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CHAPTER I 
 

 

Introduction 

 Thermochemical conversion is one of the major pathways in converting biomass 

into liquid or gaseous fuels. In this process, heat is applied to break down biomass 

polymers into smaller molecules. Gasification and pyrolysis are two well-known 

thermochemical conversion technologies that are gaining worldwide attention. 

Gasification occurs in the presence of an oxidizing atmosphere and the final product is 

gaseous fuel known as syngas or producer gas. On the other hand, pyrolysis occurs in 

inert atmosphere and the final product is primarily a liquid fuel known as bio-oil. Even 

though the operation conditions such as temperature, heating rate and particle size 

required for these processes are different, the initial breaking down of biomass is similar. 

The process of breaking down biomass into volatiles with the application of heat in inert 

atmosphere is called as devolatilization or primary pyrolysis. This process is 

instantaneous and is the first phenomenon that occurs in any thermochemical conversion 

process following the drying of biomass. Thus, it is essential to study the fundamentals of 

biomass devolatilization, which helps in better understanding, modeling and optimization 

of biomass thermochemical conversion. 
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In chapter II, devolatilization characteristics of three major biomass components 

(cellulose, hemicellulose and lignin) were investigated using a thermogravimetric 

analysis technique. Spectral analysis was conducted using a Fourier Transform Infrared 

Spectrometer (FTIR) to investigate the evolution of gases such as CO, CO2 and CH4. The 

contribution of biomass components on thermal decomposition and gas releasing 

properties of biomass were investigated by comparing their devolatilization 

characteristics with those of switchgrass. In addition to major gases, hydrocarbons, 

aldehydes, and acids were also identified during thermal decompositions of switchgrass 

and model components. 

 In chapter III, the focus of the study was on comparing and contrasting biomass 

based on their compositions on evolution patterns of product gases and carbon conversion 

efficiency during thermochemical conversions. Switchgrass (SG), wheat straw (WS), 

eastern red cedar (ER) and dry distilled grains with solubles (DDGS) were used as 

biomass materials. These biomass materials were selected due to their significant 

variation in contents of cellulose, hemicellulose and lignin. Thermal decomposition 

characteristics of the selected biomass were investigated using a thermogravimetric 

analysis technique. FTIR was calibrated to quantify CO, CO2 and CH4; whereas, mass 

spectrometry (MS) was calibrated for argon gas. 

 In chapter IV, the focus of the study was to develop a computational fluid 

dynamics (CFD) model to simulate switchgrass gasification using kinetics developed for 

devolatilization. The kinetic parameters such as activation energy (E), pre exponential 

factor (A) and order of the reaction (n) developed for switchgrass decomposition were 

used to model devolatilization reactions. 
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Overall, this project focused on investigating devolatilization characteristics of 

biomass with varying contents of cellulose, hemicellulose and lignin to better understand, 

model and optimize biomass gasification process.  

The specific objectives were to: 

1. determine the weight loss kinetics of models of its biochemical components i.e. 

cellulose, xylan, lignin, separately during their devolatilization, 

2. conduct spectral analysis to identify the volatiles including permanent gases, 

hydrocarbons, alcohols, acids and aldehydes evolved during devolatilization of 

model components, 

3. compare and contrast biomass based on their compositions on evolution patterns 

of product gases and carbon conversion efficiency during thermochemical 

conversions, 

4.  develop a CFD based switchgrass gasification model using Arrhenius reaction 

rates and predict temperature and product concentration distributions inside a 

gasifier, and 

5. examine the sensitivity and validation of the model by comparing the predicted 

outlet concentrations for different equivalence ratios with experimental data. 
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CHAPTER II 
 

 

Characterization of switchgrass, cellulose, hemicellulose and lignin for 

thermochemical conversions 

 

Abstract: 

 There is much interest in using switchgrass as a potential feedstock to produce 

energy and fuels. Thermochemical conversions, such as gasification and pyrolysis, are 

efficient ways of converting switchgrass into energy and fuels. The goal of this study was 

to investigate reaction kinetics and the nature of volatiles evolved during the 

thermochemical conversions of switchgrass and the contributions of its cellulose, 

hemicellulose and lignin to the decomposition. To accomplish this, a thermogravimetric 

analyzer (TGA) coupled with a Fourier Transform Infrared Spectrometer (FTIR) was 

used. Weight loss kinetics and a gas evolution profile of switchgrass and its components 

were analyzed under inert and oxidizing conditions. Significant weight loss of 

switchgrass occurred in the temperature range of 220 to 420 °C in nitrogen atmosphere 

and 220 to 390 °C in air atmosphere depending on heating rate. 
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The weight loss of the components occurred in different temperature ranges and also the 

reactivity of each component was different from one other. Among the components, 

cellulose decomposed sharply in a narrow temperature range with the highest mass loss; 

whereas, lignin decomposed in a wide temperature range with the lowest mass loss. The 

gases CO2, CO and CH4 were identified as major end products during switchgrass 

decomposition. As compared to lignin, cellulose and hemicellulose decomposition 

yielded higher CO and CO2. However, most of the CH4 yield was due to lignin 

decomposition. 

Key words: Switchgrass, thermochemical conversion, weight loss kinetics, volatiles, 

cellulose, hemicellulose, lignin 
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1. Introduction 

To meet the growing energy demands for transportation fuels and electrical power 

on a sustainable basis, it is necessary to find energy sources that are an alternative to 

fossil resources (Klass, 1995). Uses of fossil resources have also resulted in the release of 

underground trapped carbon into the atmosphere in the form of CO2, a greenhouse gas. 

To help alleviate these concerns, use of biomass as an alternative energy sources has 

drawn growing interests worldwide. The efficient use of biomass for production of fuels 

and power can not only benefit the environment by recycling CO2 but also provide 

opportunity to use biological waste materials such as agricultural, forestry and processing 

wastes (Biagini et al., 2006; Hall, 1997).  

