H2SO4 with 84 mL of deionized water and autoclaved for 1 h at 121
o
C. Mono-sugars were 

analyzed by a Dionex ICS-300 ion chromatography (IC) system. Detailed IC parameters are introduced by Ertas 

et. al (Ertas et al., 2014). 
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6. Calculation of mass yield, carbon yield, and energy yield 

Mass yield, heating value, and elemental composition were analyzed for torrefaction temperature of 

200 – 300
o
C. Carbon and energy yields of the products were calculated using analytical data. The corresponding 

equations are shown in Eq. 1-3: 

 

Mass yield %    =   
𝑀𝑡𝑜𝑟𝑟−𝑀𝐶𝑡𝑜𝑟𝑟
𝑀𝑟𝑎𝑤−𝑀𝐶𝑟𝑎𝑤

 × 100 %     Eq. 1 

 

Carbon yield % =  
𝐶% 𝑡𝑜𝑟𝑟 𝑥（ 𝑀 𝑡𝑜𝑟𝑟−𝑀𝐶𝑡𝑜𝑟𝑟）

𝐶% 𝑟𝑎𝑤 𝑥 （𝑀 𝑟𝑎𝑤−𝑀𝐶𝑟𝑎𝑤）
   × 100 %=  

𝐶% 𝑡𝑜𝑟𝑟 𝑥 𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 

𝐶% 𝑟𝑎𝑤 
  × 100 %      

        Eq. 2 

 

Energy yield % =  
𝐻𝐻𝑉 𝑡𝑜𝑟𝑟 𝑥 （ 𝑀 𝑡𝑜𝑟𝑟−𝑀𝐶𝑡𝑜𝑟𝑟）

𝐻𝐻𝑉 𝑟𝑎𝑤 𝑥（𝑀 𝑟𝑎𝑤−𝑀𝐶𝑟𝑎𝑤）
  × 100 %= 

𝐻𝐻𝑉 𝑡𝑜𝑟𝑟 𝑥 𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 

𝐻𝐻𝑉 𝑟𝑎𝑤
  × 100 %      

        Eq. 3 

 

Where M torr is mass of torrefied biomass; MCtorr is the moisture content of torrefied biomass; M raw is 

mass of raw biomass; MCraw is the moisture content of raw biomass; C% torr is the carbon content of torrefied 

biomass; C% raw is the carbon content of raw biomass; HHV torr is the HHV of the terrified biomass; HHV raw is 

the HHV of the raw biomass.  

7. Kinetics parameter calculation 

The test of reaction order was based on the assumption of single step global kinetics. Tests for different 

reaction orders were carried out by applying calculated yield data to the integrated rate equations shown in 

Table 3.2 (Shin et al., 2001). The corresponding n with the best fitted equation was determined as the order of 

reaction for torrefaction. Since wood samples were torrefied in a preheated furnace at torrefaction temperature, 

the process was assumed isothermal. The reaction rate is described by Eq.4: 
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Reaction rate = 
𝑑𝑋

𝑑𝑡
 = k X 

n      
Eq. 4            

 

where X is the yield of the sample; k is the rate constant (min
-1

); n is the order of reaction; t is time 

(min). If the order of reaction is one n=1, as validated in the next section, the integration of Eq.4 gives: 

 

-ln 
𝑋0
𝑋

 = -ln 
1

𝑋
 = kt      Eq. 5                           

 

where X0 is the yield of biomass during torrefaction at t=0 min, X0 = 1; X is the yield of the sample; k is 

the rate constant (min
-1

); n is the order of reaction; t is time (min). According to Eq.5, the plot of -ln 
1

𝑋
 versus t 

gives a straight line with a slope equal to the rate constant k. The dependence of rate constant on temperature is 

assumed to obey Arrhenius law as shown in Eq. 6-7: 

 

k = A exp (
−𝐸𝑎

𝑅𝑇
)       Eq. 6                                   

which is equal to 

ln k = ln A – 
𝐸𝑎

𝑅𝑇
       Eq. 7                                                                       

 

where A is pre-exponential factor; Ea is activation energy (J mol
-1

); k is the rate constant (min
-1

); R is 

universal gas constant (J K
-1

 mol
-1

); T is temperature (K). From the obtained rate constant at different 

torrefaction temperatures, if the plot ln(k) versus T
-1

 is featured by a straight line, the slope of the line is equal to 

–𝐸𝑎/𝑅 and the intercept is equal to ln(A). Testing the linearity of the analytical data validates the order of 

reaction. Consequently, the activation energy Ea and pre-exponential factor A can be obtained. 
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 Results and discussion 

1. Raw biomass properties 

Three species of biomass were used as raw materials for this study: loblolly pine, yellow poplar, and 

red oak. The fuel properties and constitutional composition are important properties for describing biomass as a 

plant and as a fuel. 

Fuel properties of biomass, including results from ultimate analysis and proximate analysis, are shown 

in Table 3.3. The three species of biomass showed similar amounts of CHNO content. Loblolly pine had higher 

HHV value than poplar and oak. Loblolly pine and red oak had higher fixed carbon content and lower volatile 

content than that of yellow poplar. Yellow poplar had higher ash content than the other two biomass species.  

Results of cell wall compositional analysis of the three biomass species are shown in Table 3.4. 

Loblolly pine and red oak had similar amounts of extractives and glucan, but differing hemicellulose and lignin 

contents. The amount of xylan, arabinan and mannanin red oak was similar to that of yellow polar, which was 

three or four times more than that of loblolly pine. Pine had higher Klason lignin content than red oak and 

yellow poplar. Soluble lignin normally ranging from 2 to 4% for woody biomass was not measured in this study. 

Overall, constitutional compositions of loblolly pine and two hardwood are very different. Between two 

hardwoods, there are significant differences in terms of their fuel properties and cell wall compositions. This is 

reasonable because hardwood has more variation than softwood naturally.  

2. Mass yield 

Mass yields were tracked with increasing torrefaction temperature and residence time and are shown 

Figure 3.2. The general trend of the impact of torrefaction condition on mass loss was very similar for the three 

species. Firstly, at a certain temperature, the slope of the weight loss was the largest at the first 10min; and it 

decreased with increasing residence time. Using pine as an example, the weight loss in the first 10 min at 300
o
C 
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was 42.2%, while that in the second 10 min was 26.3%, and in the third 10 min was 2.0%. Secondly, severe 

decomposition of biomass led to significant weight loss when the temperature reached 275
o
C according to the 

increased slope of weight loss curve. In terms of species difference, oak and poplar had higher mass loss than 

pine at temperature from 250
o
C to 275

o
C. When the reaction condition was mild (below 250

o
C) or very severe 

(300
o
C), the species differences were small.   

3. Mass loss kinetics 

According to Table 3.2 and Eq.5, if the order of reaction is n=1, the plot of ln X 
-1

 versus reaction time 

t gives a straight line with the slope equal to the rate constant, k. Figure 3.3 shows the weight loss kinetics for 

pine at different temperatures. As shown in the plot, the plot of ln X 
-1

 versus reaction time t gave straight trend 

lines with R
2
 at least 0.83. It means the analytical data from torrefaction experiment fit the integrated rate 

equation of first order reaction.  

The rest of the R
2
 of regressions assuming zeroth, second, and third order of reaction are shown in 

Table 3.5. Detailed information on testing order of reaction is shown in Table 3.2. R
2
 of first order (n=1) 

regression was generally higher than R
2 
of the other reaction orders tested, except that the correlation coefficient 

R
2
 was higher for third order (n=3) reaction than first order (n=1) reaction at 300

o
C. This can be explained by 

the switch from decomposition of hemicellulose to that of cellulose (Chen & Kuo, 2011b) since the weight loss 

behavior of cellulose decomposition is described by higher order of reaction than that of hemicellulose. Or, it is 

due to the initiation of carbonization reactions that is not accounted in the one step global model (FELFLI, 

2004). Overall, it is verified that the mass loss during torrefaction followed a first order reaction (n=1).  

Reaction rate constant (kmass), pre-exponential factor (Amass), and activation energy (Eamass) of 

torrefaction mass loss were derived and are shown in Table 3.6. Rate constant k increased with increasing 

torrefaction temperature. Three biomass had similar value of Eamass. Two hardwood (poplar and oak) had lower 

Amass and higher kmass than pine.  Higher kmass of hardwood than softwood also supported the fact that hardwood 
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resulted in higher mass loss than softwood at the same torrefaction condition.  kmass of torrefaction mass loss of 

three species can be expressed by the following Arrhenius equations: 

 

Pine:     kmass = 2.92 x 10
4
 exp (

−63300

𝑅𝑇
)    Eq. 8 

 

Poplar:  kmass = 2.65x 10
4
 exp (

−63000

𝑅𝑇
)    Eq. 9 

 

Oak:      kmass = 2.70x 10
4
 exp (

−62600

𝑅𝑇
)    Eq. 10 

4. Carbon yield 

Figure 3.4 shows the carbon yield of different torrefied woods produced at various torrefaction 

conditions. The changing trends of carbon yield were very similar to the changing of mass yield at different 

torrefaction conditions in Figure 3.2. Firstly, at a certain temperature, the slope of the carbon loss was the 

largest at the first 10min; and it decreased with increasing residence time. Using pine as an example, the carbon 

loss in the first 10 min at 300
o
C was 40.6%, while that in the second 10 min was 23.1%, and in the third 10 min 

was 2.6%. Secondly, severe decomposition of biomass led to significant carbon loss when the temperature 

reached 275
o
C according to the increased slope of carbon loss curve. In terms of species difference, oak and 

poplar had higher carbon loss than pine at temperature from 250
o
C to 300

o
C. When the reaction condition was 

mild (below 250
o
C), the differences across the species were small.   

5. Carbon kinetics 

In order to test the order of reaction of carbon loss, R
2
 of regressions assuming zeroth, first, second, 

and third order of reaction are compared in Table 3.7. Similar to mass loss behavior, R
2
 of first order (n=1) 
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regression was generally higher than R
2 
of the rest order of reactions. Therefore, the carbon loss behavior during 

torrefaction can be assumed to be first order reaction (n=1). 

Rate constant (kcarbon), pre-exponential factor (Acarbon), and activation energy (Eacarbon) based on first 

order reaction assumption were calculated and are shown in Table 3.8. Similar to the kinetic parameters of mass 

loss, kcarbon increased with increasing torrefaction temperature. Two species of hardwood (poplar and oak) had 

higher kcarbon, lower Acarbon than pine. Activation energy (Eacarbon) of carbon loss of hardwood was lower than 

that of softwood. kcarbon of three species are expressed by the following Arrhenius equations: 

 

Pine:      kcarbon = 0.68 x 10
4
 exp (

−58600

𝑅𝑇
)    Eq. 11 

 

Poplar:  kcarbon = 0.12x 10
4
 exp (

−50300

𝑅𝑇
)    Eq. 12 

 

Oak:      kcarbon = 0.34x 10
4
 exp (

−55000

𝑅𝑇
)    Eq. 13 

 

In summary, the impact of torrefaction and biomass species on carbon and mass yield were 

investigated. Reaction kinetic parameters and corresponding Arrhenius equations were shown in Eq. 8 to Eq. 13, 

which can be used to predict mass yield and carbon yield directly from torrefaction conditions. Results show 

that torrefied hardwood resulted in lower mass, carbon, and energy yield than torrefied softwood produced at 

the same torrefaction condition; the rate constant of mass loss and carbon loss of hardwood was higher. Based 

on this, hardwood appeared to be more reactive than softwood during torrefaction. The differences between 

hardwood and softwood are possibly due to their chemical composition. As shown in Table 3.4, oak and poplar 

has higher xylan content than pine. According to the literature, hardwood also has higher Syringyl (S) lignin 

than softwood, whose lignin is composed of mainly guaiacyl (G) lignin (Chen & Kuo, 2011b; Nimlos et al., 

2003; Prins et al., 2006b; Rousset et al., 2011; Yang et al., 2007). Xylan is the most reactive substance in the 

temperature range of torrefaction compared with other hemicellulose (Chen & Kuo, 2011a; Chen & Kuo, 
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2011b). Methoxyl group in Syringyl (S) lignin is easier to be decomposed at torrefaction temperature. Therefore, 

it is reasonable that hardwood was more reactive than softwood during torrefaction. 

6. Mass yield v.s. Elemental yield 

Figure 3.5 shows the linear correlation between carbon/hydrogen/oxygen yield (based on original 

elemental contents) and mass yield during torrefaction. The R
2
 of linear correlation is higher than 0.98 in the 

above correlations. Compared to mass yield (represented by ‘mass yield line’ in Figure 3.5), the carbon loss was 

slower than mass loss while hydrogen and oxygen loss was faster than mass loss. CHO yield can be very well 

predicted by the following equations: 

 

Carbon yield %      = 0.76 x Mass yield % + 23.6%   Eq. 14 

 

Hydrogen yield % = 1.18 x Mass yield % - 18.1%   Eq. 15                                                              

 

Oxygen yield %   = 1.25 x Mass yield % - 23.7%   Eq. 16 

 

The linear correlations between elemental yield and mass yield represent that for a certain change of 

mass yield, the changes of carbon yield, hydrogen yield, and oxygen yield were similar throughout torrefaction. 

And there was no obvious species difference. Since the initial CHO contents of the three woody biomass in our 

study were similar according to Table 3.3, we assumed the CHO contents of biomass were the average value of 

those of three biomass (C% = 49.2%, H% = 6.43%, O%=44.3%). Then, the elemental composition of 

torrefaction vapor product can be calculated: 

 

Δ Carbon = C% x Δ Carbon yield %  

= C% x 0.76 x Δ mass yield % 
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= 49.2% x 0.76 x Δ mass yield % 

= 37.4% x Δ mass yield %   

  

Δ Hydrogen = H% x Δ Hydrogen yield %  

= H% x 1.18 x Δ mass yield % 

= 6.43% x 1.18 x Δ mass yield % 

= 11.6% x Δ mass yield %     

Δ Oxygen = O% x Δ Oxygen yield %  

= O% x 1.25 x Δ mass yield % 

= 44.3% x 1.25 x Δ mass yield % 

= 55.4 % x Δ mass yield %    

 

C:H:O (Atomic ratio) = 
37.4

12
 : 

11.6

1
 : 

55.4

16
 = 3.1: 11.6: 3.5 

 

It means the vapor product evaporated from biomass had similar elemental content. The universal 

molecular formula of torrefaction vapor can be expressed as C3.1 H11.6 O3.5. 

7. Mass loss kinetics v.s. Carbon loss kinetics 

Figure 3.6 shows the correlation between rate constant of mass loss and carbon loss. It was observed 

that there is a linear relationship between the two rate constants as shown in Figure 3.6 (a), which can be 

expressed by Eq.17:  

 

General (200
o
C - 300

o
C): kcarbon = 0.67 x kmass   Eq. 17 
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The slope of trend line for rate constant at low temperature (200
o
C, labeled as red and shown 

separately in Figure 3.6 (b)) appeared to be higher than that of the general trend line. The correlation equation 

can be separately expressed by Eq.18:  

 

Low temperature (200
o
C): kcarbon = 3.12 x kmass – 7.29   Eq. 18 

 

The main reactions happened at low torrefaction temperature include bond water evolution, mild 

hemicellulose decomposition, and limited depolymerization of lignin and cellulose. When temperature is high, 

the main reactions are changed into extensive degradation of hemicellulose and cellulose. Therefore, the 

differences of kcarbon at low and high torrefaction temperatures may result from the different reaction regimes 

(Tsamba et al., 2006; Van der Stelt et al., 2011b; Yang et al., 2006).  

From low temperature to high temperature, since the Eamass and Eacarbon are different, ΔEa/RT of carbon 

loss and energy loss are different. According to Arrhenius equation, the extent of Δkmass and Δkcarbon varies. The 

change of kmass/kcarbon against torrefaction temperature was depicted in Figure 3.7. The value of kmass/kcarbon 

increased with increasing torrefacction temperature. High torrefaction temperatures resulted in larger 

differences between kmass and kcarbon. Thus, in order to lose weight and retain carbon in the torrefied biomass, 

high temperatures (275 – 300
o
C) were suggested as optimal torrefaction condition. Residence time should be 

short at high temperature in order to prevent excessive loss of carbon and mass.  

Although kmass/kcarbon increased with torrefaction temperature, due to the narrow temperature range of 

torrefaction (200-300
o
C), Δk did not change much at this range. Thus, it is reasonable that rate constants of 

mass loss and carbon loss still correlated linearly within torrefaction condition. 

In summary, the relationships between carbon loss and mass loss were investigated. Carbon yield and 

mass yield of torrefied biomass were linearly correlated. Rate constants of mass loss and carbon loss were 

correlated linearly as well. Based on the correlation equations (Eq. 14 to Eq.18), both carbon yield and carbon 

loss rate constant can be directly derived from mass yield and mass loss rate constant, which can be used as 
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convenient tools for the estimating carbon efficiency. According to the comparison of kmass/kcarbon at different 

torrefaction temperatures, high torrefaction temperatures resulted in larger differences between kmass and kcarbon. 

In order to retain carbon while losing weight duriing torrefaction of biomass, high torrefaction temperature (275 

– 300
o
C) and short residence time (<10min) was suggested as optimal torrifaction condition.  

8. Energy yield 

Figure 3.8 shows the energy yield of different torrefied woods produced at various torrefaction 

conditions. In general, two hardwoods appeared to be higher energy loss than pine. However, the trend of 

energy loss was different from those of carbon and mass loss. And there were species difference. When the 

torrefaction conditions were mild, energy yield remained almost unchanged for pine and poplar until 

torrefaction temperature reached 275
o
C. In contrast, energy yields of oak starts to decrease gradually from the 

beginning of torrefaction. This is reasonable considering their differences in fuel properties and constitutional 

composition as stated previously in Table 3.3 and Table 3.4.  

Together with mass yield data shown in Figure 3.2, the change of energy yields along torrefaction 

conditions indicated that torrefied biomass produced at 275
o
C – 300

o
C for residence time less than 10min 

resulted in low mass yield and high energy yield. Therefore, in order to retain energy content in solid residue, 

high temperature and short residence time is suggested as optimal torrefaction condition.  

9. Relationship between Mass yield, Carbon yield and Energy yield  

The relationships between mass yield and energy yield are revealed by Figure 3.9 (a), while the 

relationships between carbon yield and energy yield are shown in Figure 3.9 (b). In Figure 3.9 (a) all data points 

are above the mass yield line, which means energy yield of torrefied wood was always higher than mass yield. 

Comparing linear correlations between carbon yield and mass yield shown in Figure 3.5 (R
2
 > 0.99), the linear 

correlations between energy yield and mass yield of three biomass was not as good, especially for pine (R
2
 = 
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0.87);  and there was a clear species difference. In Figure 3.9(b), energy yield decreased with decreasing carbon 

yield. The correlations between carbon yield and energy yield appeared to be better than the correlations 

between mass yield and energy yield in general (R
2
 > 0.91); and there was also clear species difference.  

From Figure 3.5, the relationships between elemental yields and mass yield, it was concluded that 

CHO yield was well correlated with mass yield (R
2
 > 0.99). As we know, energy content of fuel is not only 

determined by the elemental content, but also the chemical structure of its composition. Our data shows that the 

energy yield was not correlated as linearly as carbon yield with mass yield. This proves that the energy content 

of torrefied biomass is not only determined by the elemental content but also by the chemical structure of 

molecules in torrefied biomass. The species difference shows that it is possible that the chemical structure of 

original biomass contributes to the structural differences of torrefied biomass.  
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 Conclusions  

This study attempts to fill the gaps in carbon and energy efficiency during torrefaction by tracking the 

kinetics relationships of mass, carbon and energy yield of hardwood and softwood.  

Results showed that torrefied hardwood resulted in lower mass yield, carbon yield, energy yield than 

torrefied softwood produced at the same condition. Kinetics analysis based on one step reaction assumption also 

showed that the rate constant of mass loss and carbon loss during torrefaction of hardwood was higher than that 

of softwood. This was due to the fact that hardwood contained more xylan, which is the most reactive substance 

in the temperature range of torrefaction compared with other hemicellulose, than softwood.  Hardwood also has 

more syringyl (S) lignin than softwood. Methoxyl groups in S lignin starts to decompose at low temperature. As 

a result, hardwood was more reactive than softwood during torrefaction. 

Results also showed that elemental yields and mass yield were linearly correlated. Rate constants of 

carbon loss and mass loss in general were also linearly correlated. It means the vapor product evaporated from 

biomass had similar elemental content. Based on the average initial CHO content of woody biomass, the 

universal molecular formula of torrefaction vapor was determined as C3.1 H11.6 O3.5.  In addition, the resulting 

Arrhenius equations and correlation equations could be used to predict elemental yields and rate constant from 

torrefaction condition or mass loss data. 

In addition, based on the investigation of correlations between energy yield and mass yield, it shows 

that the correlations between energy yield and mass yield were not as linear as those between elemental yields 

and mass yields. It proves that energy content of torrefied biomass was not only determined by the elemental 

contents but also impacted by the chemical structure of torrefaction product. There were obvious species 

differences in those correlations. It indicated that the differences in chemical structure of torrefied biomass 

possibly resulted from the initial constitutional differences among three species of biomass.  

Overall, at temperature ranging from 275
o
C to 300

o
C for short residence time (<10min) for both 

hardwood and softwood, energy yield was high while mass yield was low; the reaction rate of carbon loss was 
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slow while that of mass loss was fast. Therefore, those conditions are proposed to be optimal torrefaction 

conditions. 
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Figure 3.1 Torrefaction reactor - schematic of tube furnace 
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Figure 3.2 Impact of species and torrefaction condition on mass yield (a) pine (b) poplar (c) oak 
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Figure 3.3 Test of first order reaction by plotting of pine conversion against residence time at (a) 200, 225 

and 250
o
C and (b) 275 and 300

o
C 
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Figure 3.4 Impact of species and torrefaction condition on carbon yield (a) pine (b) poplar (c) oak 
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Figure 3.5 Relationship between mass yield and CHO yield 
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Figure 3.6 Relationship between rate constants of mass yield (kmass) and carbon yield (kcarbon).  (a) General 

torrefaction temperature from 200
o
C to 300

o
C; (b) low temperature at 200

o
C 
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Figure 3.7 Change of kmass/kcarbon along torrefaction temperature 
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Figure 3.8 Energy yield of three species against torrefaction condition (a) pine (b) poplar (c) oak 
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Figure 3.9 Relationships between energy yield, mass yield and carbon yield of torrefied biomass (a) 

Energy yield v.s. mass yield (b) Energy yield v.s. carbon yield  



131 

Table 3.1. Test parameters of proximate analysis by components (ASTM E1131-08) 

Component 
Start Temperature 

(
o
C) 

Ramping rate 

(
o
C/min) 

Final temperature 

(
o
C) 

Hold time 

(min) 
Carrier gas 

Moisture 50 50 110 5 N2 

Volatile 110 100 950 15 N2 

Fixed C 950 0 950 10 Air 

Ash 950 0 950 0 Air 
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Table 3.2 Reaction order test ( n is the order of reaction; X is the yield of the sample, which is mass yield 

or carbon yield in our study; X0 is the initial yield, which is 100%; r is reaction rate; k is the rate constant; 

t is time.) 

Reaction order n Concentration dependence Rate equation Integrated rate equation 

Zeroth order 0 𝑋0 - 𝑟𝑃= - 
𝑑𝑋

𝑑𝑡
 = k 𝑋0 -𝑋 = kt 

First order 1 𝑋1 - 𝑟𝑃= - 
𝑑𝑋

𝑑𝑡
 = k 𝑋 - ln 

𝑋

𝑋0
 = kt 

Second order 2 𝑋2 - 𝑟𝑃= - 
𝑑𝑋

𝑑𝑡
 = k 𝑋2 

1

𝑋
 - 

1

 𝑋0
 = kt 

Third order 3 𝑋3 - 𝑟𝑃= - 
𝑑𝑋

𝑑𝑡
 = k 𝑋3 

1

𝑋2 - 
1

 𝑋0
2 = 2kt 
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Table 3.3 Fuel properties of raw biomass 

Biomass C H N O 
HHV 

(BTU/lb) 
Volatile matter Fixed Carbon Ash 

Loblolly pine 50.12 6.66 0.06 43.16 8752 85.80 13.90 0.40 

Yellow poplar 48.15 6.32 0.06 45.47 8304 94.98 3.32 1.44 

Red oak 49.35 6.32 0.08 44.25 8320 87.08 12.42 0.47 
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Table 3.4 Cell wall composition of raw biomass 

Biomass Extractives Glucan Xylan Ara+Man 
Klason 

Lignin 
Total 

Loblolly Pine 3.4 43.3 3.20 9.84 26.5 86.4 

Yellow poplar 1.7 45.1 13.4 3.90 20.1 84.2 

Red oak 3.2 42.8 15.4 3.70 22.5 87.7 
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Table 3.5 R
2
 of regression for testing reaction order of mass loss 

 

Species 

               Reaction order(n)       

Temperature 
0 1 2 3 

 
200 

o
C 0.82 0.80 0.77 0.78 

 
225 

o
C 0.96 0.98 0.98 0.99 

Pine 250 
o
C 0.89 0.83 0.77 0.72 

 
275 

o
C 1.00 0.99 0.93 0.85 

 
300 

o
C 0.83 0.91 0.94 0.92 

 
200 

o
C 0.89 0.68 0.65 0.65 

 
225 

o
C 0.63 0.92 0.92 0.93 

Poplar 250 
o
C 0.90 0.97 0.98 0.99 

 
275 

o
C 0.85 0.94 0.98 0.99 

 
300 

o
C 0.84 0.95 0.98 0.95 

      

 
200 

o
C 0.68 0.73 0.69 0.70 

 
225 

o
C 0.95 0.96 0.96 0.97 

Oak 250 
o
C 0.98 0.99 0.99 0.99 

 
275 

o
C 0.82 0.91 0.98 0.99 

 
300 

o
C 0.52 0.59 0.67 0.74 
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Table 3.6 Kinetic parameters of mass loss 

 T  kmassx1000 (min
-1

) Amass Eamass (J mol
-1

) 

 

Pine 

 

 

200
o
C 3.20 

29200 63300 

225
o
C 5.40 

250
o
C 16.7 

275
o
C 28.4 

300
o
C 46.3 

 

Poplar 

 

 

200
o
C 3.60 

26500 63000 

225
o
C 5.60 

250
o
C 10.2 

275
o
C 30.2 

300
o
C 52.3 

 

Oak 

 

 

200
o
C 3.30 

27000 62600 

225
o
C 7.30 

250
o
C 14.1 

275
o
C 33.7 

300
o
C 49.1 

 

  

[Type a quote from the document 

or the summary of an interesting point. 

You can position the text box anywhere in 

the document. Use the Drawing Tools tab 

to change the formatting of the pull quote 

text box.] 



137 

Table 3.7 R
2
 of regression for testing reaction order of carbon loss 

 

Species 
                 Reaction order (n)       

Temperature 
0 1 2 3 

 
200 

o
C 

0.76 0.77 0.77 0.78 

 
225 

o
C 

0.91 0.92 0.93 0.94 

Pine 250 
o
C 

0.92 0.88 0.85 0.82 

 
275 

o
C 

0.99 1.00 0.99 0.98 

 
300 

o
C 

0.90 0.93 0.94 0.95 

 
200 

o
C 

0.65 0.65 0.65 0.65 

 
225 

o
C 

0.91 0.92 0.92 0.93 

Poplar 250 
o
C 

0.94 0.95 0.96 0.97 

 
275 

o
C 

0.86 0.91 0.94 0.97 

 
300 

o
C 

0.91 0.97 0.99 0.99 

 
200 

o
C 

0.66 0.66 0.66 0.66 

 
225 

o
C 

0.92 0.93 0.94 0.94 

Oak 250 
o
C 

0.99 0.99 1.00 1.00 

 
275 

o
C 

0.87 0.91 0.94 0.96 

 
300 

o
C 

0.63 0.64 0.66 0.67 
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Table 3.8 Kinetic parameters of carbon loss 

 
T kcarbonx1000 (min

-1
) A Eacarbon (J mol

-1
) 

Pine 

200
 o
C 2.6 

6800 58600 

225
 o
C 3.8 

250
 o
C 10.8 

275
 o
C 17.8 

300
 o
C 31.1 

Poplar 

200
 o
C 3.9 

1200 50300 

225
 o
C 6.0 

250
 o
C 7.3 

275
 o
C 19.8 

300
 o
C 36.1 

Oak 

200
 o
C 3.1 

3300 55000 

225
 o
C 5.4 

250
 o
C 9.8 

275
 o
C 21.7 

300
 o
C 32.7 
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Chapter 4 Study on Product Chemistry of Co-Pyrolysis of Woody and 

Herbaceous Biomass Using Py-MBMS 

 

 

 

 Introduction  

Pyrolysis is a thermochemical process that is used to decompose solid fuel, such as coal and biomass, 

into condensable intermediate oil that can be future processed into energy dense hydrocarbon fuels. Pyrolysis of 

biomass is usually conducted at 450-600
o
C in the absence of oxygen (Carpenter et al., 2014; Chadwick et al., 

2014; Lehto et al., 2014; Liu et al., 2014b; Shen & Yoshikawa, 2013; Tanger et al., 2013; Vaz & Soares, 2014). 

In August 2011, Billion-Ton Update reported by US Department of Energy (DOE) and Agriculture (USDA) 

suggests that there is more than a billion tons of woody and herbaceous biomass available in US that can be 

transformed into energy products, and these energy products could replace up to 30% of current petroleum use 

(Carpenter et al., 2014; Perlack; & Stokes;, 2011). 

To provide a reliable source of biomass for a pyrolysis-based biorefinery, one option is to design the 

feedstock supply system for the specific pyrolysis and upgrading technology so that both woody biomass and 

herbaceous biomass can be processed through a single conversion facility. These woody and herbaceous 

feedstocks could be processed separately, e.g., 6 months for one feedstock and 6 months for the second, or 

pyrolyzed together as formulated mixtures. Pine, which is already grown on more than 30 million acres of 

plantations across the southeastern US is commercially available as a feedstock. Kior Inc. is reported to have 

used pine as the primary feedstock in their commercial pyrolysis facilities due to its relatively low cost, stable 

pricing and abundance in the southeastern U.S. (2014; 2013) 
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As a perennial grass native to American, switchgrass has many advantages as energy crop for biofuel 

production, such as high annual productivity, high adaptability in many regions of the country including regions 

with less than ideal soil quality, potential easy integration into existing agriculture operations, and additional 

environmental benefit in terms of reduction in soil erosion and pesticide usage relative to row crops. However, 

compared with pine, the high content of ash of switchgrass may be problematic for some thermochemical 

conversion processes (Fahmi et al., 2007). Pyrolysis behavior of switchgrass has been studied, including the 

impact of switchgrass maturity level (Boateng et al., 2006), pyrolysis condition (Boateng et al., 2006; He et al., 

2009), moisture content (He et al., 2009), alkali metal content (Fahmi et al., 2007), etc.  

Alfalfa (Medicago sativa L.) could also serve as an attractive biorefinery feedstock (Dale et al., 2009; 

Kamm et al., 2010; Kim et al., 2013; Lammens et al., 2012; Lima et al., 2010; Mullen et al., 2009; Xiu et al., 

2014; Ziebell et al., 2010). It is a perennial legume with more than 65 million metric tons production per year as 

the third most widely grown crop in US (2006). While the leaves can be sold as higher-value animal feed, the 

stems, which have low value as an animal feed could be processed to create a biorefinery feedstock (Boateng et 

al., 2008). One study by Mullen and Boateng (Mullen & Boateng, 2008) has compared alfalfa and with 

switchgrass and pine as a feedstock for a pyrolysis process. Early bud alfalfa and full flower alfalfa were 

pyrolyzed at 400-550
o
C in a bubbling fluidized bed of quartz sand with a heating rate >4000

o
C/min. Results 

showed that the yield of pyrolysis oil from alfalfa was lower than that from switchgrass in the same system, 

while the char yield is much higher as expected. The energy content of bio-oil from alfalfa was 40% higher than 

that of typical bio-oil, although it is still only 65% of a commercial diesel fuel. The low yield of bio-oil is 

somewhat offset by the relative high heating value of pyrolysis oil. More aromatic hydrocarbons and nitrogen-

containing compounds are found in alfalfa stems derived bio-oils compared with the switchgrass bio-oils. 

Levoglucosan concentration in the water-soluble fraction of the alfalfa bio-oil was much lower than for the 

other feedstocks. This work concluded that in order to identify and solve challenges of future bio-oil refinery 

into liquid fuels, understanding the composition of bio-oils from energy crops is extremely important(Mullen & 

Boateng, 2008).   
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Ash issues become increasingly important when considering the conversion of herbaceous biomass 

into bio-oils. Representative ash content of wood chips without bark ranges from 0.8 to 1.4%, while different 

herbaceous biomass contained ash of 2 – 20% on dry basis (Carpenter et al., 2014). Unlike biochemical 

processes where differences in the chemical structure and the recalcitrance of lignin and carbohydrates lead to 

well-known differences in the biochemical conversion processes (Yang & Wyman, 2008), commercial 

technology for thermochemical conversion of biomass is generally seen as insensitive to the sources of the 

biomass feedstocks. However, analytical studies have shown that pyrolysis pathways can be altered 

significantly by minerals (Agblevor & Besler, 1996; Carrier et al., 2012; Fahmi et al., 2008; Mayer et al., 2012; 

Patwardhan et al., 2010; Vamvuka & Sfakiotakis, 2011) and nitrogen compounds, which can interact with the 

reactive pyrolysis vapors to form complicated compounds that will change the behavior of thermal 

decomposition reaction (Darvell et al., 2012; Torri et al., 2010; Yu et al., 2011). Therefore, it is possible that the 

minerals and nitrogen compounds in herbaceous material will impact the “quality” of bio-oil derived from 

formulated mixtures of herbaceous and woody biomass.  

Water can be used to leach alkali metals out of biomass prior to pyrolysis. Chip washing has been used 

at the commercial scale by the pulp and paper industry, and could be an economically feasible pretreatment for 

a thermochemical process if it offered a significant improvement the properties of the feedstock. In addition to 

removing ash, washing will remove sulfur and chlorine, which may have significant benefits the down-stream 

processing of bio-oils using some upgrading catalysts. Although substantial ash removal results from water 

leaching at high temperature, water washing at room temperature can modestly improve bio-oil yield, while also 

lowering the water content of the bio-oil, and improving homogeneity and stability (Dai et al., 2008; Das et al., 

2004; Davidsson et al., 2002a; Fahmi et al., 2008).  

In most commercial, and lab scale, pyrolysis reactors some char residue remains in the bed and is 

constantly mixing with raw biomass and the initial vapors feedstock during primary decomposition process 

(Bahng et al., 2009; David & Ragauskas, 2010; Habibi et al., 2013; Kersten et al., 2005; Lede, 2013; Liu & Bi, 

2011; Mann et al., 2009; Mohan et al., 2006; Venderbosch & Prins, 2010). Compared with raw biomass, this 

char residue will have a higher content of ash and nitrogen especially herbaceous biomass (Demirbas, 2006). 
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Therefore, it is possible that unanticipated interactions may take place in fluid-bed pyrolyzer using woody and 

herbaceous biomass mixtures due to the interaction between biomass and char residue.  

Many researchers have addressed the complex physical, thermodynamic, and kinetic behaviors of 

biomass pyrolysis using a wide variety of analytical techniques, however, the co-pyrolysis of mixtures of 

woody and herbaceous biomass has not been studied. Since bio-oil collected from co-pyrolysis of herbaceous 

and woody biomass may result in subtle changes in product composition a detailed study of interactions 

requires an analytical approach that can detect specific changes in chemical composition and also analyze the 

majority of the bio-oil.  

Molecular Beam Mass Spectrometry (MBMS) has been extensively used to analyze the thermal 

decomposition reaction of fuels, including biomass and model compounds(Brown et al., 2001a; Carpenter et al., 

2010; Carpenter et al., 2007; Dayton et al., 1995; Evans et al., 1986; Jablonski et al., 2009; Jarvis et al., 2011; 

Shin et al., 2001b; Shin et al., 2001c), combustible gas(Bhargava & Westmoreland, 1998; Kasper et al., 2009; 

Lucassen et al., 2011), and biomass char(Herring et al., 2004; Herring et al., 2003; Lee et al., 2008), etc. Py-

MBMS is composed of three parts: a pyrolysis unit (could be an oven or a tube furnace), aligned staging 

vacuum chambers that create a molecular beam, and a mass spectrometry (Evans & Milne, 1987a; Sykes et al., 

2008). Typical temperatures used to study pyrolysis range from 450
o
C-600

o
C which matches the temperatures 

used in commercial pyrolysis systems. At these temperatures the biomass rapidly and effectively disintegrates 

into pyrolysis products. Molecular beam from sampling gas is formed to minimize the interactions among 

product molecules so that the composition of primary pyrolysis products is preserved. The landmark studies on 

Py-MBMS for characterization of biomass thermal decomposition products were accomplished by Evans and 

Milne (Evans & Milne, 1987a; Evans & Milne, 1987b). In their work, many of individual fragments produced 

from fast pyrolysis of biomass and its individual components were assigned (Evans & Milne, 1987a). 

Subsequently, Py-MBMS has been successfully used in biomass compositional characterization, chemistry of 

pyrolysis and gasification, and tar formation kinetics and mechanism in both bench and pilot scale units 

(Blasing & Muller, 2010; Britt et al., 2002; Brown et al., 2001b; Carpenter et al., 2007; Dayton et al., 1995; 
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French & Milne, 1994; Herring et al., 2003; Jarvis et al., 2011; Kelley et al., 2004; Liu et al., 2014a; Shin et al., 

2001a; Shin et al., 2001b; Shin et al., 2001c; Xiao et al., 2013; Xiao et al., 2014).   

Because of the complexity of the interpretation of Py-MBMS spectra, data analysis is typically 

accomplished with the help of multivariate analysis (MVA) tools (Hoover et al., 2002; Jarvis et al., 2011; 

Kelley et al., 2004; Labbe et al., 2005; Lupoi et al., 2014; Magrini et al., 2007; Mann et al., 2009; Plante et al., 

2009; Shin et al., 2001b; Shin et al., 2001c; Xiao et al., 2013). Pyrolysis vapor yield can be estimated by 

integration of mass spectral intensity, coupled to a mass based calibration curve. Coupling the Py-MBMS 

spectra with MVA allows a detailed comparison of the chemical composition of the bio-oil vapors. Principal 

Component Analysis (PCA) is one of the widely used MVA techniques for identifying outliers and sample 

comparison based on spectroscopic data (Labbe et al., 2005; Plante et al., 2009; Xiao et al., 2013). PCA 

approach relies on projecting the original samples variables (such as m/z peaks in mass spectra) onto two, three 

or more reconstructed variables which are representative of original sample variation. Those reconstructed 

variables are called principal components (PCs). Samples described with PCs can be plotted on ’scores plot’ 

with two- or three- dimensional coordinates in which similar samples cluster together while samples that are 

different from each other are separated along the different PCs, while the corresponding ‘loadings plot’ shows 

the chemical features that driven the grouping patterns.  

In order to elucidate the interactions due to co-pyrolysis of woody and herbaceous biomass, and 

identify possible interactions among different biomaterials, clean pine was co-pyrolyzed with switchgrass, water 

leached switchgrass, switchgrass char, alfalfa, water leached alfalfa, and alfalfa char. The chemical composition 

of the primary pyrolysis vapors were measured directly by Py-MBMS. Impact of pyrolysis condition is tested 

on possible reaction by using quartz reactor in order to adjust pyrolysis temperature and vapor phase residence 

time. Possible interactions could be detected by comparing total mass spectral intensity and spectral 

composition of calculated spectra from linear combination of individual pyrolysis spectrum with the 

experimentally derived spectra from different mixtures. In order to distinguish vapor phase interaction from 

solid phase interaction, premixed biomass mixtures were compared with separated positioned mixture during 

co-pyrolysis. The impacts of pyrolysis temperature and residence time were also investigated.   
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 Experimental 

1. Feedstock  

Pine (Pinus), switchgrass (Panicum virgatum) and alfalfa (Medicago sativa) were used for this study. 

Pine and switchgrass (Carpenter et al., 2010; Jablonski et al., 2009) were provided by the National Renewable 

Energy Laboratory (NREL), Golden, CO. Pine sample was debarked before utilization. Alfalfa sample was 

from a local source, and most biomass in this sample is from the stem. Three samples were air dried, grounded 

and screened by 20 mesh sieve before further treatment. k 

2. Leached herbaceous biomass and biochar 

Sieved switchgrass and alfalfa were placed in several Erlenmeyer flasks with 100ml water per 5g 

biomass and heated to 52 ± 2
o
C in rotating autoclave. The heating and leaching were kept for 60min with 

rotation rate of 150 rounds per hour. After treatment, the autoclave was cooled and the solid and liquid were 

separated through filtration and air dried before mixing. Char sample were prepared by pyrolyzing biomass 

samples at 500
o
C in a tube furnace with helium gas flow for 6min. Moisture content was measured before and 

after treatment for mass yield calculation. 

3. CHNO content, ash content and composition 

CHNO content, ash content and composition of feedstocks, including pine, switchgrass, leached 

switchgrass, switchgrass char, alfalfa, leached alfalfa, alfalfa char were analyzed by the Environmental and 

Agricultural Testing Service laboratory in the Department of Soil Science at North Carolina State University, 

Raleigh, NC. Raw materials were oven dried and stored in a desiccator before measuring. CHN measurements 

were made with a Perkin-Elmer model _2400 CHN Elemental Analyzer. Oxygen concentration was calculated 



145 

by difference (100 - C% - H% - N%- Ash%), assuming 100% mass closure. Ash content was measured by 

heating sample in muffle furnace at 500
o
C for 4-6 hours with an air atmosphere and once the samples were cool, 

the remaining mass were assume to be ash. Dry ash was used for elemental analysis, which was performed on 

Perkin Elmer 8000 Inductively-coupled plasma-Optical Emission Spectrometer (ICP-OES).  

4. Py-MBMS 

Py-MBMS was used to measure the pyrolysis product from biomass and mixed biomass. Experiments 

were conducted at NREL. Standard pyrolysis experiment was conducted in a commercially available auto-

sampler inlet pyrolysis system which was interfaced with Extrel TM Model TQMS C50 mass spectrometer to 

build a customized Py-MBMS (Detilleux & Vandooren, 2008; Evans & Milne, 1987a; Sykes et al., 2008). 