Among the available energy crops, switchgrass appears to be one of the most 

promising due to its higher biomass productivity, fast growth compared to other energy 

crops. In addition, low consumption of water, nutrients and pesticides makes production 

of switchgrass feasible (Keshwani & Cheng, 2009). Another significant advantage of 

switchgrass is its ability to use agricultural land without much degradation and carbon 

loss in soil (Massé et al., 2010). 

Thermochemical conversion technologies such as pyrolysis and gasification are 

considered as efficient methods for converting biomass into fuels because these 

technologies can accept a wide variety of biomass feedstocks and generate a high fuel to 

feed ratio (Jeguirim & Trouvé, 2009; Kumar et al., 2008a). However, these processes 

involve enormous complex chain reactions and require knowledge of reaction kinetics 

(Lee & Fasina, 2009). An understanding of reaction kinetics during biomass 
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decomposition  is essential in designing thermochemical units and modeling pyrolysis 

and gasification processes to predict product yields and properties (Miranda et al., 2007). 

For understanding thermochemical processes, there is a need for an accurate 

technique that can simulate conditions similar to thermochemical conversions and predict 

the thermal degradation behavior of biomass effectively. Thermogravimetric Analysis 

(TGA) is one of the most commonly used techniques to understand the weight loss 

kinetics involved during biomass decomposition (Mani et al., 2010a). This analysis has 

been used to determine devolatilization kinetics of a variety of woods to distinguish the 

wood species based on their composition (Branca et al., 2005; Mészáros et al., 2004). 

TGA coupled with Fourier Transform Infrared Spectrometer (FTIR) provides even  better 

understanding of fundamentals by characterizing the volatiles evolved during biomass 

degradation than TGA alone (Lee & Fasina, 2009). The TGA-FTIR technique has been 

used to understand the pyrolysis characteristics of variety of feedstocks. TG-FTIR 

technique was used in tobacco pyrolysis to analyze evolution patterns of pyrolysis 

products (Wang et al., 2011). The evolution patterns of pollutant gases from the pyrolysis 

of coal and biomass blends were examined by the same authors using TG-FITR.  Guintoli 

et al. (2009) also used TGA-FTIR for product analysis from pyrolysis of agricultural 

waste. The pyrolysis of maize stalks, rice straw and cotton straw was carried out using 

TGA-FTIR and CO, CO2, CH4 were identified as major gaseous products (Fu et al., 

2010). The effects of oxygen concentration and particle size on thermal degradation of 

olive solid waste were also investigated  (Chouchene et al., 2010). The authors concluded 

that the temperature ranges of devolatilization and char oxidation were dependent on the 

size of olive solid waste. The effect of heating rate on the pyrolysis characteristics of 
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different biomass was investigated by various researchers (Haykiri-Acma et al., 2006; 

Mani et al., 2010b). Al-Harahsheh et al. (2011) observed that there was an increase in 

both activation energy and pre exponential factor with increasing the heating rate. Wang 

et al. (2009) pointed out that there was increase in the pyrolysis and oxidation rates of dry 

distilled grains with solubles with increase in the heating rate. Many studies on biomass 

components have been conducted to predict thermal behavior during biomass pyrolysis 

(Orfão et al., 1999; Yan et al., 2005). However, studies on identification of all volatiles 

during devolatilization of cellulose, hemicellulose and lignin and comparison with 

volatiles profile from biomass are scarce. The novelty of this study was the investigation 

of how biochemical components of switchgrass contributed to its weight loss and gas 

evolution profile during thermal decomposition. The specific objectives were to a) 

determine the weight loss kinetics of switchgrass, and models of its biochemical 

components i.e. Avicel cellulose as a model of cellulose, and xylan as a model of 

hemicellulose, and alkali lignin as a model of lignin, separately, under nitrogen and air 

atmospheres, and b) conduct spectral analysis to identify the volatiles including gases, 

hydrocarbons, alcohols, acids and aldehydes evolved during devolatilization of 

switchgrass and its model components. 

2. Materials and Methods 

2.1 Materials 

Kanlow variety switchgrass (Panicum virgatum) grown at the Oklahoma State 

University Agronomy Research Station was used as the biomass feedstock . For 

thermogravimetric analysis, it was milled to 2 mm size using Thomas-Willey mill 

(Arthur H. Thomas Co., Philadelphia). The ultimate and proximate analyses of 
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switchgrass are presented in Table 1. The proximate analysis was performed following 

ASTM D-3172 and ASAE Standard S358.2. The ultimate analysis was performed by 

Midwest Microlab, LLC (Indianapolis, IN). Avicel PH 105 cellulose, xylan (processed 

from beachwood) and alkali lignin were used as three main models of cellulose, 

hemicellulose and lignin, respectively. Average particle size of Avicel PH 105 cellulose 

(FMC Corp, Newark, DE, USA) was 50 µm. Xylan (Sigma Aldrich, St. Louis) and alkali 

lignin (Sigma Aldrich, St. Louis ) were purchased from Sigma-Aldrich Company. 

Although xylan might not represent hemicellulose completely, it is a major component of 

biomass hemicellulose and has been used as a model for hemicellulose in many studies 

(Biagini et al., 2006; Biagini & Tognotti; Vamvuka et al., 2003b). The average particle 

size of xylan and lignin were about 250 µm and 200 µm, respectively. All materials were 

dried at 104 °C for 24 hours prior to the thermogravimetric analysis.  

2.2 Determination of chemical composition 

For compositional analysis, switchgrass sample was sieved through +60/+400 

(250 µm/38 µm sieve openings) sieve plates on a horizontal sieve shaker according to 

National Renewable Energy Laboratory (NREL) procedures (A. Sluiter, 2008a; Carrier et 

al., 2011). About 200 g of the sample was loaded into the sieve. More than 95% of the 

switchgrass was retained on +60 sieve plate. Switchgrass retained on this plate was used 

for extraction and compositional analysis. Water and ethanol extraction of biomass was 

carried using an accelerated solvent extractor (ASE) (Model 300, Dionex Corporation, 

Sunnyvale, CA) to remove the non-structural material using NREL protocols (A. Sluiter, 

2008a). The weight of extractives was recorded after air drying.  
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Following extraction, the residual material was analyzed for structural 

carbohydrates, lignin, acetyl content and ash content using the two step acid hydrolysis 

procedure developed by NREL (A. Sluiter, 2008b; Mani et al., 2010b). For ash analysis 

and determination of acid insoluble lignin (AIL), a muffle furnace (Fisher Scientific, 

Dubuque, IA) was used. Structural carbohydrates were analyzed using a HPLC (Model 

1100, Agilent Technologies, Santa Clara, CA) connected to a refractive index detector 

(RID) with an Bio-Rad Aminex HPX-87P column (Bio-Rad, Sunnyvale, CA). Deionized 

water was used as an eluent at a flow rate of 0.6 ml/min. The column was maintained at 

85 °C. The total run time using this column was 30 min. The HPLC with Chemstation 

software (Agilent Technologies) was calibrated at five levels using known concentrations 

of compounds before being used to quantify the concentration of compounds. Acid 

soluble lignin (ASL) content of biomass was determined using a UV-Vis 

spectrophotometer (Cary 50 Bio, Varian Inc., Palo Alto, CA, USA) at a wavelength of 

205 nm and an extinction coefficient of 110 L/g-cm.. The chemical composition of 

switchgrass were comparable to those reported by Wiselogel and Agblevor (1996) and 

Liu and Ye (2010) (Table 2).  

2.3 Experimental methods 

 TGA (model: Versa Therm, ThermoFischer Scientific, USA) coupled with FTIR 

(model: Nicolet 6700, ThermoFischer Scientific, USA) was used for this this study. 

Switchgrass samples were heated from room temperature (25-30 °C) to 1000 °C at 

heating rates of 10 °C min
-1

, 20 °C min
-1

 and 50 °C min
-1

. Approximately 20 mg of 

sample was used for all the experiments to diminish the heat and mass transfer limitations 

within the sample (Shen et al., 2010). Purified nitrogen and air were used as purging 
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gases during all the experiments. A constant flow rate of 60 ml/min was maintained using 

an integrated mass flow controller to avoid longer residence times in TGA and thus to 

minimize secondary volatile interactions (Biagini et al., 2006). The evolved volatiles 

were immediately directed to the FTIR gas cell through a transfer line. The transfer line 

was heated to 225 °C to avoid condensation of volatiles. The mid infrared radiation 

absorbed by the sample was detected using a deuterated triglycine sulfate (DTGS) 

detector (Thermo Fischer Scientific, USA). The detector measured the absorption of the 

infrared light at different wavelengths based on the function groups presented in the 

volatile mixture. The infrared spectrum scanning ranged from 4000 to 400 cm
-1 

and each 

spectrum was obtained averaging 16 scans at a resolution of 1 cm
-1

. FTIR absorbance 

spectra was obtained every 30s. Each volatile component was identified by matching the 

spectra with reference spectra available in the library database. Since several compounds 

evolved at the same time, subtraction method was used to identify the unknown 

components presented in the spectrum. This subtraction method isolated spectrum of 

know components from the spectrum of a gas mixture analyzed. The evolution patterns of 

major gases such as CO2, CO and CH4 were obtained by selecting absorbance band 

regions of 2250-2500 cm
-1

, 2100-2250 cm
-1 

and 2850-3000 cm
-1 

respectively. All TG-

FTIR experiments were repeated at least three times.  

2.4 Determination of parameters of reaction kinetics 

In the literature, numerous approaches were reported to determine the kinetic 

parameters such as activation energy, pre-exponential factor and order of the reaction 

during biomass decomposition. Since thermochemical processes involve many complex 

reactions, no single model can adequately represent the reaction kinetics of a variety of 
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biomasses (Biagini et al., 2009). The kinetic model used in this study is more generic and 

based on the Arrhenius equation. This model was successfully used by  Kumar et al. 

(2008a) for corn stover, Chouchene et al. (2010) for olive waste and Mansaray and Ghaly 

(1999) for rice husk. The reaction kinetic parameters were determined using the 

following rate equation. 

          (1) 

The reaction constant based on Arrhenius equation can be written as, 

          (2) 

where, n is the order of the reaction, X is the weight of the sample (mg), A is the pre 

exponential factor , E is the activation energy (kJ mol
-1

), T is the temperature (K) and R 

is the universal gas constant ( kJ mol
-1

 K
-1

). 

The linearized form of Arrhenius equation was used to determine the reaction kinetic 

parameters by applying multi-linear regression technique. The simplified rate equation is 

shown below. 

     (3) 

Where, 

, 
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is the weight of the sample at time t (mg), 

 is the initial weight of the sample of the stage (mg), 

is the weight of the residue of that stage (mg) 

The rate equation was integrated using the estimated constants (a, b and c), and the 

weight loss with respect to temperature was predicted. Microsoft excel (2007) software 

was used for multi linear regression. The simulated data was then compared with the 

experimental data. 

3. Results and discussion 

3.1 Under nitrogen conditions 

3.1.1 Thermogravimetric analysis and reaction kinetics of cellulose, xylan and lignin 

 The weight loss and rate of weight loss profiles of cellulose, xylan and lignin are 

shown in Fig. 1 and Fig. 2. The weight loss of these components occurred in different 

temperature ranges and also the reactivity of each component was different from other. 

Xylan (representing hemicellulose) decomposed early in the temperature range of 200-

315 °C with the maximum weight loss occurring in the range of 286-295 °C. The 

derivative plot of xylan showed two different peaks during its decomposition. The first 

peak could be due to the decomposition of side chains and the separation of glycosidic 

bonds from the xylan structure (Shafizadeh et al., 1972; Shen et al., 2010). The second 

peak can be attributed to the fragmentation of the main structure of xylan. The amount of 

solid residue remaining after complete decomposition was about 20 wt %. Cellulose 

pyrolyzed in a temperature range (290-400 °C) and the maximum mass loss was observed 
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at 349-355 °C. The final residue after the cellulose decomposition was about 4 wt. %. In 

contrast to the weight loss of cellulose and xylan, lignin decomposed slowly in a wider 

temperature range (200-900°C) and the final residue after its decomposition was ~51 

wt.%. 