Biomass samples of around 4 mg were placed in 80μL deactivated stainless steel Eco-Cups (Frontier Lab, Ltd.) 

and covered by a piece of glass fiber and then lined up in auto-sampler. Each Eco-Cup with biomass sample 

inside was dropped through a quartz tube into a pyrolysis furnace kept at 500
o
C continuously. Pyrolysis vapor 

generated from each sample was carried by helium gas (2L/min) and forwarded to the molecular beam inlet 

system and mass spectrometer through the 350
o
C sample transfer line. The residence time of the pyrolysis vapor 

in the furnace and the transfer line is around 5ms to avoid secondary cracking reactions before going into the 

orifice towards MBMS system.  

A tube furnace sampler inlet is customized at NREL for producing pyrolysis vapor under different 

reaction conditions (Brown et al., 2001b; Evans & Milne, 1987a; Magrini et al., 2002; Shin et al., 2001b; Shin 

et al., 2001c) as shown in Figure 4.1. The quartz tube has two concentric tubes. Pyrolysis of biomass is 

conducted in the inner tube (blue), while diluting gas is flowed in the outer tube through Gas inlet 2 in order to 

generate optimum gas concentration for MBMS measurement. Biomass samples are loaded into a hemicapsular 

quartz boat on top of a quartz sample arm through sample inlet perpendicular to the tube. Once the sample arm 

is inserted into the reactor, it seals the sample inlet to prevent air leaking into the reactor. Ar is added into all the 

gas stream as internal standard. Pyrolysis experiment was conducted using He as carrier gas in the inner tube 



146 

through Gas inlet 1. Once the tube with the carrier gas was heated up to pyrolysis temperature (500
o
C or 650

o
C 

for this study), biomass samples were inserted into the reaction zone for pyrolysis. Under the condition used, the 

pyrolysis vapor has a residence time of 0.07s or 2.33s in the reactor before reaching the sampling orifice.  

Sample gases from auto-sampler system or quartz tube reactor underwent a free jet expansion through 

the sampling orifice into the first stage of the differentially pumped vacuum system and expand into a second 

conical skimmer at the entrance to the second stage vacuum to form a molecular beam stream. Since all the inert 

energy of molecules was transferred into their kinetics energy, molecules moved towards one direction at the 

same speed without interaction. The interactions were eliminated thus protected the original molecular structure 

for detection.  

Molecular beam stream was then directed into the ionization region in the third stage of the vacuum 

system to form ions by an electron impact ionization source operated at about 17.0eV for auto-sampler and 22.5 

eV for tube furnace system. The mass range of interest (m/z 10-450) was scanned at a speed of 1 scan/second 

throughout the complete vapor evolution time. Three NIST standard reference materials were used (NIST 8492-

Cottonwood, NIST8493-Monteray pine, NIST 8494 – Wheat straw) as internal standard and were pyrolyzed to 

make sure data replicability and to prevent day to day instrumental drifting. All samples were randomized 

throughout the experimental run to eliminate bias due to spectrometer drift (Sykes et al., 2009).  Data were 

processed by integrating the spectra over the evolution time and subtracting the background signal.  Example of 

the kinds of data generated in a serial of pyrolysis experiment and the interpretation can be found in one other 

paper (Detilleux & Vandooren, 2008; Evans & Milne, 1987a; Sykes et al., 2008). 

5. Preparation of biomass mixtures of pine and herbaceous biomass for Py-MBMS analysis  

Biomass samples were cryomilled into fine powders for 3min after grinding. Cryomilled pine and each 

of the cryomilled herbaceous biomass (switchgrass, leached switchgrass, switchgrass char, alfalfa, leached 

alfalfa, and alfalfa char) were prepared to create biomass mixtures for co-pyrolysis. 
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Biomass and biomass mixtures were arranged in stainless steel cups as illustrated in Figure 4.2, while 

those placed in quarts boat samplers are shown in Figure 4.3. Pine and another herbaceous biomass were placed 

into the same sample holders for co-pyrolysis in two forms: Premixed and separated positioned. Premixed 

biomass allows possible interaction in both the solid and vapor phases, while separated positioned biomass 

prevents solid phase interaction. Due to the limited space in stainless steel cup sampler, biomass can only be 

positioned on top of each other. Therefore, two position orders were used to cover different vapor solid 

interaction. In this way, the interactions of the solid and vapor phase products can be distinguished. Pure 

samples of all the biomass feedstocks were evaluated. “Idealized” pyrolysis spectra of biomass mixture 

assuming no interaction could be calculated by superposition (linear combination) of pyrolysis spectra of 

individual biomass.  

Premixed biomass and separated positioned biomass samples were tested as a function of sample 

weight and mixing ratio. Pyrolysis unit and separated position utilization of each biomass mixture, and the 

numbers of replicates for each kind of mixture are summarized in Table 4.1. Mixing ratio selected for analysis 

is summarized in Table 4.2. Generally, pure biomass, premixed biomass were included in each experiment set. 

Separately position biomass were included under selected conditions. Pure pine, switchgrass, and alfalfa 

weighted from 1mg to 8mg with 5 replicates for sample at each weight were analyzed to verify the linear 

correlation between the total spectral intensity and biomass weight. Total weight of biomass mixtures was 

controlled at 6mg in order to eliminate the effects of sample weight.  

6. Principal component analysis (PCA) 

The Unscrambler (Version 10.3, CAMO, Inc.) was used for PCA analysis in this study. Before PCA 

analysis, Py-MBMS spectra were weight normalized or area normalized according to specific situation. Outliers 

were removed based on analysis results (Look for samples that have a very large positive or negative score 

value compared to the others: these may be outliers.). Averaged spectra were calculated for vapor yield 

calculation, while replicates were used for compositional comparison.  
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 Results and Discussion 

1. Raw material properties 

Two herbaceous biomass, swithcgrass and alfalfa, were subjected to co-pyrolysis with pine. In addition 

two modifications of each of these herbaceous feedstocks were generated from original biomass by water 

leaching and char making in order to simulate possible pretreatment of herbaceous biomass and char residue 

existed in industrial reactor during pyrolysis, respectively.  

Treatment yield and ultimate analysis of all the samples, including the samples subjected to leaching 

and charring are listed in Table 4.3. The measured composition of the samples along with the ash composition 

assuming no ash loss is shown in Table 4.4. Comparisons of the differences between the “calculated” ash 

content and measured ash content are also expected. These comparisons show that water leaching selectively 

removed a number of the ash components (Dai et al., 2008; Das et al., 2004; Davidsson et al., 2002a; Vamvuka 

& Sfakiotakis, 2011) somewhat less obvious was the relatively lower ash content in the charred samples.  

There are several significant trends shown in these tables. (1) As expected for both alfalfa and 

switchgrass, the measured ash content was lower after water leaching. It shows that mass loss was much higher 

than ash loss, indicating there was some loss of organic compounds together with ash loss during leaching. 

Possible loss of organics could be from extractives or hemicellulose decomposition. There should be limited 

cellulose or lignin decomposition considering the low leaching temperature used (52±2 
o
C). (2) The mass yield 

of leached alfalfa (66.7%) was more than 20% lower than that of leached switchgrass (88.5%). The resulting 

ash content in leached alfalfa (4.2%) is also lower than that in leached switchgrass (6.2%) although the initial 

ash content of alfalfa is higher than that of raw switchgrass. This suggests that more ash was washed out of 

alfalfa than from switchgrass. (3) It is also important to note that although leached alfalfa has lower total ash 

content than leached switchgrass, some specific elements in the leached alfalfa were still higher than those in 

leached switchgrass, including P, Na, Zn, and S. The difference in the ash composition of these different 

feedstocks could result in differences in pyrolysis products, as discussed in later sections.   
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(4) Although the absolute ash content of charred biomass is higher than original biomass, based on the 

comparison between calculated ash content assuming no ash loss and the experimentally measured ash content 

in char there was clearly some loss of mineral during charring process. It was observed that mobile biomass 

components (N, S, Cl) evaporate at high heating rate during pyrolysis (Carpenter et al., 2014; Cohen, 2004), 

while alkali metals evaporate severely at two range of temperatures: 200-500
o
C and above 600

o
C (Davidsson et 

al., 2002b; Kowalski et al., 2007). (5) Mass loss is also much higher than ash loss during charring because of 

the thermal decomposition of biomass constituents. Char yield of alfalfa (28.5%) was similar to that of 

switchgrass (28.6%). Similar to leaching, the final ash content in alfalfa char (18.5%) is lower than that of 

switchgrass char (22.1%). More importantly the measured ash content is much lower than the ash content 

calculated from the char yield. Most noteworthy at the significantly higher losses of P, S, and Cl from the actual 

char, relative to that concentrations calculated by mass loss alone. These high losses are consistent with the 

known volatility of these elements (Carpenter et al., 2014; Cohen, 2004; Davidsson et al., 2002b; Kowalski et 

al., 2007). These high losses of S and Cl also highlight the concern for re-deposition of these corrosive elements 

in downstream operations such as catalysts and filters.  

Changes in the CHNO content the treated samples followed up expectations. With water leaching the 

oxygen content of both the switchgrass and alfalfa decreased, with a corresponding increase in the carbon 

content, consistent with the removal water-soluble hydrophilic compounds (Dai et al., 2008; Das et al., 2004; 

Davidsson et al., 2002a; Vamvuka & Sfakiotakis, 2011).  As expected the char samples showed a significant 

increase in carbon with a corresponding decrease in hydrogen and oxygen.  

The Py-MBMS spectra of raw biomass and leached herbaceous biomass are shown in Figure 4.4. The 

pyrolysis mass spectra for two herbaceous feedstocks are similar (Fig 4B and 4C), while there are visual 

differences between the spectra of woody and herbaceous biomass (Fig 4A vs Fig 4B and 4C). Comparing the 

spectra of pine with the herbaceous biomass, pine shows higher peak intensity for peaks attributed to G lignin 

(Evans & Milne, 1987a; Sykes et al., 2009; Tuskan et al., 1999) (m/z 60, 124, 137, 151, 164, 180) and lignin 

dimer (m/z 272). This is due to the fact that herbaceous biomass contains mainly H lignin while softwood 

contains mainly G lignin (Agblevor et al., 1994). (2) In addition, due to the lack of S lignin in pine the intensity 
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of S lignin peaks (m/z 167, 178, 194) is higher for the herbaceous feedstocks. The intensity of carbohydrates 

peaks (m/z 60, 114) in herbaceous biomass was apparently lower than that of pine.  

A comparison of the original herbaceous biomass, with their water leached counterparts shows 

relatively higher carbohydrate content for water leached samples. This initial interpretation runs counter to the 

ultimate analysis data in Table 4.3 which suggests a loss in carbohydrate with water leaching.  These 

superficially conflicting results may be explained by the loss of ash from the water leaching samples. The lower 

concentrations of ash in the water leached samples would have allowed for a fewer side reactions of the 

carbohydrates in the Py-MBMS analysis providing for a higher apparent carbohydrate content. Or, the removal 

of ash changed lead to reduced effect of ash on carbohydrates decomposition, which resulted in more signature 

carbohydrates peaks in water leached samples.  

Due to limitation with visual inspection of these complex Py-MBMS spectra, MVA techniques are 

commonly used for detailed analysis. The mean normalized Py-MBMS spectra were analyzed by PCA and the 

resulting scores plot (Figure 4.5-A and Figure 4.5-C) and loadings plot (Figure 4.5-B) are shown in Figure 4.5.  

Two principal components representing 88% of the spectral variation were identified. As expected the 

PCA score plots shows significant differences among the five samples. The classes of biomass constituents 

were identified by previous studies (Agblevor et al., 1994; Davis & Lagutaris, 2002; Evans & Milne, 1987a). 

Accordingly, carbohydrates were presented by m/z 31, 43, 57, 60, 73, 85, 96, 98, 114, 126, and 144. Guaiacyl 

lignin is represented m/z 124, 138, 164, 180, and 272, syringyl lignin by m/z 154, 167, 168, 194, 210, and 

coumaryl lignin by m/z 94, 106, 108, 120, and 150. Nitrogen compounds showed prominent peaks at m/z 41, 67, 

69, 79, 83, 93, 111, 117, 125, 149, and 159.  The PCA results highlight differences between pine and two 

herbaceous biomass. Specifically, (1) pine has guaiacyl lignin while the herbaceous feedstocks have H and S 

lignin; (2) Alfalfa is rich in nitrogen compounds; (3) water leached switchgrass contains relatively high 

fragments that can be attributed to carbohydrates.  



151 

2. Verify the correlation between mass spectral intensity and biomass weight 

In order to verify that the integrated mass spectral intensity could be used to represent the total 

pyrolysis vapor yield from biomass, the system was calibrated with carefully weighed pine and switchgrass 

samples between 1mg to 8mg. Integrated Py-MBMS intensities from m/z 30-450, as well as selected lignin 

peaks and carbohydrate peaks, were correlated with biomass weight
1
. (Details are included in supplement 

materials.) In all cases the calibration lines were linear and the R
2
 values were over 0.97 verifying the linear 

relationships between biomass weight and Py-MBMS signal intensity.  

3. Co-pyrolysis of pine and switchgrass 

The underlying assumption in all the co-pyrolysis experiments is that spectra obtained from biomass 

mixture should match the spectra calculated from a linear combination of the two pure biomass feedstocks if 

there is no interaction between the feedstocks. In this section, total spectral intensity from m/z 30 to 450 was 

used to evaluate the yield of pyrolysis vapors for different mixtures. Spectra calculated from linear combination 

of individual biomass feedstocks pyrolysis spectra were compared with spectra from mixed pine and 

switchgrass as a function of mixing ratio. Co-pyrolysis results from premixed and separated positioned pine and 

swtichgrass were compared in order to distinguish the vapor phase and solid phase interactions.  

                                                           

1
 Selected lignin peaks included 120, 124, 137, 138, 150, 152, 154, 164, 167, 168, 178, 180, 181, 182, 194, 208, 

and 210. Selected carbohydrate peaks included 57, 73, 85, 96, 114, 60, 98, 126, and 144.  
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Experimentally measured Py-MBMS spectra from premixed pine and switchgrass (arranged as shown 

in Figure 4.2 – (3)), and the spectra calculated from a linear combination of the original biomass are presented 

Figure 4.6. Experimental and calculated data points overlapped suggesting no interactions in terms of the 

amount of pyrolysis vapor produced at 5 different mixing ratios.  

Vapor phase reaction were distinguished from solid phase reaction by the positioning of the biomass 

samples in sample cup as shown in Figure 4.2-(4) and Figure 4.2-(5). The comparisons of total intensity 

between separately positioned and premixed pine and switchgrass were shown in Figure 4.7. Total spectra 

intensity showed no significant difference due to mixing methods, suggesting that the primary pyrolysis vapor 

yield is same for mixed and not sensitive to the presence of char. The spectral intensity for the pyrolysis 

products coming from the individual biomass components e.g., pentosans/C5 sugars  (m/z 57, 73, 85, 96, and 

114), hexosans/C6 sugars (m/z 57, 60, 73, 98, 126, and 144), and total lignin (m/z 120, 124, 137, 138, 150, 152, 

154, 164, 167, 168, 178, 180, 181, 182, 194, 208, and 210) also did not varying with position in the sample cup 

(data not shown).  

While the yield of primary pyrolysis vapor yield may not be statically different from calculated yield 

and is independent of sample position, the composition of the vapors could vary due to possible interactions. 

Thus, PCA was used to evaluate the Py-MBMS spectra from co-pyrolysis of pine and switchgrass using 

different mixing protocols. The PCA score plots and loadings are shown in Figure 4.8. (1) Scores plot obtained 

for pine-switchgrass mixtures with different mixing ratios shows clear grouping patterns due to increasing 

mixing ratios of switchgrass from positive PC-1 to negative PC-1. (2) PC-1 contains 90% of original sample 

variation, and shows the expected changes in chemical composition according to the PCA loadings plot. 

Loadings plot shows that samples rich in switchgrass had more coumaryl lignin and carbohydrates, while 

mixtures rich in pine had more G lignin. (3) The well-mixed samples overlap with spectra calculated from linear 

combinations of the pure feedstocks along PC-1 which shows the lack of interaction between the samples. 

However, there was a small but consistent effect along PC-2. This PC, which only totaled 2% of the of the 

spectral variation may result from differences in heat transfer to the different position of sample cups, rather 

than chemical interactions between the vapors 
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Thus, based on the lack of differences in total spectral intensities and mass spectra composition 

between measured spectra and calculated spectra, we concluded that there was no interaction in the primary 

fragmentation for the co-pyrolysis of non- modified raw pine and switchgrass. This result is not consistent with 

prior work that showed possible interaction between lignin and cellulose vapor/liquor and solid (Hosoya et al., 

2009). These apparent differences are likely due to differences in the experimental condition, where the prior 

work used a sealed quartz capsule and longer pyrolysis residence time, 40s and 80s which would allow for 

primary and a number of secondary reactions. In order to further evaluate the impact of pyrolysis condition on 

co-pyrolysis, pine and switchgrass mixtures were pyrolyzed at different pyrolysis temperatures and for different 

vapor phase residence time using quartz tube reactor.  

4. Co-pyrolysis of pine and leached switchgrass 

Cultivation, harvest and storage conditions can have a significant impact on the ash content of  

switchgrass (Mann et al., 2009). Water leaching can also be used as pretreatment to remove a large portion of 

the ash and for conditioning of biomass. To understand the impact of lowering ash in practical pyrolysis and 

processes of switchgrass, switchgrass was leached with warm water and co-pyrolyzed with pine at varying 

ratios.  

After washing with warm water, ash content was reduced from 7.4% to 6.2%, as shown in Table 4.4. 

In particular the P, Na, S, and Cl content of the switchgrass was significantly reduced. Comparison of pyrolysis 

vapor yields of premixed pine and with calculated results is shown in Figure 4.9. Similar to the results for the 

unwashed switchgrass co-pyrolyzed with pine (Figure 4.6), the vapors yields did not show any systematic 

difference between measured and calculated data, thus there was no significant interaction between the 

feedstocks. PCA analysis of the chemical composition of the pyrolysis vapors from mixtures leached 

switchgrass and pine (not shown) also indicated no significant interaction (similar to the trends shown in Figure 

4.8).  
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5. Co-pyrolysis of pine and alfalfa 

Compared with pine or switchgrass, alfalfa is different in its ash composition and nitrogen content 

(Table 4.3 and Table 4.4). Alfalfa has higher total ash content (10.5%), and higher levels of a number of 

individual elements e.g., P, Ca, K, Na, Cu, Zn, S and a much higher nitrogen content (3.1%), which is more 

than 10 times higher than pine and 3 times higher than switchgrass. Both minerals and nitrogen compounds 

could have an impact on pyrolysis.   

The pyrolysis vapor yield calculated from a linear combination and experimentally measured results 

for premixed pine and alfalfa co-pyrolysis (as shown in Figure 4.2 – (3)) are shown in Figure 4.10. The 

measured vapor yields are slightly, but consistently lower than the vapor yield predicted from a linear 

combination of the response from the pine and alfalfa starting materials. These indicates that the total pyrolysis 

vapor yield was decreased due to the co-pyrolysis of premixed pine and alfalfa.  

PCA analysis results of Py-MBMS spectra from co-pyrolysis of pine and alfalfa are shown in Figure 

4.11. Similar to PCA analysis results of pine-switchgrass co-pyrolysis in Figure 4.8, the main trend of sample 

variation was still due to the mixing ratios along PC-1, which contains 85% of sample variation. Based on the 

loadings, the samples rich in pine contain more carbohydrates and lignin than samples rich in alfalfa. Unlike 

scores plot shown in Figure 4.8, in which pyrolysis vapor composition of premixed pine and switchgrass were 

not significant different from calculated results, experimental results of pine-alfalfa were distinctly different 

from the calculated linear combination results along PC-2, which represents 7% of the spectral variation.  The 

loadings plot (Figure 4.11-B) shows that the differences were due to changes in both the carbohydrates and 

lignin fragments. This suggests the presence of interactions between the pine and alfalfa during their co-process.  

To better understand the potential interactions between pine and alfalfa the yield of pyrolysis vapors 

that can be attributed to the individual biomass components were measured. A comparison of the 
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experimentally measured and calculated vapor yields for selected subgroups of pyrolysis fragments that can be 

attributed to specific biomass components
2
 are presented in Figure 4.12. (1) Unlike pine-switchgrass co-

pyrolysis, in which there was a good match between the experimentally measure and calculated vapor yields for 

these same subgroups, the pine-alfalfa co-pyrolysis shows the measured vapor concentration to be consistently 

lower than the linear combination for both the pentose and hexose sugars. This difference can be attributed to 

the higher as content in alfalfa, which in turn affects the primary pyrolysis of the carbohydrates in pine.  

6. Co-pyrolysis of pine and leached alfalfa 

As stated above, cultivation, harvesting  and storage can impact the ash content of herbaceous biomass 

(Mann et al., 2009), and the relatively high ash in alfalfa appears to impact the pyrolysis of pine in mixtures. In 

order to further test the impact of lowering ash in alfalfa in its pyrolysis, water leached samples were co-

pyrolyzed with pine. As shown in Table 4.4, water leaching significantly reduced the total ash content, from 

10.5 wt% to 4.2 wt%, and dramatically reduced the concentration of several specific elements including P, K, 

Na, S and Cl.  