 The parameters of the reaction kinetics of cellulose, xylan and lignin are shown in 

Table 3. The differences in activation energies of these components might be attributed to 

the nature of their reactivity and structural differences. The activation energy (43 KJ.mol
-

1
) of lignin was very low compared with those of cellulose and xylan in the temperature 

range of 220-400 °C. Similar observations were made by Yang et al. (2004) and Vamuka 

et al (2003a). However, secondary weight loss of lignin was observed at higher 

temperature of 680-740 °C with activation energy of approximately 98 KJ.mol
-1

. The 

weight loss in the higher temperature range might be due to the catalytic effect of alkali 

(Na2CO3) and ash content of lignin (Kumar, 2009). Among these three components, the 

activation energy of cellulose was highest (119 KJ.mol
-1

). In the case of xylan, two 

distinct weight loss rate curves were observed within the temperature range of 200-315 

°C as shown in Fig.1. The first curve was observed in the range of 200-260 °C with the 

activation energy of 116 kJ mol
-1

. Similar observations for cellulose and hemicellulose 

were reported by Jeguirim and Trouve (2009) for different heating rates. In this study, a 

lower value of activation energy (58 kJ mol
-1

) was obtained for xylan in the temperature 

range of 260-315 °C. Higher activation energy may be required in lower temperature 

range to separate the glycosidic bonds and side chains from xylan structure. 

3.1.2 Thermogravimetric analysis and reaction kinetics of switchgrass 
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 The weight loss and rate of weight loss profiles of switchgrass at different heating 

rates are shown in Fig. 3 and 4 respectively. With increase in heating rate, the peak for 

maximum rate of weight loss shifted towards higher temperatures. This might be 

attributed to the temperature gradients within the sample at high heating rates (Yang et 

al., 2004). Also, there was a minor increase in the end residue content with increase in the 

heating rate. At low heating rates, the heating of the switchgrass particles occurred slowly 

resulting in effective heat transfer within the particles. Hence, at lower heating rates, the 

cracking took place more effectively and resulted in more weight loss in the form of 

volatiles. The effect of heating rate on the weight loss profiles would be more prominent 

at heating rates higher than those used in this study. The switchgrass decomposition can 

be clearly divided into three stages. The first stage corresponding to moisture 

evaporation, ranged from 25 °C to about 125 °C. The second stage characterizing the 

weight loss of hemicellulose and cellulose ranged from 220 °C to about 400 °C 

depending on heating rate. During this stage of decomposition, about 70 wt % of 

switchgrass was lost. The final stage decomposition was primarily associated with the 

weight loss of lignin, ranging from 400 to 900 °C. 

 The temperature range of 220-400 °C was considered to determine the parameters 

of reaction kinetics of switchgrass devolatilization due to the major weight loss in this 

stage. The activation energy (E) and order of reaction (n) during switchgrass 

decomposition were calculated as 103.7 kJ mol
-1

 and 0.67, respectively (Table 3). These 

values are in close agreement with data provided by Munir et al.(2009) and Zhang et 

al.(2006), even though they used different feedstocks. The activation energy, pre 

exponential factor (A) and order of the reaction were used as inputs to predict the weight 
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loss profile of switchgrass. The simulated data well represented the actual weight loss 

profile (Fig. 5). 

3.2. Under air conditions 

3.2.1 Thermogravimetric analysis and reaction kinetics of cellulose, xylan and lignin 

 Fig. 6 and 7 show the decomposition of cellulose, xylan and lignin in oxidizing 

atmosphere. Each component decomposed with different reactivity and the temperature 

zone of decomposition varied from component to component. The major weight loss 

stage of xylan ranged from 180-285 °C and its decomposition continued until 900 °C. 

Cellulose started to decompose at about 235°C with about 86 % of its weight lost when it 

reached 355 °C. The slow degradation of lignin occurred in the temperature range of 210-

835 °C and only about 38% of its weight was lost. Interestingly, about 43% of the lignin 

that was decomposed did so in the temperature range of 835-912 °C. The presence of 

alkali in the lignin may have promoted the weight loss in high temperature zone (Kumar, 

2009). Reaction kinetic parameters were obtained for cellulose, xylan and lignin in air 

atmosphere (Table 4). The activation energy of cellulose (135 kJ mol
-1

) in air atmosphere 

was higher than those in nitrogen atmosphere. However, xylan had only one peak with 

activation energy of 118 kJ mol
-1

. Lignin had the lowest activation energy of 67 kJ mol
-1

 

in the temperature range of 200-340 °C and highest activation energy of 160 kJ mol
-1

 in 

the range of 840-915 °C. 

3.2.2 Thermogravimetric study and reaction kinetics of switchgrass 

 The effect of oxidizing atmosphere on switchgrass decomposition can be seen in 

Fig. 8. The weight loss behavior of switchgrass can be clearly separated into 3 stages. 
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The first stage of decomposition was attributed to moisture evaporation (25-125 °C). This 

stage of decomposition was similar to that of the first stage in nitrogen atmosphere. 

However, the second stage of decomposition was much sharper (220 to about 350-390 

°C) under oxidizing conditions and it can be clearly evidenced from DTG curves (Fig. 9. 

The maximum rate of weight loss was much higher in oxidizing conditions than in an 

inert atmosphere. Moreover, the rate of weight loss reached its maximum value at a lower 

temperature than in nitrogen indicating the higher reactivity in air atmosphere. This might 

be attributed to the oxidation of hemicellulose and cellulose present in switchgrass. The 

final stage of weight loss ranged from 390-515°C for higher heating rates and 350-600°C 

for lower heating rates. Lignin was the main component that decomposed in this stage.  

The devolatilization of hemicellulose and cellulose followed by their ignition may have 

increased the porosity of the char formed in the second stage. Thus, oxygen may have 

diffused into this char and increased reactivity of lignin during the final stage of 

decomposition (Chouchene et al., 2010; Munir et al., 2009). The reaction kinetic 

parameters were obtained for switchgrass under oxidizing conditions. The activation 

energy (122 kJ mol
-1

) and pre exponential factor (3.88×10
10 

s
-1

) obtained in air 

atmosphere were higher than those in nitrogen atmosphere. This might be due to the rapid 

reactions occurring in the presence of oxygen in air atmosphere. The order of the reaction 

was less than one as shown in Table 4. 

3.3 FTIR results 

 The volatiles released during decomposition of switchgrass and its components 

were identified using FTIR. Fig. 10 represents the stack plot of volatiles evolved during 

switchgrass decomposition. The plot was developed by superimposing the spectra 
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obtained every 5 s from 25-1000 °C. However, the characterization of all organic 

compounds evolved in the narrow temperature range was difficult to achieve because of 

limitation of FTIR. The major gases, such as CO2, CO, CH4, along with water were easily 

identified based on the specific wave number ranges. The integrated absorbance can be 

defined as integration of absorbance over a wave number range (specific to each 

compound) and it  is proportional to the concentration of the chemical species presented 

in the evolved gases (Biagini et al., 2006). Two different wave number ranges of 2217-

2391 cm
-1 

and 586-726 cm
-1 

indicated the formation of CO2.  The absorption bands in the 

wave number range of 586-726 cm-1 was due to the bending of O-C-O bonds. This wave 

number range was not considered for CO2 identification as the formation of other 

volatiles exists within same wave number range. The range of 2000-2250 cm
-1

 indicated 

the formation of CO. The absorption bands at wave number ranges of 2850-3000 cm
-1

 

and 1470-1450 cm
-1

 evidenced the formation of CH4. The strong bands in the region of 

2850-3000 cm-1 were due to C-H stretch and the weak bands in the region of 1470-1450 

cm-1 were due to C-H bending. Thus, it was used to compare the behavior of volatile 

species evolved by switchgrass and its components under the similar operating 

conditions. 

3.3.1 Chemical structure of switchgrass 

 The chemical structure of switchgrass was analyzed using FTIR. Fig. 11 shows 

the different chemical bands representing the typical structure of switchgrass. The band 

intensity at 3410 cm
-1

 indicated the presence of O-H groups in switchgrass. The 

absorption bands at 2937 cm
-1

 can be attributed to the C-H vibrations of aliphatic carbon. 

The presence of carbonyl groups in switchgrass was confirmed based on the peak at 1720 
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cm
-1

. The bands in the range of 1700-1400 cm
-1

 indicated the existence of olefinic (C=C) 

functional groups. The strong intensities at 1040 cm
-1

 and 1220 cm
-1 

pointed out the 

asymmetric stretch of ether functional groups (C-O-C). The chemical bands in the 

fingerprint region (1000-650 cm
-1

) were attributed to the bending vibrations of C-H 

groups. 

3.3.2 Identification of volatiles during switchgrass pyrolysis 

 The thermal behavior of switchgrass was further investigated by understanding 

the evolution profiles of volatiles using FTIR technique. Three temperatures (115, 367 

and 592 °C) corresponding to water evaporation, main stage of decomposition and final 

state of decomposition, respectively, were chosen to describe the pyrolysis of 

switchgrass. The absorption bands at 4000-3500 cm
-1

 and 1850-1250 cm
-1

 confirmed the 

evaporation of water in the initial stages of decomposition (Fig. 12).  

 As the pyrolysis process developed, the major products such as CO2, CO 

andCH4, along with some organic compounds evolved (Fig. 13). The switchgrass weight 

loss profile also confirmed this evolution of volatile products in this stage (Fig. 3). The 

characteristic bands at 2400-2240 cm
-1

 and 2240-2050 cm
-1

 indicated the formation of 

CO2 and CO .The appearance of absorption bands of water in this stage could be due to 

the cracking of hydroxyl groups. Moreover, the bands developed at 3100-2750 cm
-1

 

indicated the evolution of hydrocarbons such as CH4, and C2H6. The presence of carbonyl 

(1765-1715 cm
-1

), hydroxyl (3400-3200 cm
-1

) andC-O-C (1250-1082 cm
-1

) groups 

confirmed the evolution of acids, aldehydes, ketones, phenols and alcohols . Similar 

observations were reported by Yang et al. (2007). The wave numbers associated with 

particular functional groups are shown in Table 5. 
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Fig. 14 shows the IR profile of volatiles evolved during the final stage of 

decomposition at 590 °C. The absorption bands representing the carbonyl and hydroxyl 

groups were absent, and only the major gases, such as CO2, CO with trace amounts of 

CH4, were released in this stage. Gases with diatomic molecules such as H2, N2, and O2 

had no IR absorption; therefore, they were not detected by FTIR. In addition, no 

components containing nitrogen or sulfur were detected due to the low amounts of these 

elements present in switchgrass (Table 1).  

3.3.3 The evolution characteristics of major gas products during pyrolysis 

  The evolution characteristics of CO2, CO and CH4 during decomposition of 

switchgrass were observed. All three components contributed to the formation of CO2 

(Fig 15). The cracking and reforming of carbonyl and carboxyl bonds may have resulted 

in the production of CO2 (Fu et al., 2010). Release of CO2 may have been mostly 

contributed by xylan at low temperatures (below 500 °C) (shown in Fig. 15). Similar 

observations were reported by Yang et al. (2007) and Fu et al. (2009). In the low 

temperature region, CO2 contributions by cellulose and lignin could be much less than 

that of xylan. Previous studies indicated that cellulose pyrolysis contributed to only small 

amount of CO2 (Li et al., 2001; Shen & Gu, 2009). As the temperature increased, 

cellulose may have released higher amounts of CO2 and reached maximum at 576 °C. 

Lignin produced higher CO2 in the temperature range of 800-900 °C which could be due 

to breaking of C-C, C-O and ether linkages between aromatics from the lignin structure.  

 The release profile of CO from switchgrass and its components is shown in Fig. 

16. Xylan contributed to the higher amount of CO in the low temperature range (below 
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400 °C). The formation of CO at low temperatures may be because of cracking and 

reforming of ether (C-O-C) and carbonyl groups (C=O). Cellulose produced higher CO in 

high temperature range (above 400 °C). The secondary reactions of primary volatiles and 

aldehyde groups (R-CHO) probably resulted in higher CO. Almost negligible amount of 

CO was produced during lignin decomposition below 800 °C. The sharp increase in CO 

release above 800 °C could be due to the thermal cracking of tars (Yang et al., 2007). 