The comparisons of pyrolysis vapor yield from co-pyrolysis of pine and water leached alfalfa as a 

function of mixing ratio and the layering of the feedstocks, along with premixed pine and alfalfa were shown in 

Figure 4.13. Similar to other mixtures, total spectra intensity showed no significant difference due to mixing 

methods. And the experimental results of different mixing methods are not significantly different from the 

calculated yields for the pine/water leached alfalfa mixtures.  

                                                           

2
 pentosans/C5 sugars  (m/z 57, 73, 85, 96, and 114), hexosans/C6 sugars (m/z 57, 60, 73, 98, 126, and 144), 

and lignin (m/z 120, 124, 137, 138, 150, 152, 154, 164, 167, 168, 178, 180, 181, 182, 194, 208, and 210)  
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PCA analysis of the vapor composition of the co-pyrolyzed pine and water leached alfalfa are shown in 

Figure 4.14. Again, the dominate trend, 73% of the spectral variations, was due to the ratio of pine-leached 

alfalfa mixtures (Figure 4.14-A). Consistent with the results seen in Figure 4.11-B, loading plot (Figure 4.14-B) 

shows that pyrolysis vapors contained more carbohydrates and lignin fragments as the concentration of pine on 

the mixtures increased. Similar to the scores plot of spectra from co-pyrolysis of pine and alfalfa shown in 

Figure 4.11-A, experimental results of pine-leached alfalfa pyrolysis spectra were very different than those 

calculated from a linear combination of pine and water leached alfalfa. For this set of samples PC-2 represents 

12% of sample variation and this variation is clearly driven by changes in the carbohydrates peaks. Again, the 

distance between the linear combinations and the measured results (Mixed, Pine down/leached alfalfa up, Pine 

up/leached alfalfa down) is much larger than that between replicates, showing the significant difference 

between the calculated spectra and experimental results. There is no significant difference caused by different 

mixing methods according to closely clustered data points of mixed and separated positioned co-pyrolysis. In 

summary, the interactions between leached alfalfa and pine during their co-pyrolysis remained, even though the 

ash components in alfalfa were reduced by washing. This extent of interaction is independent of mixing 

methods.  

The pine/leached alfalfa spectra were used for a comparison of the experimentally measured and 

calculated vapor yields for selected subgroups of pyrolysis fragments that can be attributed to specific biomass 

components
3
  and these results are presented in Figure 4.15. Similar to the results of pine-alfalfa co-pyrolysis, 

the concentration of fragments from pentoses and hexoses were significantly lower than the calculated results, 

while the lignin did not show significant differences. Compared with pine-alfalfa co-pyrolysis results (Figure 

                                                           

3
 pentosans/C5 sugars  (m/z 57, 73, 85, 96, and 114), hexosans/C6 sugars (m/z 57, 60, 73, 98, 126, and 144), 

and lignin (m/z 120, 124, 137, 138, 150, 152, 154, 164, 167, 168, 178, 180, 181, 182, 194, 208, and 210)  
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4.12), the extent of the differences was less. This is reasonable because of the reduction in the amount of ash in 

the leached alfalfa.  

7. Impact of pyrolysis temperature and residence time on co-pyrolysis interaction 

To further examine the co-pyrolysis of pine and switchgrass, two pyrolysis temperatures (500
o
C and 

650
o
C) and two vapor phase residence time (0.07s and 2.33s) were selected for co-pyrolysis experiments. The 

mixing ratio of pine-swtichgrass mixture was 50:50. Instead of using auto-sampler, tube furnace is used as 

pyrolysis reactor in order to adjust the residence time and temperature. Both pyrolysis vapor yields and 

composition were compared and the results were shown below.  

Figure 4.16 shows the impact of pyrolysis condition on the pyrolysis vapor yield of premixed and 

separated positioned switchgrass and pine; as well as the comparison with calculated yield. For the shorter 

residence time (0.07 s) there was no significant difference in vapor yield between the two pyrolysis 

temperatures. In contrast, increasing vapor residence time from 0.07s to 2.33s significantly reduced the vapor 

yield for both pyrolysis temperatures.  The combination of higher pyrolysis temperatures and longer residence 

times (650
o
C and 2.33s) decreased the total intensity by more than 50%. This decrease in total signal intensity 

may result from secondary cracking reaction of vapor phase products into low molecular weight fragments (C1-

C2) that were not quantified in this analysis. In all cases, there is no significant difference among yield from 

premixed biomass, separated position biomass and the calculated results from linear combination of individual 

biomass. Thus increasing pyrolysis temperature up to 650
o
C and residence time up to 2.33s won’t change the 

fact that there is no interaction that will change the total primary vapor yield during pine-switchgrass co-

pyrolysis.  

The effects of pyrolysis temperature and vapor residence time on the vapor composition of co-

pyrolysis of switchgrass and pine were evaluated with PCA (Figure 4.17). The PCA score plot (Fig17-A) shows 

four groups separated by pyrolysis conditions. The combination of higher temperature and longer residence 

times is highlighted along PC-1, which contained 62% of spectral variation. Within each reaction condition 
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there were no trends for the premixed biomass relative to the biomass that was separated within the sample 

container, or the spectra calculated from a linear combination of the pure biomass, confirming the lack of 

interactions between pine and switchgrass under different pyrolysis conditions.  

8. Co-pyrolysis of pine and switchgrass char 

As noted above, in most industrial reactor and lab-scale fluidized bed reactors, it is likely that biomass 

char will accumulate in the reactor bed and be mixed with biomass feedstock during pyrolysis. To test the 

effects of char on the primary pyrolysis biochar was made from switchgrass and alfalfa and then mixed with 

pine and co-pyrolyzed in Py-MBMS.  Since biochar was made at 500
o
C for 6min, volatiles coming from this 

fraction did not contribute to the Py-MBMS sectra. Therefore, in the following analysis the linear combination 

was defined as the linear combination of the spectra from pine and background spectra, normalized for the 

weight of the pine.  

Comparisons of pyrolysis vapor yields of pine-switchgrass char mixture and calculated results as a 

function of char mixing ratios are shown in Figure 4.18. Measured results were overlapped with calculated 

results from linear combination with no dependence of mixing methods. Thus, even with a relatively high 

loading of ash in the char, (22.1 wt% as shown in Table 4.4) there is no significant impact on total vapor yield 

for pine-switchgrass char co-pyrolysis.  

Figure 4.19 shows the PCA results for the co-pyrolysis of pine-switchgrass char. The PCA score plot 

shows three distinct groupings showing the effect of increasing the char content and layering on the samples. 

Decreasing the pine content in the mixtures was the dominate feature in the PCA scores plot (Figure 4.19-A) 

and accounted for 40% of the spectral variations. But the positioning of the samples, a well-mixed sample vs. a 

sample where the pine vapors ‘passed through’ the switchgrass char also had a significant impact on the 

composition of the pyrolysis vapors, and accounted for 19% of the spectral variation. Based on the loadings plot 

(Figure 4.19-B) with increasing char mixing ratio, the amount of primary carbohydrates fragments decreased 

which can be attributed to the impact of ash in char on pine pyrolysis. Layering of the pine and switchgrass char 
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resulted in the lower amount of primary pyrolysis fragments in both the carbohydrate and lignin derived 

products along PC-2. This can be attributed to cracking of the pine vapor as they pass through char layer. 

Comparison of selected subgroup compounds in pyrolysis vapor product between experimental results 

and calculated results is presented in Figure 4.20. Unlike the results of pine-switchgrass and pine-leached 

switchgrass co-pyrolysis, the yield of the pentoses and hexoses decreased with increasing mixing ratio of 

switchgrass char. The lower yield of primary pyrolysis fragments from the carbohydrates may be due to both 

the higher concentrations of ash in char and the char itself. The yield of lignin and aromatics was not 

significantly affected (Figure 4.20-C), even though the PCA loadings (Figure 4.19-B) showed some cracking of 

the lignin.  

9. Co-pyrolysis of pine and alfalfa char 

Comparison of pyrolysis vapor yields from pine-alfalfa char mixtures and calculated results as a 

function of mixing ratios is shown in Figure 4.21. The experimentally derived results were lower than those 

calculated from a linear combination at 30 and 50 wt%, although the differences were less clear at 70 wt% char.  

Figure 4.22 shows the PCA results of co-pyrolysis of pine-alfalfa char. As seen with the pine-

switchgrass char mixtures PCA score plot shows three distinct groupings highlighting the effect of increasing 

the char content and layering on the samples. Decreasing the pine content in the mixtures was the dominate 

feature in the PCA score plot (Figure 4.22-A) and accounted for 63% of the spectral variations. But again the 

positioning of the samples, a well-mixed sample vs. a sample where the pine vapors ‘passed through’ the alfalfa 

char also had a significant impact on the composition of the pyrolysis vapors, and accounted for 21% of the 

spectral variation. Based on the loadings plot (Figure 4.22-B) increasing the amount of char in the mixtures 

decreased the primary carbohydrates fragments, which can be attributed to the higher ash content of the char. 

Layering of the pine and alfalfa char resulted in the lowest amount of primary pyrolysis fragments in both the 

carbohydrate and lignin derived products. This can be attributed to cracking of the pine vapor as they pass 

through char layer.  
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Comparison of selected subgroup compounds in pyrolysis vapor product between experimental results 

and calculated results is presented in Figure 4.23. Similar to the results of pine-alfalfa and pine-leached alfalfa 

co-pyrolysis, the yield of pentosans and hexosans were significantly lower than the calculated results, while the 

amount of lignin is not significantly different between calculated and measured results. Compared with the 

results from pine-switchgrass char co-pyrolysis, the difference caused by mixing with alfalfa char are larger.  
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 Conclusions 

Biomass formulation with different species has the potential to expand feedstock sources and create the 

optimum feedstock for specific pyrolysis process. Co-pyrolysis of pine with switchgrass, water leached 

switchgrass, and switchgrass char, as well as alfalfa, water leached alfalfa, and alfalfa char as a function of 

mixing ratio was investigated in Py-MBMS in order to elucidate any possible interactions during the process. 

Based on the results, we can classify the co-pyrolysis results into three groups:  

 

(1) No interaction: No interaction during co-pyrolysis is found for switchgrass-pine and water leached 

switchgrass-pine combinations in terms of both total vapor yield and vapor composition. Even with 

increased pyrolysis temperature up to 650
o
C (from 500

o
C) and extended vapor phase residence time up 

to 2.33 s (from 0.07s), the fact that there is no significant interaction for pine-switchgrass interaction 

during their co-pyrolysis didn’t change. 

 

(2) Interaction due to inorganics content: Interaction was detected in the co-pyrolysis of pine with alfalfa 

and water leached alfalfa. The alfalfa contained a large amount of inorganics. Although after water 

leaching, the ash content became lower than that of switchgrass, there are still some components 

remain at high concentration. Because of the possible unique impact of those high concentration 

inorganics in both alfalfa and leached alfalfa, they interacted with pine during their co-pyrolysis 

(including P, Na, Zn, and S). Based on the detailed composition and yield analysis, we find out that the 

impact of those inorganics mainly is on the reduction of pyrolysis products from carbohydrates. This 

may be because of the catalytical impact of those inorganics on the cracking of those anhydrosugars 

from carbohydrates into low molecular weight compounds which was not detected in the range of the 

spectra. In this group, changing sample position in the reactor doesn’t make significant difference in 

the final products.  
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(3) The third group is the interaction due to both inorganics content and char structure. This group 

includes the co-pyrolysis of pine and switchgrass char, and alfalfa char. In this combination, other than 

the same reduction on carbohydrate decomposition products due to the minerals, char structure itself 

may also play an important role on the vapor product during it passing through the char layer. Because 

there is a large variation due to the sample position.  

Therefore, it is concluded that there are several factors that may cause the interactions during co-

pyrolysis of pine with herbaceous biomass, including ash component, ash concentration, (e.g. there were 

interaction in pine-switchgrass char co-pyrolysis although no interaction was detected for pine-switchgrass co-

pyrolysis.), and char structure. The main impact is on carbohydrate decomposition. It is not clear whether lignin 

decomposition has also been changed. It is suggested to study the different impact factors on carbohydrates and 

lignin separately in order to further locate the interaction during co-pyrolysis and find out the optimum ash 

composition and content for pyrolysis product generation.    
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Figure 4.1 Quartz tube reactor coupled with MBMS for biomass pyrolysis under different conditions 
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(1) Pure pine  

(2) Pure herbaceous biomass  

(3) Premixed pine and herbaceous biomass: possible interaction in both the solid and vapor phases  

(4) Separately positioned pine and herbaceous biomass (Pine was on the bottom and herbaceous biomass 

was on top separated by a porous glass wool layer): no solid phase interaction; possible interactions 

between the pine pyrolysis vapor and the herbaceous biomass pyrolysis products 

(5) Separately positioned pine and herbaceous biomass (Herbaceous biomass was at the bottom and pine 

was on top separated by a porous glass wool layer): no solid phase interaction, possible interactions 

among the herbaceous biomass pyrolysis vapor and the pine pyrolysis products 

Figure 4.2 Pyrolysis of pine, herbaceous biomass and their mixtures in stainless steel cups for auto-

sampler pyrolysis under standard analytical pyrolysis condition 
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(1) Pure pine 

(2) Pure switchgrass 

(3) Premixed pine and switchgrass: possible interaction from all solid and vapor phases  

(4) Separately positioned pine and switchgrass with quartz partition in between: no solid phase contact, 

possible interactions between switchgrass vapor and pine vapor 

Figure 4.3 Pyrolysis of pine and switchgrass in quartz boat sampler for tube furnace pyrolysis under to 

the study of the impact of pyrolysis condition 
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Figure 4.4 Py-MBMS spectra (mean normalized) of (A) Pure pine; (B) Pure switchgrass; (C) Pure alfalfa; 

(D) Water leached switchgrass; (E) Water leached alfalfa 
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Figure 4.5 PCA analysis of Py-MBMS spectra of biomass including pine, switchgrass, alfalfa, water 

leached switchgrass, and water leached alfalfa: (A) Scores plot; (B) Loadings plot. (C) Details in loadings 

plot showing peaks of coumaryl lignin (m/z 94, 108, and 120) and nitrogen compounds (m/z 67, 83, 93, 

111, and 117) 
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Figure 4.6 Comparison of primary pyrolysis vapor yield from direct measurement of mixed pine and 

switchgrass with linear combination of spectra from individual biomass; Total intensity is normalized to 

1 mg of biomass. 
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Figure 4.7 Comparison of primary pyrolysis vapor yield from premixed and separately positioned pine 

and switchgrass (‘Pine down Swg Up’ refers to mixing method shown in Figure 4.2-(4). ‘Pine up Swg 

down’ Up’ refers to mixing method shown in Figure 4.2-(5). ‘Mixed’ refers to mixing method shown in 

Figure 4.2-(3)). Total mass spectral intensity is normalized to 1 mg of mixed biomass. 
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Figure 4.8 Results of PCA of pyrolysis vapor composition from premixed and separated positioned pine 

and switchgrass : (A) Scores plot; (B) Loadings plot (‘Pine down Swg Up’ refers to mixing method shown 

in Figure 4.2-(4). ‘Pine up Swg down’ Up’ refers to mixing method shown in Figure 4.2-(5). ‘Mixed’ 

refers to mixing method shown in Figure 4.2-(3)). Mean normalized spectra from m/z 30 – 450 were used 

for PCA analysis. 
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Figure 4.9 Comparison of primary pyrolysis vapor yield from co-pyrolysis of pine and water leached 

switchgrass with calculated results 
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Figure 4.10 Comparison of primary pyrolysis vapor yield from direct measurement of mixed pine and 

alfalfa with linear combination of spectra from individual biomass assuming error bar amount is 5%; 

Total intensity is normalized to 1 mg of biomass. 
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Figure 4.11 Comparison of primary pyrolysis vapor composition by PCA analysis of pyrolysis mass 

spectra from premixed pine and alfalfa: (A) Scores plot; (B) Loadings plot 
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Figure 4.12 Comparison of mass spectral intensity of subgroup peaks representing (A) pentosans/C5, (B) 

hexosans/C6, and (C) lignin for pine-alfalfa mixtures 
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Figure 4.13 Comparison of primary pyrolysis vapor yield from premixed and separately positioned pine 

and water leached alfalfa with calculated yield assuming no interaction (‘Pine down af Up’ refers to 

mixing method shown in Figure 4.2-(4). ‘Pine up af down’ Up’ refers to mixing method shown in Figure 

4.2-(5). ‘Mixed’ refers to mixing method shown in Figure 4.2-(3)). Total mass spectral intensity is 

normalized to 1 mg of mixed biomass. 
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Figure 4.14 Comparison of primary pyrolysis vapor composition by PCA analysis of pyrolysis mass 

spectra from premixed and separated positioned pine and water leached alfalfa: (A) Scores plot; (B) 

Loadings plot 
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Figure 4.15 Comparison of mass spectral intensity of subgroup peaks representing (A) pentosans/C5, (B) 

hexosans/C6, and (C) lignin for pine- leached alfalfa mixtures 
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Figure 4.16 Comparison of pyrolysis vapor yield produced by switchgrass and pine (50:50 ratio) co-

pyrolysis under different pyrolysis conditions. Nomenclature of pyrolysis condition is defined as 

‘pyrolysis temperature (
o
C) – pyrolysis vapor residence time (s)’. For example, ‘500-0.07’ means pyrolysis 

temperature of 500
o
C and residence time of 0.07s; Total intensity is normalized to 1 mg of biomass. 
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Figure 4.17 Comparison of spectra composition by PCA analysis of calculated pyrolysis spectra, and 

experimentally measured pyrolysis spectra from premixed and separated positioned switchgrass and pine 

at various pyrolysis conditions  (A) Scores plot; (B) Loadings plot; Nomenclature of pyrolysis condition is 

defined as ‘pyrolysis temperature (
o
C) – pyrolysis vapor residence time (s)’. For example, ‘500-0.07’ 

means pyrolysis temperature of 500
o
C and residence time of 0.07s. 
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Figure 4.18 Comparison of primary pyrolysis vapor yield from co-pyrolysis of pine and switchgrass char 

with calculated results (‘Pine down char Up’ refers to mixing method shown in Figure 4.2-(4). ‘Pine up 

char down’ Up’ refers to mixing method shown in Figure 4.2-(5). ‘Mixed’ refers to mixing method shown 

in Figure 4.2-(3)); Mean normalized spectra from m/z 30 – 450 were used for PCA analysis. 
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Figure 4.19 Comparison of primary pyrolysis vapor composition by PCA analysis of pyrolysis mass 

spectra from premixed and separated positioned pine and switchgrass char; (A) Scores plot; (B) 

Loadings plot  (‘Pine down swg char Up’ refers to mixing method shown in Figure 4.2-(4). ‘Mixed’ refers 

to mixing method shown in Figure 4.2-(3)) 
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Figure 4.20 Comparison of mass spectral intensity of subgroup peaks representing (A) pentosans/C5, (B) 

hexosans/C6, and (C) lignin for pine-switchgrass char mixtures 
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Figure 4.21 Comparison of primary pyrolysis vapor yield from co-pyrolysis of pine and alfalfa char with 

calculated results (‘Pine down char Up’ refers to mixing method shown in Figure 4.2-(4). ‘Mixed’ refers 

to mixing method shown in Figure 4.2-(3)) 
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Figure 4.22 Comparison of primary pyrolysis vapor composition by PCA analysis of pyrolysis mass 

spectra from premixed and separated positioned pine and alfalfa char: (A) Scores plot; (B) Loadings plot 

(‘Pine down char Up’ refers to mixing method shown in Figure 4.2-(4). ‘Mixed’ refers to mixing method 

shown in Figure 4.2-(3)) 
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Figure 4.23 Comparison of mass spectral intensity of subgroup peaks representing (A) pentosans/C5, (B) 

hexosans/C6, and (C) lignin for pine-alfalfa char mixtures 
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Table 4.1 Pyrolysis reactor and mixing methods used for co-pyrolysis 

Mixtures Separated positioned Pyrolysis unit Replicates 

Pine and switchgrass 
Yes 

(pine down, pine up) 
Auto-sampler 2 

Pine and leached switchgrass No Auto-sampler 2 

Pine and alfalfa No Auto-sampler 3 

Pine and leached alfalfa 
Yes 

(pine down, pine up) 
Auto-sampler 3 

Pine and switchgrass under 

different pyrolysis conditions 

Yes 

(boat sampler segments) 
Tube furnace 3 

Pine and switchgrass char 
Yes 

(pine down) 
Auto-sampler 3 

Pine and alfalfa char 
Yes 

(pine down) 
Auto-sampler 3 
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Table 4.2 Mixing ratios used for pine and herbaceous biomass mixture 

Mixtures B C D E F 

Pine and switchgrass 16.7% 33.3% 50.0% 67.7% 83.3% 

Pine and leached switchgrass 16.7% 33.3% 50.0% 67.7% 83.3% 

Pine and alfalfa 16.7% 33.3% 50.0% 67.7% 83.3% 

Pine and leached alfalfa 
 

30.0% 50.0% 70.0% 
 

Pine and switchgrass under different 

pyrolysis conditions   
50.0% 

  

Pine and switchgrass char 
 

30.0% 50.0% 70.0% 
 

Pine and alfalfa char   30.0% 50.0% 70.0%   
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Table 4.3 Treatment yield and ultimate analysis and of biomass 

Sample 
Yield 

wt% 

C 

wt% 

H 

wt% 

N 

wt% 

O 

wt% 

Pine  48.8 6.6 0.3 43.6 

Switchgrass  44.1 6.1 1.0 41.3 

Water leached switchgrass 88.5 45.3 6.6 0.7 41.2 

Switchgrass char made at 500oC 28.6 60.4 4.9 1.2 11.4 

Alfalfa  42.1 6.3 3.1 37.9 

Water leached alfalfa 66.7 47.4 5.8 3.0 43.8 

Alfalfa char made at 500oC 28.5 56.0 4.9 3.2 17.4 
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Table 4.4 Ash content and composition of raw and water leached biomass as well as biochar comparing 

with calculated results assuming no ash loss during treatment 

Sample 

 

Ash Ca K Mg Si Na Al Cu Fe Zn S Cl P 

wt% wt% wt% wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm 

Pine 0.7 0 0 0 0 60 38 2 106 6 125 1 93 

Switchgrass 7.4 1 1 0 2 191 173 2 269 9 1308 8 932 

Alfalfa 10.5 2 3 0 0 185 119 8 153 15 3195 30 2030 

Water leached switchgrass 6.2 1 0 0 2 29 166 2 291 5 678 
 

255 

Water leached switchgrass –

calculated* 
8.4 1 1 0 2 216 196 2 304 10 1478 9 1053 

Switchgrass char made at 

500oC 
22.1 2 2 1 5 670 818 6 1029 35 1242 

 
336 

Switchgrass char made at 

500oC-calculated* 
26 2 2 1 7 667 605 7 940 31 4575 28 3260 

Water leached alfalfa 4.2 1 0 0 0 37 90 6 161 12 2019 
 

445 

Water leached alfalfa- 

calculated* 
15.8 2 4 0 0 277 178 13 229 22 4788 46 3043 

Alfalfa char made at 500oC 18.5 4 6 0 0 709 423 22 353 48 2725 
 

553 

Alfalfa char made at 500oC – 

calculated* 
37 5 9 1 1 650 416 30 537 51 11212 107 7125 

*Calculated-calculated elemental mineral content from mass yield assuming no ash loss  
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Chapter 5 The Impact of Primary Pyrolysis Temperature and Biomass 

Species on Mass Balance and Carbon Efficiency of Two Stage Steam 

Gasification Using Py-MBMS 

 

 

 

 Introduction 

Gasification is a relatively mature technology, originating from “wood gas” generators in 19
th

 century. 