Overall, it can be concluded that xylan was responsible for CO release at lower 

temperature (below 400 °C) and cellulose was responsible for CO evolution at higher 

temperature (above 400 °C). 

 The evolution of CH4 from all three components cellulose, xylan and lignin can 

be observed in Fig.17. The cracking of methoxyl groups (-O-CH3) may be responsible for 

the formation of CH4. In addition, the breaking of methylene groups may have partially 

increased the evolution of CH4 (Liu et al., 2008). Xylan showed two CH4 peaks at 305 °C 

and 553 °C. Primary pyrolysis may have contributed to the formation of CH4 at 305 °C. 

The second peak at 553 °C could be due to the vapor phase secondary reactions at higher 

temperature. Cellulose and lignin produced low and high amounts of CH4 respectively. 

The presence of methyl groups may be responsible for higher CH4.  

4. Conclusions: 

 The devolatilization of switchgrass, cellulose, xylan and lignin were carried out 

using TGA coupled with FTIR in nitrogen and air atmospheres. Significant weight loss of 

switchgrass occurred in the temperature range of 220-400 °C. The activation energy 

required for switchgrass decomposition was higher in air atmosphere (122.23 kJ mol
-1

) as 

compared to activation energy in nitrogen atmosphere (103 kJ mol
-1

). The kinetics 
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associated with cellulose, hemicellulose and lignin decompositions were considerably 

different. Cellulose decomposition required highest activation energy, whereas, lignin 

decomposition required lowest activation energy. Under oxidizing conditions, the 

activation energies of all the model components increased. 

 CO2, CO, CH4 plus some hydrocarbons were identified as major volatiles evolved 

during switchgrass decomposition. Hemicellulose was responsible for most of the CO2 

evolution and lignin was responsible for most of the CH4 evolution. Both cellulose and 

hemicellulose decompositions led to higher CO compared to CO formed from lignin 

decomposition. 
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Figure 1. Weight loss profile of cellulose, xylan and lignin in nitrogen atmosphere at a 

heating rate of 50 °C min
-1 
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Figure 2. Rate of weight loss profile of cellulose, xylan and lignin in nitrogen 

atmosphere at a heating rate of 50 °C min
-1 
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Figure 3. Weight loss profile of switchgrass at three heating rates in nitrogen atmosphere 
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Figure 4. Rate of weight loss profile of switchgrass at three heating rates in nitrogen 

atmosphere 
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Figure 5. Comparison of predicted data with experimental data during second stage and 

third stage decompositions in nitrogen atmosphere 
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Figure 6. Weight loss profile of cellulose, xylan and lignin in air atmosphere at a heating 

rate of 50 °C min
-1 
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Figure 7. Rate of weight loss profile of cellulose, xylan and lignin in air atmosphere at a 

heating rate of 50 °C min
-1 
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Figure 8. Weight loss of switchgrass at three heating rates in air atmosphere 
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Figure 9. Rate of weight loss of switchgrass at three heating rates in air atmosphere 
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Figure 10. Infrared stack profile of volatiles evolved during switchgrass decomposition 

in nitrogen atmosphere 
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Figure 11. Chemical structure of switchgrass using FTIR 
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Figure 12. FTIR profile of gases evolved during switchgrass decomposition at 115 °C in 

nitrogen atmosphere 
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Figure 13. FTIR profile of gases evolved during switchgrass decomposition at 367 °C in 

nitrogen atmosphere 
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Figure 14. FTIR profile of gases evolved during switchgrass decomposition at 590 °C in 

nitrogen atmosphere 
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Figure 15. CO2 evolved during decomposition of switchgrass and its model components 

in nitrogen atmosphere 
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Figure 16. CO evolved during decomposition of switchgrass and its model components 

in nitrogen atmosphere 
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Figure 17. CH4 evolved during decomposition of switchgrass and its  

components in nitrogen atmosphere 
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Table 1. Ultimate and proximate analyses of switchgrass 

Ultimate analysis (%dry)   Proximate analysis (%dry) 

          In Nitrogen   In Air 

C H N O   Volatiles 
Fixed 

carbon+ ash 
  Volatiles Ash 

46.62 5.74 0.18 42.27 79.72±0.93 15.94±0.21   93.72±0.13 3.02±0.18 
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Table 2. Chemical composition of switchgrass 

Switchgrass 

components  

(% dry) 

Current study Wiselogel et 

al.  

(1996) 

Liu and Ye 

(2010) 

   

  

  

  

  

Glucan 38.46±0.69 37.8±1.3 39.31±0.12 

xylan 26.34±0.54 24.9±0.7 22.67±0.19 

Galactan 1.16±0.18 1.1±0.1 1.81±0.12  

Aribinana 3.41±0.32 3.4±0.1 3.17±0.03 

Mannan 0.13±0.22 0.4±0.1 1.03±0.10 

Lignin 21.40±0.24 21.4±0.2 21.36±0.12 

Ash 1.91±0.095   1.60±0.07 
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Table 3. Weight loss kinetic parameters of switchgrass and its components in nitrogen 

atmosphere 

Sample T (°C) E( kJ mol
-1

) A n R
2
 

Switchgrass 220-400 103.7 2.16×10
7
 0.67 0.95 

Cellulose 270-390 119.21 6.86×10
9
 0.77 0.94 

Xylan 200-260 116.84 5.4×10
11

 0.44 0.95 

  260-315 58.48 1.66×10
5
 0.40 0.94 

Lignin 200-400 43.29 1.4×10
3
 0.54 0.92 

  680-740 98.06 5.5×10
4
 0.07 0.92 
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Table 4. Weight loss kinetics parameters of weight loss of switchgrass and its 

components in air atmosphere 

Sample T (°C) E( kJ mol
-1

) A(s
-1

) n R
2
 

Switchgrass 220-345 122.23 3.88×10
10

 0.52 0.99 

Cellulose 250-360 135.21 2.73×10
11

 0.77 0.97 

Xylan 200-280 118.54 3.10×10
11

 0.47 0.97 

Lignin 200-340 67.62 5.80×10
5
 0.50 0.96 

  840-915 160.15 1.32×10
-8

 0.03 0.86 
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CHAPTER III 
 

 

Effects of cellulose, hemicellulose and lignin on thermochemical 

conversion characteristics of the selected biomass 

Abstract: 

 The objective of this study was to investigate effects of biomass constituents 

(cellulose, hemicellulose and lignin) on biomass thermal decomposition and gas 

evolution profiles of four biomass materials. Switchgrass, wheat straw, eastern redcedar 

and dry distilled grains with solubles (DDGS) were selected as the biomass materials. 

No significant difference was observed in the weight loss profiles of switchgrass, wheat 

straw and eastern redcedar even though their cellulose, hemicellulose and lignin contents 

were considerably different. The weight loss kinetic parameters were also not 

significantly different except for activation energy of the eastern redcedar. However, 

biomass composition did significantly affect gas evolution profiles. The higher contents 

of cellulose and hemicellulose in switchgrass and wheat straw may have resulted in their 

higher CO and CO2 concentrations as compared to eastern redcedar. On the other hand, 

higher lignin content in eastern redcedar may have resulted in significantly its high CH4 

concentration. 

Keywords: Biomass; thermochemical conversion; thermal degradation; product yields. 
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1. Introduction: 

The rapid increase in fossil fuels consumption coupled with concerns over fossil 

fuel reserves have motivated exploration of sustainable energy sources (Hill et al., 

2006). Biomass is considered as one of the potential sustainable energy sources and its 

utilization is gaining increased momentum because of its wide availability and 

environmentally-friendly nature (Tilman et al., 2006). Various technologies have been 

developed over the years to convert biomass into other more valuable forms of energy. 

Thermochemical conversion technologies, such as gasification and pyrolysis, hold 

promise because these are flexible in accepting a wide range of feedstocks and also 

producing a wide range of products with high efficiencies (Bridgwater, 2006). During 

thermochemical processes, heat is applied to break the biomass into desirable products. 

The efficiency of thermochemical conversions depend on many factors such as 

feedstock properties, reactor design and reaction conditions (Lettner et al., 2007). 

Extensive research has been conducted to understand the effects of operating parameters 

such as temperature, heating rate and residence time on products during the 

thermochemical conversions (Demirbas, 2001; Demirbas, 2004; Goyal et al., 2008; 

Kumar et al., 2009a). Different reactor configurations have evolved to enhance the 

process efficiency by improving heat and mass transfers within the reactor (Meier & 

Faix, 1999). Researchers have also studied the effect of physical properties, such as 

particle size and shape, on products of thermochemical conversion (Bridgwater, 1999; 

Goyal et al., 2008; Ryu et al., 2006). However, studies on the effect of major biomass 

components, such as cellulose, hemicellulose and lignin on gaseous products from 
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thermochemical conversion are limited in literature. Biomass such as energy crops, 

agricultural residues, and woody materials have widely been used as feedstocks for 

gasification and pyrolysis. The biomass feedstocks contain different amounts of 

cellulose, hemicellulose and lignin. Their polymer structure and length, and their cross-

linkage vary substantially, resulting in different thermal decomposition characteristics 

and products during gasification and pyrolysis. For biorefineries to be feedstock flexible, 

understanding the effects of the major biomass components, cellulose, hemicellulose and 

lignin, on thermal decomposition of biomass and resulting products is crucial.  

Typically, cellulose, hemicellulose and lignin constitute about 85-90 % of 

lignocellulosic biomass; organic extractives and inorganic minerals constitute the rest. 

Cellulose is the major structural polymer of a plant cell wall and usually exists as long 

thread like fibers called microfibrils. It is a linear polysaccharide consisting of 

monomeric units of anhydro-D-glucose units with a β-(14)-linkage (Mohan et al., 

2006; Pérez et al., 2002). This nature of bonding allows the microfibril structure to 

develop strong inter-molecular and intra-molecular hydrogen bonding (Keshwani, 

2010). Microfibrils are usually embedded on a matrix that contains hemicellulose and 

lignin. Hemicellulose is a branched polysaccharide comprised of different sugar 

monomers such as glucose, xylose, mannose, galactose and arabinose and uronic acids 

(Bidlack et al., 1992; Pérez et al., 2002). Unlike cellulose, they do not form microfibrils. 

But, they can form hydrogen bonds with the cellulose and lignin and hence they are 

referred as “cross linking glucans.”  Lignin is the cementing material that provides 

elasticity and mechanical strength to the wood (Wang et al., 2011).  It is a phenolic 

macromolecule with a high degree of cross linking between the phenylpropane units. 
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This cross linking makes lignin more thermally stable than hemicellulose (Ramiah, 

1970). The difference in reactivity of biomass due to the variations in chemical 

composition must be better understood so that process can be optimized to obtain fuels 

and chemicals with high selectivity and efficiency (Carrier et al., 2011).  

The chemical composition and nature of the biomass polymers differ 

significantly with biomass types. On a dry basis, softwoods contain 40-50% wt. 

cellulose, 25-35% wt. hemicellulose and 16-33% wt. lignin (Mohan et al., 2006). 

Softwoods contain more lignin but less hemicellulose as compared to agricultural 

residues or herbaceous crops. Agricultural residues, such as corn stover, consist of 33-35 

% wt. cellulose, 21-24 % wt. hemicellulose and 17-22 % wt. lignin (Johnson et al., 

1994). Herbaceous crops, such as switchgrass, contain much higher cellulose (38-40 % 

wt.) and lower lignin content (15-19 % wt.) than those in softwoods (Jefferson et al., 

2004; Lee & Owens, 2005). Harvesting technique and biomass storage also affects 

biomass composition (Johnson et al., 1994; Mulkey & Lee, 2006). To utilize the 

biomass feedstocks with wide variability in composition, it is imperative that effects of 

the primary constituents, i.e. cellulose, hemicellulose and lignin, on the thermochemical 

process and their contribution in resulted products be better understood. 