This technology was widely applied to transportation industries in Western Europe during World War II due to 

the petroleum shortage at that time (LaFontaine & F.P.Zimmerman, 1989). Recently, with the increasing 

demand of fossil fuel and the diminishing oil reserves, biomass gasification has attracted new interest due to its 

potential for producing liquid fuels and chemicals, which can replace fossil fuel sources (Hoekman, 2009). 

Biomass gasification is typically conducted at temperatures above 700
o
C in partial oxidation atmosphere using 

CO2, steam, air, or oxygen as gasification agents, which results in the formation of carbon monoxide, hydrogen, 

water, carbon dioxide, methane and other light hydrocarbons, tar (hydrocarbons, molecular weight >78), and 

char residue (Carpenter et al., 2010). Biomass gasification has potential advantages for producing variety of 

products and has high feedstock flexibility. Synthesis gas (also called ‘syngas’, e.g. CO and H2) produced from 

biomass gasification can be catalytically converted into mixed alcohol, directly to gasoline, to Fischer-Tropsch 

intermediates and waxes, and a variety of other chemicals. Herbaceous and woody plants, forestry and 

agriculture residue, municipal and animal waste, and by-products from other biomass conversion processes 

have all been tested as gasification feedstock (Carpenter et al., 2010; Jablonski et al., 2009). Thus this 
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technology enables any nation with biomass to produce a variety of fuels without restriction due to limited 

fossil fuel resource or the lack of oil refining infrastructure (Perlack et al., 2005; Saxena et al., 2009).  

Gasification is considered as a two-stage process (Figure 5.1). An initial pyrolysis step is used to 

produce a suite of pyrolysis vapors and char. The primary pyrolysis vapors and char can then be separately 

reacted with gasifying agents to produce the desired syngas product (Hosoya et al., 2007; Hosoya et al., 2008).  

The composition of the primary pyrolysis products is heavily dependent on the pyrolysis condition and biomass 

composition including organics (cellulose, hemicellulose, lignin and protein) and inorganics (ash). The 

pyrolysis of carbohydrates (cellulose and hemicellulose) results in the formation of anhydrosugars, low 

molecular weight carbonyls, carboxylic acid and furans, while lignin pyrolysis products include aromatic 

monomers and oligomers with substitution on original lignin structure (Evans & Milne, 1987; Faix et al., 1987; 

Obst, 1983; Orfao et al., 1999; Piskorz et al., 1989; Pouwels & Boon, 1990; Pouwels et al., 1989; Raveendran et 

al., 1996; Shafizadeh, 1982; Shin et al., 2001a; Varhegyi et al., 1997). The impact of inorganics can 

significantly change the reaction pathways of carbohydrates while its impact on lignin decomposition is more 

limited (Patwardhan et al., 2011; Patwardhan et al., 2010). Secondary reactions of these primary pyrolysis 

vapors and the char in the presence of different gasification atmospheres results in the final gasification 

products.  Gasification tar results from gasification of pyrolysis vapor and char. Similarly, gasification gas is 

composed of gas from gasification of pyrolysis vapor and gas from pyrolysis char. Secondary gasification 

products can be assigned as tar from pyrolysis vapor, tar from pyrolysis char, gas from pyrolysis vapor, gas 

from pyrolysis char, gasification char. Since the quartz tube reactor is kept at high temperature, it is assumed no 

char is condensed from the vapor during gasification. Thus gasification char is assumed to be only generated 

from pyrolysis char. It has been claimed that the composition of gasification products are insensitive to biomass 

species (Jablonski et al., 2009) while gasification conditions are still critical parameters for gasification product 

distribution (Kumar et al., 2009).   

Gasification tars are regarded as a group of organic impurities that can deactivate catalysts or foul 

reactor surfaces, and thus must be removed from syngas before the further conversion of syngas into other 

higher value products. Tars are commonly defined as ‘all organic compounds present in the gasification product 
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gas excluding gaseous hydrocarbons (C1 through C6)’ (2006; Carpenter et al., 2007). Tars typically consist of 

phenols and aromatic hydrocarbons covering a wide range of molecular weights larger than 78 (benzene C6H6). 

The detailed composition of tars has been quantified by advanced techniques, such as Py-MBMS (Carpenter et 

al., 2010; Carpenter et al., 2007; Jablonski et al., 2009) and 
1
H-NMR(Hosoya et al., 2008).  

In the second stage of gasification, there are two parallel pathways: thermal cracking of pyrolysis 

vapor and steam gasification of pyrolysis char. Vapor phase tar formation pyrolysis products has been defined 

as a three stage process, (1) primary pyrolysis products are formed at temperatures between 500-600
o
C, (2) 

secondary pyrolysis products are formed between 600-700
o
C from the cracking of primary pyrolysis 

compounds into furans and a monocyclic aromatics, and (3) tertiary pyrolysis products formed at higher 

temperature 700-900
o
C) when the monocyclic aromatics combine to forms polycyclic aromatic hydrocarbons 

(PAHs) (Evans & Milne, 1987; Jablonski et al., 2009). The literature suggests that steam may increase the 

decomposition of primary tar into secondary or tertiary tar (Jess, 1996; Vreugdenhil & Zwart, 2009) but 

temperatures above 1000
o
C are needed to destroy the aromatics without a catalyst (Milne & Evans, 1998). In a 

separate set of experiment, our work has also confirmed the limited impact of steam reforming on tar yields. 

Tars can also be produced from the gasification of pyrolysis char. There are a well understood series of 

equilibrium reactions between the carbon in char and gaseous products from pyrolysis or gasifying agents 

(Kumar et al., 2009): 

 

Oxidation of carbon (C + O2  CO2),  

 

Partial oxidation (C + 0.5O2  CO),  

 

Boudoard reaction (C+CO2  2CO),  

 

Water gas reaction (C+H2O  CO + H2),  
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Methane production reaction (C +2H2  CH4) 

 

Most studies on the relationship between char properties and char reactivity under gasification is for 

coal or highly ordered carbonaceous materials (Livneh et al., 2000; Wu et al., 2009). Compared with those 

carbonaceous materials, biochar is composed of more highly heterogeneous and disordered structure as well as 

different minerals. The performance of different primary pyrolysis products in secondary gasification reaction is 

critical for selection of the optimum gasification conditions which govern the quality and cost of syngas. The 

gasification reactivity of pyrolysis vapor and char from biomass feedstocks (Evans & Milne, 1987; Hosoya et 

al., 2007) and model compounds (Antal, 1983; Hosoya et al., 2007; Hosoya et al., 2008; Shin et al., 2001a) have 

been studied. However, the product distribution and tar composition from gasification of biochar from woody 

feedstocks have not been well addressed. And there are no direct comparison of the gasification behavior of 

pyrolysis vapor and char produced in the same process.  

Pyrolysis-Molecular Beam Mass Spectrometry (Py-MBMS) is a robust instrument that has been 

extensively used for the study of the thermal decomposition products from biomass and many other complex 

solids. This instrument is able to identify hundreds of individual compounds in biomass pyrolysis products and 

allows universal detection of specific tar species directly from the hot syngas generated from biomass 

gasification (Carpenter et al., 2014; Jablonski et al., 2009). Py-MBMS is composed of a thermal decomposition 

sampling system, and a quardrupole molecular beam mass spectrometer with three stages of vacuum, which 

allows for the preservation of reactive intermediates and stable molecules present in the hot sampling gas. The 

sampling system can be a pyrolysis oven, quartz tuber reactor, or an operating system. Detailed description of 

this instrument is given elsewhere (Carpenter et al., 2007; Dayton et al., 1995; Evans & Milne, 1987).  Py-

MBMS has been used for the analysis of chemical composition of different raw and pretreated biomass 

feedstocks. Mulitvariate Analysis (MVA) tools can be combined with Py-MBMS spectra to evaluate trends in 

the data and subtle changes in the gas and vapor composition for different biomass spieces, and different sample 

pretreatment methods. Chemical changes in the biomass or the process can get identified and quantified (Alma 

& Kelley, 2002; Alves et al., 2009; Arantes et al., 2009; Sykes et al., 2009). Prediction models built from Py-
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MBMS spectra can be used to predict many different biomass properties and the effects of different 

pretreatments (Kelley et al., 2002; Magrini et al., 2007; Mann et al., 2009). A recent review highlights some of 

the applications for Py-MBMS coupled with MVA techniques (Xiao et al., 2014). Py-MBMS has also been 

used in the study of reaction mechanism and product distribution during biomass pyrolysis (Evans & Milne, 

1987; Shin et al., 2001a), gasification (Carpenter et al., 2010; Dayton et al., 1995; Jablonski et al., 2009), and 

combustion (Dayton et al., 1995). Syngas, tar components and total tars (Carpenter et al., 2010) have all been 

analyzed using Py-MBMS. Py-MBMS has also been shown to be more accurate than traditional impinger 

systems for gasification tar analysis (Carpenter et al., 2007). Principle Component Analysis (PCA) was used to 

identify the chemistry details of reaction condition on thermal decomposition products (Carpenter et al., 2010). 

Multivariate Curve Resolution (MCR) analysis has been used to study the reaction mechanism for biomass 

pyrolysis (Jarvis et al., 2011) and gasification (Jablonski et al., 2009). Partial Least Squares (PLS) analysis tools 

have been used to measure pyrolysis products detected by Py-MBMS in pilot plant reactors. In addition, 

combustion-MBMS is also used for the quantification of carbon content in gaseous or solid products and has 

been demonstrated to be effective in carbon content measurement (Hoover et al., 2002; Magrini et al., 2002; 

Magrini et al., 2007).  

This investigation was aimed at understanding the impacts of biomass feedstock and reaction 

conditions on tar formation and syngas production. In this study, two stage gasification of biomass was 

simulated by the combination a first stage biomass pyrolysis, and a second stage gasification of pyrolysis vapors 

and char. Both pyrolysis and gasification experiments were conducted in the quarts tube reactor with varying 

gas atmosphere and reaction temperatures. This design clearly separates the products from pyrolysis vapor and 

pyrolysis char, and allows for independent control over the pyrolysis and gasification atmosphere. Hot gas 

samples from both pyrolysis and gasification are measured by MBMS. Product distribution and carbon yield are 

calculated by quantification of the yield and carbon content of pyrolysis vapor, pyrolysis char, as well as tar, gas, 

and char from pyrolysis vapor and char. Composition of syngas and tar are revealed by examination of both the 

raw Py-MBMS spectra and with MVA techniques. Four biomass feedstocks were chosen for this study as 

representatives of different woody and herbaceous biomass: pine, oak, switchgrass, and alfalfa. The initial 
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pyrolysis temperature was set at (500
o
C or 700

o
C), while the gasification/thermal cracking temperature was set 

at 950
o
C. Since pyrolysis and gasification samples were taken directly from the hot gas immediately after the 

reaction, there was minimal secondary condensation of the initial reaction products.  
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 Experimental 

1. Feedstock 

Four biomass species were selected as feedstocks for this study: switchgrass, alfalfa, pine and oak. 

They represent a range of important energy crops, e.g., agriculture residue, perennial feedstocks, and woody 

biomass. Switchgrass (Carpenter et al., 2010; Jablonski et al., 2009), pine and oak (Jarvis et al., 2011) are 

samples provided by National Renewable Energy Laboratory (NREL). Alfalfa sample was from a local source, 

and most biomass in this sample is from the stem. Air dried samples were grounded, well mixed and sieved 

before analysis and conversion. Particle size of 105 μm – 1000 μm was used to eliminate variation caused by 

heat and mass transfer. 

Results of ultimate analysis and ash content are listed in Table 5.1. As expected the woody biomass 

(pine and oak) contained more carbon, and less nitrogen and ash than herbaceous biomass (Chew & Doshi, 

2011). Alfalfa has the highest nitrogen and ash content of all. Nitrogen compounds in herbaceous biomass are 

attributed to plant proteins (Boateng et al., 2008; Dale et al., 2009). The amount and structure of hemicellulose 

and lignin of these species are different (Carpenter et al., 2014), and these differences contribute to their thermal 

decomposition behaviors.  

2. Quartz tube reactor for pyrolysis, gasification and combustion 

This work was done in a two-zone quartz tube reactor inside a tube furnace. The quartz tube was 

connected to MBMS through a small orifice on top of a cone inlet. The experiment set up of tube furnace and 

MBMS is shown in Figure 5.2. The quartz tube had two concentric tubes, which allows for the thermal 

decomposition of biomass in the inner tube (blue), while inert gas in the outer tube (Gas inlet 2) is used to adjust 

the vapor composition for the MBMS measurement. Gases used for different reactive atmospheres were 

injected into Gas inlet 1. Ar is added into all the gas stream as internal standard. Biomass samples in a quartz 
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boat were inserted into the preheated zone 1 port, with quartz sample arm through sample inlet perpendicular to 

the tube. Once the sample arm is inserted into the reactor, it seals the sample inlet to prevent air leaking into the 

reactor. The quartz tube is placed in a tube furnace with five temperature controlling positions along the heating 

zone, allowing for customizing temperature profile along the quartz reactor.  

2.1. Pyrolysis experiment in an inert atmosphere 

The pyrolysis experiments were conducted using He as carrier gas. Once the tube with the carrier gas 

was heated up to pyrolysis temperature (500
o
C or 700

o
C), biomass samples were inserted into the reaction zone 

for pyrolysis. Under the conditions used for this work the pyrolysis vapors had a residence time of about 0.07s 

before sampling through the orifice. Biomass was held in the hot zone for exactly 2min before being partially 

withdrawn to a cool zone filled with a He flow. Char residue was measured after the sample was fully cooled, 

and was retained for subsequent steam gasification.  

2.2. Gasification of pyrolysis vapor and char 

As noted the quartz tube had two heating zones, Zone 1 (light blue) set at either 500
o
C or 700

o
C for the 

initial biomass pyrolysis, and Zone 2 (dark blue) set at 950
o
C for thermal cracking. The residence time in Zone 

2 was controlled at roughly 0.07s.  

For the steam gasification of pyrolysis char, steam was added into the atmosphere by injecting water 

into Gas inlet 1 through a needle fed by a syringe pump. This provided a steady flow of 60 vol % steam. Once 

the steam flow was stable, previously saved pyrolysis char was inserted into the reactor and subjected to steam 

gasification for 5 min. After the reaction, gasification char residue was cooled in the cooling tube under He flow 

until it reached the room temperature. The weight of gasification char was measured for gasification char 

residue yield calculation. The gasification char was also saved for carbon content measurement.  
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Secondary gasification products can be assigned as tar from pyrolysis vapor, tar from pyrolysis char, 

gas from pyrolysis vapor, gas from pyrolysis char, gasification char.  In this experiment, ‘Tar’ means total tar 

and was quantified from Py-MBMS spectra. Char is the solid residue and was measured by weight. ‘Gas’ refers 

to everything else and was calculated by (100-Tar-Char) %. 

2.3. Carbon content measurement by combustion 

The MBMS combustion mode can be used to measure total nitrogen and sulfur concentration as well 

as carbon (Hoover et al., 2002). In this experiment the ground samples were placed into quartz boats and 

introduced into the tube reactor preheated to 700
o
C with O2 flowing through gas inlet 1. The CO2 was measured 

with the MBMS and quantified with a response curve that was generated a series of CO2 gas flow of known 

quantity.  

3. Py-MBMS 

Sample gases from quartz tube reactor underwent a free jet expansion through the sampling orifice into 

the first stage of the differentially pumped vacuum system and expand into a second conical skimmer at the 

entrance to the second stage vacuum to form a molecular beam stream. Molecular beam stream was directed 

into the ionization region in the third stage of the vacuum system to form ions by an electron impact ionization 

source operated at about 22.5 eV.  The mass range of interest (m/z 10-450) was scanned at a rate of 1 

scan/second throughout the complete vapor evolution time, up to 5 min. The spectra were integrated over the 

entire evolution time and the background signal was subtracted.   

Three NIST standard reference materials were used (NIST 8492-Cottonwood, NIST8493-Monteray 

pine, NIST 8494 – Wheat straw) as internal standard and were to establish data replicability and to eliminate 

day to day instrumental drift. All experimental measurement was conducted in duplicates. Any outliers, 

typically due to air leakage and thus easily identified by the anomalous CO2 peak, were identified been removed 
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through PCA analysis before averaging duplicates. All the signals were corrected to internal tracer Ar stream 

and sample weight before further processing.  

4. Data analysis of Py-MBMS 

4.1. Carbon balance and carbon efficiency 

Carbon content for raw biomass, pyrolysis char and gasification char were indirectly measured by the 

amount of carbon dioxide produced during combustion of respective sample. The carbon distribution for the 

different steps was calculated as follows: (1) the total carbon content in raw biomass was measured by ultimate 

analysis; (2) carbon content in pyrolysis char is calculated by the ratio of carbon dioxide signal during 

combustion of pyrolysis char to the carbon dioxide signal during combustion of raw biomass, as shown in Eq. 1; 

(3) carbon content in pyrolysis vapor is calculated by difference between carbon content in raw biomass and 

carbon content in pyrolysis char, as shown in Eq. 2; (4) carbon content in gasification char is calculated by the 

ratio of carbon dioxide signal during combustion of gasification char to the carbon dioxide signal during 

combustion of raw biomass, as shown in Eq. 3; (5) carbon content in gasification vapor is calculated by 

difference between carbon in pyrolysis char and carbon in gasification char, as shown in Eq. 4. 

 

C% in pyrolysis char =  

C% of raw biomass × 
𝑚𝑎𝑠𝑠 𝑠𝑝𝑒𝑐𝑡𝑟𝑎 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚/𝑧 44 𝑖𝑛 𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑐ℎ𝑎𝑟 𝑏𝑢𝑟𝑛𝑖𝑛𝑔

𝑚𝑎𝑠𝑠 𝑠𝑝𝑒𝑐𝑡𝑟𝑎 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚/𝑧 44 𝑖𝑛 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑏𝑢𝑟𝑛𝑖𝑛𝑔
   Eq.1 

 

C% in pyrolysis vapor = C% of raw biomass - C% in pyrolysis char     Eq.2 

 

C% in gasification char  

=C % of raw biomass × 
𝑚𝑎𝑠𝑠 𝑠𝑝𝑒𝑐𝑡𝑟𝑎 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚/𝑧 44 𝑖𝑛 𝑔𝑎𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑐ℎ𝑎𝑟 𝑏𝑢𝑟𝑛𝑖𝑛𝑔

𝑚𝑎𝑠𝑠 𝑠𝑝𝑒𝑐𝑡𝑟𝑎 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚/𝑧 44 𝑖𝑛 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑏𝑢𝑟𝑛𝑖𝑛𝑔
   Eq.3 
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C% in gasification vapor = C% in pyrolysis char - C% in gasification char    Eq.4  

 

4.2. Quantification of tar components and total tar 

Quantification of tar from Py-MBMS has been demonstrated by several studies (Carpenter et al., 2010; 

Carpenter et al., 2007). Careful calibration with known standards to obtain accurate correction factors is critical 

for the tar quantification from MBMS spectra. A standard calibration liquid containing benzene, toluene, 

phenol, cresol, naphthalene, and phenanthrene dissolved in methanol was prepared. The liquid was injected 

through a well-controlled syringe pump into the furnace under pyrolysis and gasification reaction conditions 

used in this study to produce calibration lines, which were demonstrated to be linear.  

Total tars were then estimated by dividing mass spectra into three groups, the selected compounds in 

calibration liquid, light tars excluding the previous selected compounds (m/z 80-176) and heavy tars (even-

numbered peaks in m/z 180-400). Selected tar compounds have individual response factors from the calibration. 

The response factors of naphthalene were used for other light tars, while those for and phenanthrene were used 

for the heavy tars. Prior work has shown that this approach provides a quantitative MBMS base measure of  tar 

yields within 10% (Carpenter et al., 2007).  

5. Mass balance and carbon yield 

Original biomass sample, pyrolysis char and gasification char were measured by weight. Total tar yield 

from pyrolysis vapor and pyrolysis char in gasification was quantified by the method stated above. The gas 

product yield and pyrolysis vapor yield was back calculated assuming 100% mass closure. Individual 

calculation equations are shown below in Eq. 5 – Eq.9 (all on dry basis):  

 

Pyrolysis char % = 
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑐ℎ𝑎𝑟

𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 
x 100%      Eq.5 
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Pyrolysis vapor % = 100% - Pyrolysis char %      Eq.6 

 

Gasification char % = 
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑔𝑎𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑐ℎ𝑎𝑟

𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑤𝑒𝑖𝑔ℎ𝑡
     Eq.7 

 

Gas from pyrolysis vapor %  

= Pyrolysis vapor% - Tar from pyrolysis vapor%      Eq.8 

 

Gas from pyrolysis char %  

= Pyrolysis char% - Gasification char% - Tar from pyrolysis char%    Eq.9 

 

Normalized mass yield and normalized carbon yield were calculated from mass yield and carbon yield 

through normalization to the pyrolysis product yield.   
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 Results and Discussion 

1. Pyrolysis of raw biomass 

1.1. Pyrolysis product yield  

The original biomass samples were pyrolyzed at 500
o
C and 700

o
C and the yield of pyrolysis vapor and 

char are shown in Figure 5.3. Char yield ranges from 25% to 40% for herbaceous biomass while it ranges from 

14% to 23% for woody biomass. Conversely, the herbaceous biomass produced more char and less vapor than 

the woody biomass. These results can be explained by the higher ash content of the herbaceous biomass, which 

results in higher char yield for herbaceous biomass (Carpenter et al., 2014). Char yield of alfalfa is slightly 

higher than that of switchgrass while the yields of two woody biomass samples are close. More vapor was 

produced when pyrolysis temperature increased from 500
o
C to 700

o
C due to the relatively higher level of 

thermal decomposition.  

1.2. Pyrolysis product carbon yield 

Based on the carbon content of char and vapor, carbon yield of pyrolysis char and vapor is calculated 

and shown in Figure 5.4. Compared with mass yield data, carbon yield of pyrolysis vapor is lower than its mass 

yield, while that of pyrolysis char is correspondingly higher than the mass yield. This suggests that the carbon 

content in char product is higher than those in vapor product. As with the mass yield of char, the carbon yields 

for char from two herbaceous biomass samples were higher than that from two woody biomass, although the 

differences between the carbon yields of woody biomass and herbaceous biomass are smaller compared with 

the differences between their mass yields. In addition, the change of carbon yields due to the change of 

pyrolysis temperature is larger than the change of mass yields, consistent with higher carbon content for the 

pyrolysis vapor made at 700
o
C relative to vapors produced at 500

o
C.  
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1.3. Pyrolysis char properties 

Pyrolysis char is mainly composed of fixed carbon and ash. Table 5.2 summaries elemental content of 

pyrolysis char made at 500
o
C. As expected, carbon concentration increased more than 50% of carbon 

concentration in raw biomass, while hydrogen and oxygen content are much lower than the original biomass. 

This is due to the fact that more oxygen containing compounds is produced as pyrolysis vapor than those left in 

the char. Thus it suggests that carbon content of char residue is higher than that of vapor product, which is 

consistent with the observation in Figure 5.4.  

Nitrogen content of char is slightly higher than that of raw biomass.  This means there are still 

nitrogenous compounds left in char residue although more than half of the nitrogenous compounds were 

evaporated into pyrolysis vapor based on the calculated nitrogen yield.  The calculated ash yield also shows that 

around 50-85% of ash is remained in pyrolysis char.  Ash content almost doubled in char compared with that of 

raw biomass while some minerals were likely included in pyrolysis vapor [33].  

1.1. 500
o
C pyrolysis mass spectra of biomass materials 

Py-MBMS has been extensively used to analyze the chemical composition of many different sources 

of biomass and the effects of many pretreatment or process changes (Agblevor et al., 1994; Dayton et al., 1995; 

Evans & Milne, 1987).  While the Py-MBMS spectra are very complex many of the specific fragments can be 

assigned the individual biomass components, e.g., cellulose, hemicellulose, lignin, extractives, and protein. 

Pyrolysis derivatives from specific compounds can be identified in Py-MBMS spectra. In many cases these 

signature masses allow for the rapid determination and comparison of the composition of different biomass.  

Figure 5.5 shows representative primary pyrolysis mass spectra of four raw feedstocks: (A) 

switchgrass, (B) alfalfa, (C) pine, and (D) oak. The classes of compounds identified after resolution of the 

spectra include: hexosans (cellulose, mannose, and galactose), which showed prominent peaks at m/z 31, 43, 60, 

73, 96, 98, 126, and 144; petosans (xylose and arabinose), typified by the ion series m/z 43, 57, 85, 96, and 114; 
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guaiacyl lignin series m/z 124, 138, 164, 180, and 272; syringyl lignin series m/z 154, 167, 168, 194, and 210; 

and coumaryl lignin series m/z 94, 106, 108, 120, and 150; nitrogenous compounds (proteins and nitrogen-

containing compounds), which were represented by peaks m/z 41, 67, 69, 79, 83, 93, 111, 117, 125, 149, and 

159 (Agblevor et al., 1994). Pure cellulose pyrolysis results in the formation of levoglucosan. The major peaks 

at m/z 162 and 144 are assigned to levoglucosan, which has several EI fragment ions at m/z 57, 60, 73, and 98. 

The pyrolysis pathway that leads to levoglucosan can be dramatically disrupted by alkali earth elements, e.g. K, 

Na, and results in the formation of furfural derivatives (m/z 126, 110, 96, 43) (Evans & Milne, 1987).  

An examination of the carbohydrate fragment peaks in these four biomass samples shows that the 

levoglucosan yield is low judged by the comparison of m/z 60, 144, 162 (levoglucosan) with m/z 126, 96 

(furfural). Even in the pyrolysis vapors product from the woody biomass, whose ash content is low, the peak at 

m/z 144 is not dominant. However, together with furfural and its derivatives, levoglucosan is still one of the 

major pyrolysis products from cellulose.  The significant pyrolysis products at m/z 114 in four biomass samples 

could be assigned to xylan or arabinan derivatives. m/z 110 can result from both furfural derivatives (5-

methylfurfural) and lignin primary product (e.g. catechol). While carbohydrates peaks are relatively similar for 

four biomass samples, peaks assigned to lignin peaks showed more variation between woody biomass and 

herbaceous biomass, and between hardwood and softwood. Peaks of m/z 94, 120, and 150 are seen in high 

abundance from the two herbaceous biomass samples, which are assigned to coumaryl lignin compounds. As 

expected m/z 154 (syringyl lignin) and m/z 272 (guaiacyl lignin dimer) also appear in switchgrass and alfalfa 

spectra due to the composition of syringyl lignin (Agblevor et al., 1994). In comparison, lignin peaks contains 

in pine spectra are dominated by guaiacyl lignin (m/z 124, 138, 164, 180), while syringyl lignin peaks (m/z 154, 

167, 168, 194, 210) are also seen in oak. In addition, nitrogenous compounds, such as m/z 117, 69 are 

observable in herbaceous biomass (Agblevor et al., 1994), especially alfalfa. However, the amount of 

nitrogenous compounds is not high, which may be due to their remaining in the char fraction.   

In summary, pyrolysis vapor products from biomass are mainly primary pyrolysis products 

representing the nature of the cell wall chemistry in each of the species. And the major differences in 500
o
C 

pyrolysis products result from the content of alkali materials, lignin structures, and nitrogenous compounds.  
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1.2. 700
o
C pyrolysis mass spectra of biomass materials 

The product vapor slate observed in previous section (pyrolysis temperatures of 500
o
C) is termed 

“primary oxygenates”. A second set of reactions occur at higher temperature (700 – 850
o
C) and can be termed 

the “hydrocarbon zone”  Figure 5.6 shows the pyrolysis vapor spectra of four biomass species generated at 

700
o
C. They can be categorized into four groups of compounds (Agblevor et al., 1994; Evans & Milne, 1987; 

Shin et al., 2001b; Vasiliou et al., 2009): (1) Olefins and related radicals: m/z 28 (ethane), 30(ethane), 

39(propargyl radicals), 40(propyne), 42(propene), 54(butadienes, butyne), 56(butane), 66(cyclopentadiene), etc.; 

(2) light gas and decomposition products from carbohydrates and lignin: m/z 28(carbon monoxide), 44(carbon 

dioxide), etc.; (3) low molecular weight aromatics: m/z 78(benzene), 92(toluene), 94(phenol), 

104(styrene),106(xylene), 108(cresol), 110(dihydroxybenzene), 118, 120(vinylphenol), 124(dihydroxytoluene, 

guaiacol), etc.;(4) nitrogenous compounds: m/z 69,79,117, 129, etc.  

These compounds are very different from those produced from 500
o
C pyrolysis although in each 

product slate there are many aromatics. This shows that the pyrolysis vapor produced at 700
o
C experienced 

further cracking reaction compared with 500
o
C pyrolysis vapor (Evans & Milne, 1987; Jablonski et al., 2009; 

Jarvis et al., 2011). This cracking results in more dehydration and degradation of carbohydrates into C1-C4 

compounds. Based on the work of Evans and Milne (Evans & Milne, 1987) as well as Jablonski et. al (Jablonski 

et al., 2009), the aromatics included in 700
o
C pyrolysis slate result from both cracking of lignin fragments, e.g., 

demethoxylation and dehydration, and also from reorganization and aromatization of olefins.  

In this work there are clear differences between the species pyrolyzed at 700
o
C. Products from two 

woody biomass samples are very similar in terms of peaks and relative intensity. At the same time MBMS 

spectra of the two herbaceous feedstocks are very different from the woody feedstocks, and also somewhat 

different from one another.  The minerals contained in these two herbaceous biomass samples enhance the 

decomposition of carbohydrates, which at these temperatures further decompose and dehydrate to olefins that 

can lead to the formation of benzene, toluene, and phenol. This is consistent with the results observed by Evans 

and Milne (Evans & Milne, 1987). High intensity fragments at m/z 55, 67 have also been assigned to the lignin 
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decomposition (Jablonski et al., 2009; Shin et al., 2001b). In addition, peaks related with nitrogenous 

compounds are prominent in the pyrolysis spectra of alfalfa (m/z 79, 117, 129), which add more variation 

between the product from alfalfa and from other biomass samples. 

In summary, 700
o
C pyrolysis vapor from four biomass samples is different from those generated at 

500
o
C. 700

o
C pyrolysis vapor products also show species difference which relates to the generation of olefins 

and aromatics from carbohydrates and the lignin decomposition reactions, as well as the formation of 

nitrogenous compounds.  

2. Gasification of pyrolysis vapor and char 

2.1. Product and Carbon distribution 

After ‘oxygenates’ produced at the 500
o
C pyrolysis temperature, they went through further cracking 

into lower molecular products ‘hydrocarbons’ and radicals. Those species recombined at higher temperature 

(850
 o
C – 1000

o
C) to produce polycyclic aromatic hydrocarbons (PAHs) through molecular weight growth 

reaction. Pyrolysis products generated at 500
o
C and 700

o
C was subjected to steam gasification at 950

o
C.  

Results of mass balance of vapor and char product in two stage gasification are summarized in Table 5.3 and 

illustrated in Figure 5.7. Based on the carbon content of products, carbon yield is also calculated and shown in 

Table 5.4 and illustrated in Figure 5.8.  

The detailed mass balance data for different feedstock subjected to primary pyrolysis temperature of 

500
o
C and 700

o
C, and then subjected to gasification at 950

o
C are shown in Table 5.3 and Figure 5.7. (1) More 

gasification tar and gas were produced from pyrolysis vapor than pyrolysis char. The yield of pyrolysis vapor is 

more than three times of pyrolysis char yield, which contributes to the fact that more products were generated 

from pyrolysis vapor than pyrolysis char. In addition, all of the pyrolysis vapor resulted in gasification tar and 

gas, while part of the pyrolysis char ended up in gasification char, thus the amount of tar and gas from pyrolysis 

char is even less. (2) There is more gas produced from pyrolysis vapor of woody biomass than that of 

herbaceous biomass. Although the yield of pyrolysis vapor is higher for woody biomass than for herbaceous 
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biomass, similar amount of tar is produced from pyrolysis vapor of switchgrass, alfalfa, and oak. Yield of tar is 

only higher from pine. (3) Alfalfa char produced more tar and gas during its gasification than other species, 

while oak char produced the least gasification vapor product, which indicates that the gasification reactivity of 

alfalfa char is higher than that of oak char. (4) It is also obvious that more gasification vapor product (both tar 

and gas) is produced from 700
o
C pyrolysis vapor than that from 500

o
C pyrolysis vapor, which might be because 

of the higher yield of pyrolysis vapor and lower yield of gasification char produced at 700
o
C than at 500

o
C. 

Another possibility is that since the chemical composition of 700
o
C pyrolysis vapor is different from that of 

500
o
C as shown in previous section, the gasification behaviors of these pyrolysis vapors varied. (5) What need 

to mention is although the yield of 700
o
C pyrolysis char is lower than the yield of 500

o
C pyrolysis char, total tar 

form 700
o
C pyrolysis char is more than that from 500

o
C pyrolysis char. This indicates a unit of 700

o
C pyrolysis 

char produces more tar than the same amount of 500
o
C pyrolysis char. 

In summary, majority of gasification vapor products are from pyrolysis vapor. Higher primary 

pyrolysis temperature resulted in more tar and less gasification char. Gasification behaviors of pyrolysis vapor 

and char depend on many factors, such as the yield of pyrolysis products, the yield of gasification char, the 

chemical properties of pyrolysis products as well as the catalytic effect of minerals.  

Table 5.4 and Figure 5.8 show the carbon distribution in two stages of biomass gasification. All the 

calculation is based on the carbon content in raw biomass. (1) The majority of carbon still ended up in gas 

fraction. (2) The proportion of carbon in pyrolysis char is higher than the proportion of mass. This indicates 

carbon content in char is higher than the content of carbon in pyrolysis vapor. However, the carbon content in 

gasification char is not always high. The extreme example is alfalfa, whose gasification char fraction contains 

only ash thus the carbon yield in gasification char fraction is 0%. This is because there is a big portion of ash 

content in char residue. (3) Carbon contained in tar represents a total loss of carbon. The percentage of carbon 

in gasification tar from pyrolysis vapor is higher than the percentage of mass in that fraction. Correspondingly, 

the percentage of carbon in gas product from pyrolysis vapor is lower than the percentage of mass. This 

indicates carbon content of tar compounds is higher than the carbon content of gas product.  (3) For the same 

reason, the percentage of carbon in tar from pyrolysis char also doubled compared with the percentage of mass 
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in the same fraction. (4) The impact of pyrolysis temperature and biomass species on carbon distribution is 

similar to their impact on mass distribution (Figure 5.7), which indicates that the carbon content of gasification 

vapor product (tar and gas) is not very different for four biomass species. However, the detailed chemistry may 

be different and that will be discussed later.  

In summary, similar to mass distribution, the majority of carbon also ends up in gas fraction. Impact of 

biomass species and pyrolysis temperature on carbon distribution is similar to the impact on mass distribution. 

Carbon distribution into pyrolysis and gasification products is different from mass distribution because the 

carbon content is different for different gasification products. Carbon content in tar is higher than in gas product; 

also the carbon content in pyrolysis char is higher than those in pyrolysis vapor. Carbon left in gasification char 

varies a lot due to different ash content in char residue of biomass species.  

2.2. Gasification product yield and carbon yield of pyrolysis char and pyrolysis vapor 

From the results of product distribution and carbon distribution of two stage gasification, we noticed 

that the gasification behaviors of pyrolysis vapor and pyrolysis char are tremendously different. This section 

will compare the gasification behaviors of pyrolysis vapor and pyrolysis char through evaluating the product 

yield and carbon yield based on one unit of pyrolysis vapor and pyrolysis char, marked as ‘normalized mass 

yield’ and ‘normalized carbon yield’, respectively. 
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Table 5.5 and Figure 5.9 show the difference between pyrolysis vapor and pyrolysis char in terms of 

their product yield of gasification. (1) Pyrolysis vapor produced more gas product and less tar than pyrolysis 

char. The impact of biomass species on the gasification product yield of pyrolysis vapor is limited for total tar 

and gas. (2) In comparison, there is an obvious special difference for pyrolysis char. Pine char produced the 

most amount of tar and gas, while switchgrass and oak produced the least. This might relate to the amount of 

gasification char produced from pyrolysis char. Gasification char yield is consistently for pine (11.1% for 500
o
C 

char; 7.5% for 700
o
C char), while that of switchgrass and oak could be higher than 30%. (3) Higher primary 

pyrolysis temperature resulted in higher tar yield and slightly lower gas yield of both pyrolysis vapor and 

pyrolysis char.  The impact of primary pyrolysis temperature is larger for pyrolysis char gasification than for 

pyrolysis vapor gasification. It indicates that the tar formation mechanism and syngas production process may 

be different for pyrolysis char and pyrolysis vapor. (4) As a result, it is suggested that 500
o
C is preferred for 

primary pyrolysis of two stage gasification because it result in less tar and more gas product than those from 

700
o
C pyrolysis products. The drawback is there might be more pyrolysis char produced at 500

o
C. More tar 

might be generated because unit of pyrolysis char produced more tar than unit of pyrolysis vapor. Since the 

chemical composition of all these lumped gasification product may be different, we evaluated the carbon yield 

of each fraction in the next section. 

Figure 5.10 shows the impact of pyrolysis temperature and biomass species on gasification carbon 

yield of pyrolysis vapor and pyrolysis char. (1) The proportion of carbon in tar from pyrolysis char is less than 

the proportion of carbon in tar from pyrolysis vapor, while the carbon yields of gasification gas from pyrolysis 

char and vapor are similar.  It means carbon loss as tar compounds during gasification of pyrolysis char is less 

than that of pyrolysis vapor although the mass yield of tar from pyrolysis char is higher than that from pyrolysis 

vapor as shown in the previous section. (2) Carbon yield of tar from 500
o
C pyrolysis products is lower, while 

carbon yield of gas product is higher from 500
o
C pyrolysis products than from 700

o
C pyrolysis product. 

Therefore, 500
o
C is suggested as primary pyrolysis temperature in order to reduce the loss of carbon in tar 

compounds and increase the carbon efficiency of producing gas. (3) In addition, impact of biomass species on 

gasification reactivity of pyrolysis vapor is less important than that of pyrolysis char in terms of carbon yield.  
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2.3. Gasification mass spectra from pyrolysis products 

As indicated from Section 2.1 and 2.2, the carbon content of different gasification products varies but 

not very different for different species. In order to verify this observation and further investigate the chemical 

insight of gasification vapor product, the raw gasification spectra from MBMS are analyzed in Figure 5.10 to 

Figure 5.13.  

2.3.1.Gasification From pyrolysis vapor (500
o
C) 

Figure 5.11shows the gasification products from pyrolysis vapor generated at 500
o
C. (1) Compounds 

contained in this product slate generated at 950
o
C include light gas, secondary cracking products, PAHs and the 

intermediates created in the transition stage. Light gas products include m/z 26 (acetylene), 28 (CO and ethane), 

44(CO2). Secondary products include m/z 78 (benzene), 92 (toluene), and 94 (phenol). Transition intermediates 

include m/z 104 (styrene) and 116 (indene). Typical PAHs also presented in spectra as expected: m/z 142 

(methyl-naphthalene), 152 (acenapthylene), 166 (fluorine, benzindenes), and 178 (anthracene, phenanthrene). 

The existed compounds follow the mechanism of PAHs formation, which combines the recombination of 

cracked olefins and the cracking of primary lignin aromatics together (Evans & Milne, 1987). (2) Species 

difference could be visually identified as the relative intensity of PAHs and other compounds.  As observed by 

other researchers, there is essentially no variation within feedstocks in terms of the composition of tertiary 

vapor cracking products (Carpenter et al., 2010). However, the relative intensity of prominent compounds 

varied. PAHs from two herbaceous biomass are relatively less than those from two woody biomass. This 

difference is more obvious for alfalfa than switchgrass.  
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2.3.2.From pyrolysis vapor (700
o
C) 

Figure 5.12 shows the gasification spectra from 700
o
C pyrolysis vapor. Although the initial pyrolysis 

temperature is higher compared with gasification products from 500
o
C pyrolysis vapor, spectra composition and 

intensity are very similar to those contained in Figure 5.10. This indicates that PAHs tend to be the terminal 

products from biomass gasification.  

2.3.3.From pyrolysis char (500
o
C) 

Figure 5.13 shows the steam gasification spectra from 500
o
C pyrolysis char. Fewer species of PAHs 

were produced from pyrolysis char than from pyrolysis vapor. Prominent peaks include m/z 92, 128, 136, 184, 

256. Different distribution of light gasses was also observed compared with that from pyrolysis vapor.  There is 

no significant difference for light gas composition and peak intensity. However, the tar composition of four 

biomass samples varied a lot. This may be because of the high concentration of ash content in char residue, 

which affected the steam gasification reaction.  

2.3.4.From pyrolysis char (700
o
C) 

Figure 5.14 shows the gasification mass spectra from 700
o
C pyrolysis char. (1) Gasification spectra 

from 700
o
C pyrolysis char have similar light gas composition to those generated from 500

o
C pyrolysis char. (2) 

However, the tar composition is different in terms of both peaks and intensity. New peaks in the range of higher 

molecular weight compounds, such as m/z 100, 113, 200, 210, 225, were identified visually. (3) It is hard to 

make assignment of chemical structure to those peaks. The species difference is not obvious. This may due to 

the reduced ash content left in pyrolysis char produced at higher temperature.   

In summary, gasification spectra composition and intensity are very similar from 500
o
C pyrolysis 

vapor and 700
o
C pyrolysis vapor. This indicates that PAHs tend to be the terminal products from biomass 
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gasification. Although there is essentially no variation within feedstocks in terms of the composition of tertiary 

vapor cracking products from different biomass, the relative intensity of prominent compounds varied. PAHs 

from two herbaceous biomass are relatively less than those from two woody biomass which may due to the 

catalytic impact of ash component on pyrolysis vapor cracking. Different phenolic compounds were produced 

from pyrolysis char compared with pyrolysis vapor. This indicates that the tar formation mechanism for 

pyrolysis vapor and char may be different. Pyrolysis temperature impacts the gasification tar compounds from 

pyrolysis char but the impact of biomass species is not obvious. 

2.4. Selected tar compounds quantification 

As we know, peak intensity in Py-MBMS spectra does not exactly reveal the absolute quantity of 

specific chemical compounds due to different response factors among chemicals. In order to investigate the 

impact of pyrolysis condition and biomass species on typical gasification tar compounds (m/z 78-benzene, 92-

toluene, 94-phenol, 108-cresol, 128-naphthalene, 178-anthracene or phenanthrene, 202-pyrene), those 

compounds were quantified based on individual response factors.  

Figure 5.15 shows the quantification result of tar compounds and benzene from pyrolysis vapor and 

pyrolysis char. (1) Benzene yield is the highest of all in all cases, followed by the yield of toluene and 

naphthalene. Other PAHs were less formed. (2) Relative concentrations of selected tar compounds are similar 

for those from pyrolysis vapor produced at 500
o
C and 700

o
C. Impact of biomass species is also small. This 

observation is consistent with the results from Jablonski, Gaston et. al. (Jablonski et al., 2009) (3) 500
o
C 

pyrolysis vapor and char produced tar with similar composition, while relative amount of tar compounds 

from700
o
C pyrolysis char is very different from others. The quantity of tar compounds produced from 700

o
C 

pyrolysis vapor is higher than that produced from 500
o
C pyrolysis vapor, while it is lower for tar from 700

o
C 

pyrolysis char than that from 500
o
C pyrolysis char. This might because less volatile is left in 700

o
C pyrolysis 

char than in 500
o
C pyrolysis char for the production of tar.  
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2.5. PCA analysis of gasification mass spectra from pyrolysis products 

As seen in Figure 5.10- Figure 5.13, there are many other PAHs compounds and their derivatives 

existed in the gasification products, in order to investigate the impact of species (Figure 5.15) and pyrolysis 

products (Figure 5.16) on the complete product slate of gasification tar, multivariate analysis tools are utilized 

for spectra comparison.  

2.5.1.Impact of species 

PCA analysis results of species impact on gasification products from different pyrolysis products are 

shown in Figure 5.16. In scores plot, biomass sample replicates are represented by different legends.  Overlap of 

legends of different species means there is no difference between them. (1) The scores plot for gasification 

spectra of 500
o
C pyrolysis vapor (A-1) and gasification spectra of 700

o
C vapor (B-1) do not separate the species 

exclusively, especially for two woody biomass. Alfalfa sample is apart from the major cluster while switchgrass 

sample is between alfalfa and woody biomass. According to the corresponding loadings plots (A-2), the 

chemical difference within alfalfa is driven by m/z 117, which is a nitrogenous compound from protein. More 

intermediates or low molecular PAHs are contained in tar from the pyrolysis vapor of woody biomass.  

Different from (A-2), (B-2) depicted the chemical insight of tar compounds from pyrolysis vapor produced at 

700
o
C for four biomass. It reveals that besides the nitrogenous compound (m/z 117), some intermediates (m/z 

104) or secondary pyrolysis hydrocarbons (m/z 91, 92) are more in alfalfa products while woody biomass and 

switchgrass contained more naphthalene (m/z 128) and indene (m/z 116). (2) According to the scores plot of 

gasification tar from pyrolysis char made at 500
o
C (C-1), the species difference is not obvious and variation 

explained by PC-1 and PC-2 is low. According to C-2, chemicals contributing to species difference do not 

contain nitrogenous compounds. Low molecular aromatics represented in alfalfa products were probably from 

reorganization of olefins. This difference between alfalfa and other species may result from the impact of ash on 

olefin reorganization reaction into aromatics.  (3) Variation explained by PC-1 and PC-2 is extremely low for 
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spectra from 700
o
C pyrolysis char. Together with the raw spectra, it can be concluded that the tar composition 

from 700
o
C char is very different from other gasification products. The detailed composition is not clear.  

2.5.2.Impact of pyrolysis temperature 

Figure 5.17 compares the gasification product from different pyrolysis vapor and char product 

originated from a certain biomass species. (1) The results are very similar for all of the four biomass species 

according to the scores plots. The composition of gasification tar from pyrolysis vapor is independent of 

primary pyrolysis temperature judged by the overlapping of replicates in (A-1), (B-1), (C-1), and (D-1). (2) In 

comparison, pyrolysis char produced at different temperature resulted in tar of different composition judged by 

the separation of sample replicates of spectra along PC-2 in (A-1), (B-1), (C-1), and (D-1). Since PC-2 only 

accounts for less than 7% of variance, it means the composition still have some similarities. (3) Along PC-1, 

which represents more than 88% of sample variation, gasification spectra (m/z 80-400) from pyrolysis vapor 

and pyrolysis char are separated apart. It means there are big differences between those spectra. According to 

the corresponding loadings plots, which are very similar for four species, gasification products contains more 

low molecular hydrocarbons (m/z 91, 92, 94, 104, 116) and PAHs (m/z 128) while the product from pyrolysis 

char has a signature peak at m/z 184. The difference between pyrolysis char produced at 500
o
C and 700

o
C may 

be due to the effect of the remaining ash in the char residue. (4) The difference between products from pyrolysis 

vapor and pyrolysis char may result from at least three possible reasons: (a) The tar formation from pyrolysis 

char does not follow the olefin reorganization mechanism and the lignin cracking mechanism; (b) The 

distributions of cellulose derived products and lignin derived products distributed in vapor and char are different. 

Based on previous studies, the gasification products from char made from lignin and carbohydrates are different.  

Also, in the vapor phase reaction, carbohydrates follows the olefin reorganization mechanism while lignin can 

be directly cracked into one ring aromatics and form PAHs from there; (c) Minerals contained in char residue 

play a dominant role in changing the pathways of tar formation.  
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In summary, Alfalfa gasification products show more difference from those of other species, while the 

species difference between woody biomass and switchgrass is relatively small. Tar composition of gas products 

from pyrolysis vapor and char is very different. Pyrolysis temperature does not have a secondary impact on the 

tar composition of gasification products from pyrolysis vapor, while the variation existed between 500
o
C 

pyrolysis char and 700
o
C pyrolysis char. This indicates that the tar formation mechanism may be different for 

the gasification of pyrolysis char and pyrolysis vapor.  

3. Overall gasification  

3.1. Product yield 

Figure 5.18 shows the impact of pyrolysis temperature and biomass species on overall gasification 

product yield calculated by summation of gasification product yield from pyrolysis vapor and pyrolysis char. (1) 

Woody biomass produced slightly more gas than herbaceous biomass. However, the amount of gasification char 

and overall tar does not follow the same trend. Pine produced the most amount of tar, while tar from oak was 

the least.  Switchgrass produced the most amount of char. In comparison, alfalfa produced more tar and more 

gas than switchgrass thus resulted in the least amount of char generated. According to carbon content of alfalfa 

char (0%), the left over is only ash. Switchgrass and pine shows similar char yield in both pyrolysis conditions, 

leaving oak char the most resistant during gasification. The amount of mass coming out during steam 

gasification results from gasification reactivity of char, which is assigned to both physical and chemical 

properties of pyrolysis char. It has been reported that herbaceous material has much higher reaction area with 

high surface area and smaller particle size. Besides surface area, particle density is another possible reason to 

explain the low reaction activity of oak, which impeded heating transfer in heating. Also, the catalytic effect of 

specific ash component in alfalfa may be one reason for the high reactivity. (2) With increasing primary 

pyrolysis temperature, overall tar increased while the yield of overall gas and gasification char decreased. 

Combined with the previous observation of products from pyrolysis vapor and char individually, the increase of 

tar from 700
o
C pyrolysis products result from the higher ability of tar formation of 700

o
C pyrolysis product than 
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that of 500
o
C pyrolysis product as shown in Table 5.5 and Figure 5.8. This increase in tar formation ability may 

result from the different chemical composition of pyrolysis vapor, which means that secondary cracking 

products dominant in 700
o
C pyrolysis vapor produced more tar than primary pyrolysis products contained in 

500
o
C pyrolysis vapor although the composition of their gasification products are of no difference. It indicates 

tar formation from may be limited by rate of secondary product formation.  

3.2. Carbon yield 

From Table 5.6 and Figure 5.19, which illustrated the impact of pyrolysis temperature and biomass species on 

overall gasification carbon yield, it shows that although using 700
o
C as pyrolysis temperature resulted in less 

carbon in char residue, it lost more carbon in tar compounds. Based on previous analysis, this is reasonable 

because more carbon is contained in gasification tar from 700
o
C pyrolysis products. The impact of biomass 

species on the yield of gasification gaseous product is not important. Carbon content in the tar compounds from 

oak is the least compared with other three biomass samples, which show similar amount of carbon yield in tar 

compounds. Consequently, 500
o
C pyrolysis temperature is suggested based on the carbon efficiency compared 

with 700
o
C because less carbon is lost as tar compounds and more carbon is left in gasification gas which can 

be further processed as fuels.  

3.3. Gasification char from 500
o
C pyrolysis char 

Table 5.7 shows the elemental content and ash content of gasification char residue. This char sample 

was generated separately from the gasification experiment under similar reaction conditions as the Py-MBMS 

experiments. Since much more materials were used in order to get enough material for chemical analysis, there 

may be some variation between this char sample and those made in the Py-MBMS experiment judged by the 

carbon content in alfalfa char (21.9% in this char sample v.s. 0% in char from Py-MBMS experiment). 

Considering we only want to compare the relative properties of char for four feedstocks, this result can give us a 
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reasonable comparison as a reference to the char made in Py-MBMS. As can be seen in this table, ash content in 

char from two herbaceous materials is much higher than those from two woody materials. It is possible that 

some minerals in herbaceous materials are resistant to evolve into vapor even at 950
o
C. Also, since the N% is 

still more than 2%, it means nitrogen compounds are not completely evaporated during gasification of alfalfa. In 

addition, the oxygen content of alfalfa and switchgrass char is much higher than that of two woody biomass. 

This may result from different tar formation or charring reaction.  

In summary, tar composition in gasification product from pyrolysis char is very different from that 

from pyrolysis vapor. This indicates that tar formation mechanism from pyrolysis tar and vapor is different. The 

impact of species on gasification tar from pyrolysis vapor is small while there is no significant impact of 

primary pyrolysis temperature. The impact of biomass species on product from pyrolysis char is not clear but 

the impact of primary pyrolysis temperature is very obvious, which may due to both the minerals and the 

volatile matter content in char as well as other chemical and physical properties of different biochar. Both 

nitrogen and ash components still exist in gasification char.  
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 Conclusions 

This study clarified the mass balance and carbon balance of products produced in the two stage steam 

gasification of representative woody and herbaceous biomass. Also it compared the gasification reactivity of 

pyrolysis vapor and char from those materials. The detailed chemical composition of vapor product from each 

of the product fraction was analyzed by Py-MBMS coupled with Multivariate Analysis and quantification 

techniques. Conclusions have been made on the impact of biomass species and primary pyrolysis temperature 

on the pyrolysis and gasification behaviors of raw biomass as well as the pyrolysis products. The impact of 

nitrogen and ash on the variation of product was emphasized. Important results are summarized below.  

1. Impact of biomass species on two stage gasification 

(1) Primary pyrolysis: woody biomass produced more vapor and less char than herbaceous biomss. 

Products from two woody biomass samples are very similar in terms of peaks and relative intensity. 

However, the relative intensity and prominent peaks (especially aromatics with relatively higher 

molecular weight) are obviously different from those in the spectra of two herbaceous biomass. The 

difference shown at 700
o
C may relate to the generation of olefin from carbohydrates and the lignin 

decomposition reactions, as well as the evaporation of nitrogenous compounds. It is possible that 

minerals in herbaceous biomass increased the decomposition/transformation of both carbohydrates and 

lignin thus increased the amount of low molecular weight compounds and aromatics. 

 

(2) Secondary gasification: Majority of gasification vapor products are from pyrolysis vapor. Gasification 

behaviors of pyrolysis vapor and char depend on many factors. Impact of species on gasification vapor 

product yield from pyrolysis vapor is limited, while its impact on vapor composition is obvious. The 

composition of gasification vapor product (m/z 80-400) from pyrolyisis vapor is not impacted by 

primary pyrolysis temperature. The composition of the gasification products (m/z 80-400) from 
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pyrolysis char is very different depending on pyrolysis temperature and biomass species. This might be 

due to the variety of ash compounds and volatile matters contained in pyrolysis char and the different 

reaction mechanism of tar formation form pyrolysis char to pyrolysis vapor.  

 

(3) Overall: The overall gasification performance shows very limited impact of species on mass yield and 

carbon yield of tar and gas. Variation in char yield is large. In terms of tar composition, higher 

molecular weight aromatics were less produced from herbaceous biomass. However, the drawback is 

the nitrogen compounds were evaporated during gassy biomass gasification. Besides, based on the 

different gasification behaviors of switchgrass and alfalfa, the amount and composition of ash are very 

important factors. Gasification product properties from woody biomass are similar although there are 

many compositional differences between hardwood and softwood. Oak has the least gasification 

reactivity among four biomass samples, which might be due to its physical properties, such as density 

or thermal conductivity. It is encouraged to study the impact of minerals on tar formation and steam 

gasification of char, thus minerals in herbaceous biomass can be utilized for better production of 

syngas. The composition of syngas from different pyrolysis products is not clear.  

 

2. Impact of primary pyrolysis temperature on two stage gasification 

(1) Pyrolysis stage: 500
o
C pyrolysis products and 700

o
C pyrolysis products are very different. The yield of 

pyrolysis vapor increased while that of pyrolysis char decreased with increasing pyrolysis temperature. 

Pyrolysis vapor made at 500
o
C shows the cell wall compositional difference of raw biomass, known as 

primary “oxygenates”, while pyrolysis vapor made at 700
o
C, known as “hydrocarbons”, is from olefin 

reorganization and primary lignin secondary cracking. The composition and carbon content of 500
o
C 

pyrolysis vapor and 700
o
C pyrolysis vapor are largely different.  
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(2) Secondary and overall gasification: Higher primary pyrolysis temperature resulted in more tar and less 

gasification char. Gas from 700
o
C pyrolysis vapor is more than gas from 500

o
C pyrolysis vapor 

however gas from 700
o
C pyrolysis char is less than gas from 500

o
C pyrolysis char. The overall 

gasification product yield results show that more gas was produced from 500
o
C pyrolysis vapor and 

char together. Also, in terms of carbon yield, more carbon was lost in tar while less carbon was 

retained in gas product using 700
o
C as primary pyrolysis temperature. The composition of gasification 

tar from pyrolysis vapor is not impacted by primary pyrolysis temperature while only limited amount 

of tar is produced from pyrolysis char. Based on the assumption of limited compositional difference in 

overall tar products; 500
o
C is preferred to 700

o
C as primary pyrolysis temperature in two stage 

gasification.  

3. Gasification behavior of pyrolysis vapor and pyrolysis char 

(1) Less tar and more gas was produced from pyrolysis char than pyrolysis vapor. This is probably 

because of low volatile content and high carbon content in pyrolysis char. Thus pyrolysis char is 

preferred for steam gasification to pyrolysis vapor for the sake of tar reduction although part of the 

carbon in pyrolysis char ends up in gasification char.  

 

(2) If all char is burnt, there will be very limited impact of biomass species on the yield of gasification tar 

and gas. However, the composition of gasification products is different due to nitrogen content and the 

impact of minerals on tar formation.  

4. Ash and nitrogen compound evaporation 

(1) After the pyrolysis stage, the evaporation of ash is 50% for alfalfa and less amount of ash was 

evaporated for switchgrass (ash yield = 85%). More than 50% of nitrogen evaporated into pyrolysis 
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vapor while the rest of them keep evaporating in secondary gasification. As a result, one fourth to half 

of the ash is left in gasification char while less than 5% of nitrogen is left after steam gasification.   

 

(2) The impact of nitrogen compound on gasification is less important than that of ash judged by the high 

gasification reactivity of alfalfa char during secondary gasification.  

Based on the above findings, it proves that Py-MBMS could be used as a high-throughput technique 

for the investigation of product distribution and process efficiency of pyrolysis and two stage gasificaion. It is 

suggested that 500
o
C is preferred as primary pyrolysis temperature to 700

o
C due to the higher gasification 

efficiency and less loss of carbon in tar during the process. Ash components in herbaceous biomass could be 

utilized for reduction of tar formation in steam gasification. Besides, the impacts of nitrogen compounds and 

char structures on gasification reactivity of pyrolysis char need to be investigated in the future in order to better 

control char gasification. In addition, tar formation from olefin reorganization and primary lignin secondary 

cracking needs to be clarified and differentiated in order to understand the reaction pathways better.   
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Figure 5.1 Illustration of two stage gasification products 
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Figure 5.2 Quartz tube reactor coupled with MBMS for biomass thermal decomposition 
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Figure 5.3 Impact of temperature and species on product yield of pyrolysis 
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Figure 5.4 Impact of temperature and species on product carbon yield of pyrolysis 
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Figure 5.5  500
o
C pyrolysis vapor spectra (m/z 50-300) of (A) switchgrass, (B) alfalfa, (C) pine, and (D) 

oak 
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Figure 5.6 700
o
C pyrolysis vapor spectra (m/z 50-300) of (A) switchgrass, (B) alfalfa, (C) pine, and (D) 

oak 
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Figure 5.7 Impact of primary pyrolysis temperature and biomass species on gasification vapor product 

from pyrolysis vapor and pyrolysis char (Nomenclature: ‘primary pyrolysis temperature – primary 

pyrolysis product – gasification product’: ‘500-vapor-Tar’ means tar from 500
o
C pyrolysis vapor; ‘700-

vapor-Tar’ means tar from 700
o
C pyrolysis vapor;  ‘500-char-Tar’ means tar from 500

o
C pyrolysis char;  

‘700-char-Tar’ means tar from 700
o
C pyrolysis char; ‘500-vapor-Gas’ means gaseous product from 

500
o
C pyrolysis vapor; ‘700-vapor-Gas’ means gaseous product from 700

o
C pyrolysis vapor; ‘500-char-

Gas’ means gaseous product from 500
o
C pyrolysis char; : ‘700-char-Gas’ means gaseous product from 

700
o
C pyrolysis char.) 
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Figure 5.8 Impact of primary pyrolysis temperature and biomass species on carbon yield of gasification 

vapor product from pyrolysis vapor and pyrolysis char (Nomenclature: ‘primary pyrolysis temperature – 

primary pyrolysis product – gasification product’: ‘500-vapor-Tar’ means tar from 500
o
C pyrolysis 

vapor; ‘700-vapor-Tar’ means tar from 700
o
C pyrolysis vapor;  ‘500-char-Tar’ means tar from 500

o
C 

pyrolysis char;  ‘700-char-Tar’ means tar from 700
o
C pyrolysis char; ‘500-vapor-Gas’ means gaseous 

product from 500
o
C pyrolysis vapor; ‘700-vapor-Gas’ means gaseous product from 700

o
C pyrolysis 

vapor; ‘500-char-Gas’ means gaseous product from 500
o
C pyrolysis char; : ‘700-char-Gas’ means 

gaseous product from 700
o
C pyrolysis char.) 
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Figure 5.9 Impact of primary pyrolysis temperature and biomass species on gasification product yield of 

pyrolysis vapor and pyrolysis char (Nomenclature: ‘primary pyrolysis temperature – primary pyrolysis 

product – gasification product’: ‘500-vapor-Tar’ means tar from 500
o
C pyrolysis vapor; ‘700-vapor-Tar’ 

means tar from 700
o
C pyrolysis vapor;  ‘500-char-Tar’ means tar from 500

o
C pyrolysis char;  ‘700-char-

Tar’ means tar from 700
o
C pyrolysis char; ‘500-vapor-Gas’ means gaseous product from 500

o
C pyrolysis 

vapor; ‘700-vapor-Gas’ means gaseous product from 700
o
C pyrolysis vapor; ‘500-char-Gas’ means 

gaseous product from 500
o
C pyrolysis char; : ‘700-char-Gas’ means gaseous product from 700

o
C 

pyrolysis char.) 
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Figure 5.10 Impact of primary pyrolysis temperature and biomass species on gasification carbon yield of 

pyrolysis vapor and pyrolysis char (Nomenclature: ‘primary pyrolysis temperature – primary pyrolysis 

product – gasification product’: ‘500-vapor-Tar’ means tar from 500
o
C pyrolysis vapor; ‘700-vapor-Tar’ 

means tar from 700
o
C pyrolysis vapor;  ‘500-char-Tar’ means tar from 500

o
C pyrolysis char;  ‘700-char-

Tar’ means tar from 700
o
C pyrolysis char; ‘500-vapor-Gas’ means gaseous product from 500

o
C pyrolysis 

vapor; ‘700-vapor-Gas’ means gaseous product from 700
o
C pyrolysis vapor; ‘500-char-Gas’ means 

gaseous product from 500
o
C pyrolysis char; : ‘700-char-Gas’ means gaseous product from 700

o
C 

pyrolysis char.) 
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Figure 5.11 Gasification mass spectra from 500
o
C pyrolysis vapor (m/z 50-300) of (A) switchgrass, (B) 

alfalfa, (C) pine, and (D) oak 
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Figure 5.12 Gasification mass spectra from 700
o
C pyrolysis vapor (m/z 50-300) of (A) switchgrass, (B) 

alfalfa, (C) pine, and (D) oak 

 

  



274 

 

 

 

 

 



275 

 

  



276 

 

 

 

 

 

 

Figure 5.13 Gasification mass spectra from 500
o
C pyrolysis char (m/z 10-300) of (A) switchgrass, (B) 

alfalfa, (C) pine, and (D) oak 
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Figure 5.14 Gasification mass spectra from 700
o
C pyrolysis char (m/z 10-300) of (A) switchgrass, (B) 

alfalfa, (C) pine, and (D) oak 
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Figure 5.15 Quantified benzene and tar compounds from pyrolysis vapor and char  (Nomenclature: 

‘primary pyrolysis temperature – primary pyrolysis product – gasification product’: ‘500-vapor-Tar’ 

means tar from 500
o
C pyrolysis vapor; ‘700-vapor-Tar’ means tar from 700

o
C pyrolysis vapor;  ‘500-

char-Tar’ means tar from 500
o
C pyrolysis char;  ‘700-char-Tar’ means tar from 700

o
C pyrolysis char.) 
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Figure 5.16 PCA analysis of gasification spectra (m/z 80-400) from different pyrolysis products  (A-1) 

Scores plot of gasification spectra of 500
o
C pyrolysis vapor; (A-2) Loadings plot of gasification spectra of 

500
o
C pyrolysis vapor; (B-1) Scores plot of gasification spectra of 700

o
C pyrolysis vapor; (B-2) Loadings 

plot of gasification spectra of 700
o
C pyrolysis vapor; (C-1) Scores plot of gasification spectra of 500

o
C 

pyrolysis char; (C-2) Loadings plot of gasification spectra of 500
o
C pyrolysis char; (D-1) Scores plot of 

gasification spectra of 700
o
C pyrolysis char; (D-2) Loadings plot of gasification spectra of 700

o
C pyrolysis 

char. 
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Figure 5.17 PCA analysis of gasification spectra (m/z 80-400) from different biomass (A-1) Scores plot of 

gasification spectra from switchgrass; (A-2) Loadings plot of gasification spectra from switchgrass; (B-1) 

Scores plot of gasification spectra from alfalfa; (B-2) Loadings plot of gasification spectra from alfalfa; 

(C-1) Scores plot of gasification spectra from pine; (C-2) Loadings plot of gasification spectra from pine; 

(D-1) Scores plot of gasification spectra from oak; (D-2) Loadings plot of gasification spectra from oak. 
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Figure 5.18 Impact of pyrolysis temperature and biomass species on overall gasification product yield 



290 

 

Figure 5.19 Overall gasification carbon product yield 
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Table 5.1 Proximate analysis, ultimate analysis, ash content and composition of feedstock 

Species 
a
Carbon % 

a
Hydrogen % 

a
Nitrogen % 

b
Oxygen% 

a
Ash% 

Switchgrass 43.6 6.2 0.9 41.8 7.4 

Alfalfa 42.1 6.3 3.1 37.9 10.5 

Pine 48.8 6.6 0.3 43.6 0.7 

Oak 48.0 6.4 0.2 44.9 0.6 

a
Ultimate analysis and ash content were measured at National Renewable Energy Laboratory; 

b
Oxygen content is calculated by 100-Carbon%-Hydrogen%-Nitrogen-Ash%. 
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Table 5.2 Ultimate analysis results and ash content of 500
o
C pyrolysis char 

Species 
Carbon 

% 
Hydrogen % Nitrogen % Oxygen% Ash % 

a
Nitrogen yield% 

b
Ash 

yield% 

Switchgrass 60.4 4.9 1.2 11.4 22.1 33.8 85.0 

Alfalfa 56.0 4.9 3.2 17.4 18.5 36.6 50.0 

Pine 77.5 5.5 0.5 14.6 1.9 22.6 63.2 

Oak 79.8 4.9 0.2 13.7 1.4 21.7 54.3 

a
Nitrogen yield = Nitrogen content of char x char yield/ Nitrogen content of raw biomass x 100% 

b
Ash yield = Ash content of char x char yield/ Ash content of raw biomass x 100% 
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Table 5.3 Product distribution of two stage gasification 

Species Switchgrass Alfalfa 

Pyrolysis  

temp. 

Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

500
 o
C 

Py-vapor 66.2% 
Tar 3.1% 

Py-vapor 63.4% 
Tar 2.9% 

Gas 63.1% Gas 60.6% 

Py-char 33.8% 

Tar 1.2% 

Py-char 36.6% 

Tar 1.8% 

Gas 19.4% Gas 28.2% 

Char 13.2% Char 6.6% 

700
 o
C 

Py-vapor 74.4% 
Tar 4.8% 

Py-vapor 71.9% 
Tar 4.4% 

Gas 69.6% Gas 67.5% 

Py-char 25.6% 

Tar 1.5% 

Py-char 28.1% 

Tar 2.1% 

Gas 13.2% Gas 20.1% 

Char 10.9% Char 5.9% 

Species Pine Oak 

Pyrolysis  

temp. 

Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

500
 o
C 

Py-vapor 77.4% 
Tar 3.5% 

Py-vapor 78.3% 
Tar 3.1% 

Gas 73.9% Gas 75.2% 

Py-char 22.6% 

Tar 1.3% 

Py-char 21.7% 

Tar 0.8% 

Gas 18.8% Gas 13.6% 

Char 2.5% Char 7.4% 

700
 o
C 

Py-vapor 85.3% 
Tar 5.7% 

Py-vapor 85.7% 
Tar 4.6% 

Gas 79.6% Gas 81.1% 

Py-char 14.7% 

Tar 1.8% 

Py-char 14.3% 

Tar 1.3% 

Gas 11.8% Gas 7.8% 

Char 1.1% Char 5.2% 
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Table 5.4 Carbon yield of two stage gasification 

Species Switchgrass Alfalfa 

Pyrolysis temp. 
Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

500
 o
C 

Py-vapor 57.7% 
Tar 8.7% 

Py-vapor 50.8% 
Tar 7.9% 

Gas 49.0% Gas 42.9% 

Py-char 42.3% 

Tar 2.9% 

Py-char 49.2% 

Tar 4.4% 

Gas 39.4% Gas 44.8% 

Char 13.3% Char 0.0% 

700
 o
C 

Py-vapor 69.5% 
Tar 13.2% 

Py-vapor 64.6% 
Tar 11.8% 

Gas 56.2% Gas 52.8% 

Py-char 30.5% 

Tar 3.2% 

Py-char 35.4% 

Tar 4.7% 

Gas 27.3% Gas 30.7% 

Char 9.9% Char 0.0% 

Species Pine Oak 

Pyrolysis temp. 
Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

500
 o
C 

Py-vapor 62.6% 
Tar 8.6% 

Py-vapor 60.1% 
Tar 7.8% 

Gas 54.0% Gas 52.3% 

Py-char 37.4% 

Tar 2.7% 

Py-char 39.9% 

Tar 1.7% 

Gas 34.8% Gas 38.3% 

Char 6.3% Char 17.1% 

700
 o
C 

Py-vapor 73.4% 
Tar 13.6% 

Py-vapor 73.4% 
Tar 11.5% 

Gas 59.7% Gas 62.0% 

Py-char 26.6% 

Tar 3.6% 

Py-char 26.6% 

Tar 2.6% 

Gas 23.1% Gas 23.9% 

Char 1.5% Char 8.5% 
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Table 5.5 Comparison of gasification product yield from pyrolysis vapor and pyrolysis char 

Species Switchgrass Alfalfa 

Pyrolysis temp. 
Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

500
 o
C 

Py-vapor 100.0% 
Tar 5.2% 

Py-vapor 100.0% 
Tar 5.0% 

Gas 94.8% Gas 95.0% 

Py-char 100.0% 

Tar 5.7% 

Py-char 100.0% 

Tar 7.2% 

Gas 55.2% Gas 74.8% 

Char 39.1% Char 17.9% 

700
 o
C 

Py-vapor 100.0% 
Tar 7.2% 

Py-vapor 100.0% 
Tar 6.7% 

Gas 92.8% Gas 93.3% 

Py-char 100.0% 

Tar 9.5% 

Py-char 100.0% 

Tar 12.4% 

Gas 48.0% Gas 66.6% 

Char 42.6% Char 21.0% 

Species Pine Oak 

Pyrolysis temp. 
Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

500
 o
C 

Py-vapor 100.0% 
Tar 5.2% 

Py-vapor 100.0% 
Tar 4.3% 

Gas 94.8% Gas 95.7% 

Py-char 100.0% 

Tar 8.8% 

Py-char 100.0% 

Tar 5.9% 

Gas 80.1% Gas 60.0% 

Char 11.1% Char 34.0% 

700
 o
C 

Py-vapor 100.0% 
Tar 7.5% 

Py-vapor 100.0% 
Tar 6.0% 

Gas 92.5% Gas 94.0% 

Py-char 100.0% 

Tar 20.1% 

Py-char 100.0% 

Tar 15.4% 

Gas 72.4% Gas 48.3% 

Char 7.5% Char 36.4% 
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Table 5.6 Comparison of gasification carbon yield from pyrolysis vapor and pyrolysis char 

Species Switchgrass Alfalfa 

Pyrolysis temp. 
Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

500
 o
C 

Py-vapor 100.0% 
Tar 15.0% 

Py-vapor 100.0% 
Tar 15.6% 

Gas 85.0% Gas 84.4% 

Py-char 100.0% 

Tar 6.8% 

Py-char 100.0% 

Tar 9.0% 

Gas 93.2% Gas 91.0% 

Char 31.5% Char 0.0% 

700
 o
C 

Py-vapor 100.0% 
Tar 19.1% 

Py-vapor 100.0% 
Tar 18.3% 

Gas 80.9% Gas 81.7% 

Py-char 100.0% 

Tar 10.5% 

Py-char 100.0% 

Tar 13.3% 

Gas 89.5% Gas 86.7% 

Char 32.4% Char 0.0% 

Species Pine Oak 

Pyrolysis temp. 
Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

Pyrolysis 

products 
wt% 

Gasification 

products 
wt% 

500
 o
C 

Py-vapor 100.0% 
Tar 13.8% 

Py-vapor 100.0% 
Tar 12.9% 

Gas 86.2% Gas 87.1% 

Py-char 100.0% 

Tar 7.1% 

Py-char 100.0% 

Tar 4.1% 

Gas 92.9% Gas 95.9% 

Char 16.7% Char 42.7% 

700
 o
C 

Py-vapor 100.0% 
Tar 18.5% 

Py-vapor 100.0% 
Tar 15.6% 

Gas 81.5% Gas 84.4% 

Py-char 100.0% 

Tar 13.4% 

Py-char 100.0% 

Tar 10.0% 

Gas 86.6% Gas 90.0% 

Char 5.6% Char 32.0% 
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Table 5.7 Properties of gasification char with primary pyrolysis temperature at 500
o
C 

Specie

s 
Carbon % Hydrogen % Nitrogen % Oxygen% Ash % 

Nitrogen 

yield% 

Ash 

yield% 

Swg 51.8 3.4 0.4 13.3 31.2 4.6 55.4 

Alfalfa 21.9 4.8 2.1 30.0 41.3 4.3 25.7 

Pine 88.2 2.7 0.0 6.2 3.0 0.0 11.1 

Oak 89.7 2.7 0.1 5.7 1.8 5.8 23.7 
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Chapter 6 Conclusions and Future Work 

 

 

 

 Conclusions 

Py-MBMS and NIR coupled with multivariate analysis were used together with traditional fuel 

analysis methods to evaluate product distribution and process efficiency of various biomass conversions into 

biofuels through torrefaction, pyrolysis and gasification. The story started with a review of using Py-MBMS 

and NIR in characterizing raw/modified/pretreated biomass as a high-throughput technique in Chapter 1. We 

applied the same methodology of coupling these two techniques with multivariate analysis in the study of 

chemical properties of torrefied wood from yellow poplar, red oak and loblolly pine in Chapter 2. The impact of 

biomass species and torrefaction condition on thermal decomposition of biomass constituents during 

torrefaction were investigated. Also prediction models for chemical properties of torrefied biomass were built 

from mass yield, NIR spectra and Py-MBMS spectra. After product identification and properties prediction, 

torrefaction process efficiency (mass yield, carbon yield and energy yield) was tracked carefully in Chapter 3 to 

make suggestions on optimum torrefaction condition. While torrefaction targets at producing solid fuel, 

pyrolysis and gasification aims at producing liquid fuels that can fit into current fossil fuel infrastructure. 

Chapter 4 tried to elucidate any possible interaction during feedstock formulation of different biomass with 

varying organic and inorganic compositions during pyrolysis oil production. Based on careful examination and 

comparison of calculated and experimental results, we identified three factors that will cause interactions during 

co-pyrolysis of pine with switchgrass or alfalfa. Chapter 5 attempts to evaluate the impact of species and 

condition on two stage steam gasification and at the same time compared the different gasification behaviors of 
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pyrolysis char and vapor. Species impact on gasification was evaluated by product composition, product yield 

and carbon efficiency. Also, preferred primary pyrolysis temperature for gasification was suggested.  

This study demonstrated that Py-MBMS coupled with MVA could be used as fast analytical tools for 

the study of not only biomass composition but also its thermal decomposition behaviors. NIR spectra and mass 

yield are capable of predicting biomass fuel properties through mathematic modeling, while Py-MBMS is able 

to get more chemical insight in raw and torrefied biomass and construct prediction models efficiently for other 

chemical compositions, such as Klason lignin content, S/G ratio, glucan content, etc. With the help of Principal 

Component Analysis (PCA), Py-MBMS spectra and NIR spectra are able to screen and compare the chemical 

properties of various biomass samples and biofuel products. Besides, Py-MBMS spectra can be utilized for 

qualitative and qualitative comparison of product chemistry during biomass thermal decomposition under 

customized reaction conditions (torrefaction, pyrolysis and gasification). Catalyzed vapor cracking by minerals, 

evaporation of nitrogen compounds are observed during pyrolysis and gasification. Items quantified in this 

study include carbon content, tar compounds and total tar yield. It is also expected that syngas can be quantified 

through similar calibration method.  

The impact of biomass species on its thermal decomposition was studied thoroughly. A wide range of 

biomass species were selected as thermal decomposition feedstocks to represent a wide range of woody biomass, 

energy crops or high protein forage crops. They are composed of different lignin, hemicellulose, nitrogen 

compounds, and ash. It found that the impact of biomass composition heavily depends on the thermal 

decomposition temperature because at different temperature, the composition of biomass decomposed and the 

impact of minerals on the decomposition reaction varies. At low temperature (200-500
o
C), organic compounds 

attribute to the majority of variation in thermal decomposition products. During torrefaction (200 – 300
o
C), 

different content and composition of hemicellulose in hardwood and softwood resulted in different mass yield, 

carbon yield and energy yield of torrefied biomass. Hardwood showed higher torrefaction reactivity than 

softwood due to its higher composition of xylan and S lignin. During pyrolysis at 500
o
C, spectra from different 

biomass revealed their cell wall composition of carbohydrates and lignin, as well as protein. Various lignin 

fragments including S, G, and H lignin in woody and herbaceous biomass were clearly presented in its 500
o
C 
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pyrolysis spectra. However, the pyrolysis product from cellulose and hemicellulose cannot be distinguished 

clearly with very limited number of signature peaks. Around 25 - 50% minerals in biomass were evaporated 

into pyrolysis vapor at 500
o
C. The existence of minerals dramatically changed the pyrolysis pathways of 

carbohydrates. Alkali minerals lead to the formation of furfural derivatives instead of levoglucosan and 

promoted the vapor cracking of anhydrosugars into olefins at this pyrolysis temperature and above. The 

catalytical impact from minerals also explains the interaction during the co-pyrolysis of pine with herbaceous 

biomass with relatively high ash content by reducing total vapor yield and the amount of detected carbohydrates 

decomposition products. At higher temperature of 700
o
C, the product slate of pyrolysis vapor is largely 

different from that produced at 500
o
C. Instead of containing primary lignin monomer fragments and 

anhydrosugars, low molecular olefins, single ring aromatics are formed from secondary cracking of 

anhydrosugars and lignin monomers. The formation of single ring aromatics, such as phenol, cresol and toluene 

supposed to result from both reorganization of olefins and the secondary cracking of primary lignin products. 

The impact of minerals on pyrolysis at 700
o
C is obvious as well. The pyrolysis spectra of two herbaceous 

biomass contained more single ring aromatics which result from the enhanced olefin formation from cracking of 

carbohydrates and lignin. Because of this, more olefins were presented than aromatics, of which the large 

proportion was directly formed from lignin primary phenolics. Thus it is suggested that adding minerals in 

thermal decomposition could catalyze the cracking reaction of both lignin and carbohydrates. In gasification, 

the previous studies showed very limited of species impact on tar composition and yield. However, in our study, 

the detailed analysis of gasification spectra from pyrolysis char and pyrolysis vapor showed species dependence 

of gasification products composition from although the mass and carbon yield of tar from different biomass are 

not very distinct. For gasification of pyrolysis vapor, the impact of species is mainly due to the existent of 

nitrogen compounds and the catalytical impact of ash on olefin cracking thus affected the PAHs formation. For 

gasification of pyrolysis char, different reactivity of char from different biomass depends on both chemical and 

physical properties of the carbonaceous residue. Based on the above results, it is suggested that the minerals in 

herbaceous biomass could be very useful in pyrolysis and gasification. Formulation of feedstocks through 

mixing of woody and herbaceous biomass is a good way to expand the feedstock sources and decrease the 
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feedstock cost as well as improve product quality. Pretreatment of biomass through torrefaction could improve 

the fuel properties of feedstock as well as improve the gasification performance of biomass.  

This research also addressed the issue of optimizing the reaction conditions in order to improve the 

process efficiencies or get the desired product. Based on the evaluation of process efficiencies during 

torrefaction, temperature ranging from 275
o
C to 300

o
C with short residence time (<10min) are proposed to be 

optimal torrefaction conditions. Because under these conditions, energy yield was high while mass yield was 

low; the reaction rate of carbon loss was slow while that of mass loss was fast for both hardwood and softwood, 

which resulted in more effective carbon and energy densification. Based on the assumption of limited 

compositional difference in overall tar products; 500
o
C is preferred to 700

o
C as primary pyrolysis temperature 

in two stage gasification. Higher primary pyrolysis temperature resulted in more tar and less gasification char. 

Also, in terms of carbon yield, more carbon is lost in tar while less carbon is retained in gas product using 

700
o
C as primary pyrolysis temperature. The composition of gasification tar from pyrolysis vapor is not 

impacted by primary pyrolysis temperature while only limited amount of tar is produced from pyrolysis char. In 

addition, pyrolysis char is found to produce less tar and more gas during steam gasification compared with 

gasification of pyrolysis vapor. Thus it is suggested that torrefaction might be an efficient pretreatment for 

biomass gasification because it can largely improve the yield of pyrolysis char during the primary pyrolysis step 

of gasification thus reduce the total tar of the overall gasification products. 

 Future work 

(1) Evaluation of torrefaction vapor products and char residue from pyrolysis and gasification process in 

order to elucidate reaction mechanism of those process and facilitate computer modeling for process 

simulation. Characterize the physical properties of pyrolysis and gasification char, especially the char 

from alfalfa, for the development of possible catalyst for steam gasification.  

 

(2) Track the evaporation of ash components during the thermal decomposition process at different 

temperature and in different gas atmosphere in order to identify the ash species that interact with 

biomass cell wall composition at a certain decomposition stage. Thus the use or removal of minerals 
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can be well controlled for cost reduction and better final products. In addition the fate and deposition 

of the individual ash components, e.g. Na, K, S, and Cl need to be studied as they will impact the 

downstream catalyst, metallurgy, operating and maintenance cost, etc.  

 

(3) Find out a better way to quantify syngas component for a complete product slate collection during 

biomass thermal decomposition.  

 

 