Thermogravimetric analysis (TGA) is a widely used technique to obtain precise 

weight loss profile during biomass thermal decomposition (Evans & Milne, 1987; Ghetti 

et al., 1996; Kumar et al., 2008b; Mani et al., 2010b). Fourier Transform Infrared 

Spectrometry (FTIR) and Mass Spectrometry (MS) are two well-known techniques for 

online gas analysis (Xie & Pan, 2001). In this study, TGA was used to study weight loss 

characteristics and FTIR-MS were used for online gas analysis. Raveendran et al. (1996) 
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studied the thermal degradation properties of rice husk, rice straw and corn stock. 

Pyrolysis kinetic characteristics of olive residue and sugar cane bagasse were 

investigated using thermogravimetric technique by Ounas et al. (2011). However, there 

is limited information available on how different biomass components contribute to 

weight-loss profiles and product gas evolution profiles during thermochemical 

conversion processes. The present study specifically focuses on comparing and 

contrasting biomass based on their compositions and analyzing their effects on weight-

loss and product evolution patterns during thermochemical conversions. 

2 Materials and Methods: 

2.1 Materials 

 Switchgrass (SG), wheat straw (WS), eastern redcedar (ER) and dried distilled 

grains with solubles (DDGS) were the biomass feedstocks used in this study.  Four 

biomass types were represented by these feedstocks. Switchgrass is an herbaceous crop, 

wheat straw is an agricultural residue, eastern redcedar is a woody biomass and DDGS 

is a byproduct from corn dry milling ethanol production process. For compositional 

analysis and weight-loss study, all biomass were ground to pass through a 2 mm screen 

in a Thomas-Willey mill (Arthur H. Thomas Co., Philadelphia). The small particle size 

was needed to reduce heat and mass transfer limitations during their thermal 

decompositions. Avicel PH 105 Cellulose (FMC Biopolymer, Philadelphia), beech wood 

xylan (Sigma Aldrich, St. Louis) and alkali lignin (Sigma Aldrich, St. Louis) were used 

as models of cellulose, hemicellulose and lignin, respectively. Ultimate analyses for all 
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biomass and model components, shown in Table 1, were performed by Midwest 

Microlab, LLC (Indianapolis, IN). 

2.2. Determination of chemical composition of biomass: 

For compositional analysis, biomass sample was sieved through +60/+400 (250 

µm/38 µm sieve openings) sieve plates on a horizontal sieve shaker according to 

National Renewable Energy Laboratory (NREL) procedures (Carrier et al., 2011). About 

200 g of the sample was loaded into the sieve. More than 95% of the biomass was 

retained on +60 sieve plate. Biomass retained on this plate was used for extraction and 

compositional analysis. Water and ethanol extraction of biomass was carried using an 

accelerated solvent extractor (ASE) (Model 300, Dionex Corporation, Sunnyvale, CA) 

to remove the non-structural material using NREL protocols (A. Sluiter, 2008a). The 

weight of extractives was recorded after air drying.  

Following extraction, the residual material was analyzed for structural 

carbohydrates, lignin, acetyl content and ash content using the two step acid hydrolysis 

procedure developed by NREL (A. Sluiter, 2008b; Mani et al., 2010b). For ash analysis 

and determination of acid insoluble lignin (AIL), a muffle furnace (Fisher Scientific, 

Dubuque, IA) was used. Structural carbohydrates were analyzed using a HPLC (Model 

1100, Agilent Technologies, Santa Clara, CA) connected to a refractive index detector 

(RID) with an Bio-Rad Aminex HPX-87P column (Bio-Rad, Sunnyvale, CA). 

Deionized water was used as an eluent at a flow rate of 0.6 ml/min. The column was 

maintained at 85 °C. The total run time using this column was 30 min. The HPLC with 

Chemstation software (Agilent Technologies) was calibrated at five levels using known 

concentrations of compounds before being used to quantify the concentration of 
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compounds. Acid soluble lignin (ASL) content of biomass was determined using a UV-

Vis spectrophotometer (Cary 50 Bio, Varian Inc., Palo Alto, CA, USA) at a wavelength 

of 205 nm and an extinction coefficient of 110 L/g-cm. The chemical compositions of 

switchgrass, wheat straw, eastern redcedar and DDGS, determine using above 

procedure, are shown in Table 2. 

2.3 Experimental setup: 

 A thermogravimetric analyzer (Versa Therm, ThermoFischer Scientific, MA, 

USA) was used for studying the biomass thermal decomposition. The initial weight of 

biomass used in the study was 50±0.5 mg. Argon was used as non-oxidizing agent with 

a flow rate of 60 ml/min. The temperature range for decomposition was 25-1000 °C with 

a ramping rate of 80 °C min
-1

. Fourier Transform Infrared Spectrometry  (Nicolet 6700, 

ThermoFischer Scientific, USA) and Mass Spectrophotometer (Agilent 7890A, Agilent 

Technologies) were used for online gas analysis. FTIR was connected to the TGA 

through a transfer line that was maintained at 300 °C to avoid condensation of volatiles. 

To avoid the entry of volatiles into the MS, a cold trap was set up using ethanol and ice 

between FTIR and MS. FTIR was calibrated to quantify CO,CO2 and CH4; whereas, MS 

was calibrated to quantify the argon gas. 

2.4 Determination of reaction kinetics parameters 

Several approaches have been reported to determine the kinetic parameters such 

as activation energy, pre-exponential factor and order of the reaction for biomass 

decomposition. Since thermochemical processes involve many complex reactions, no 

single model can adequately represent the reaction kinetics of a variety of biomass 
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(Biagini et al., 2006). The kinetic model used in this study is based on the Arrhenius 

equation. This model was successfully used by  Kumar et al. (2008a) for corn stover, 

Chouchene et al. (2010) for olive waste and Mansaray and Ghaly (1999) for rice husk. 

The weight-loss kinetic parameters were determined using the following rate equation. 

          (1) 

where, n is the order of the reaction, and X is the weight of the sample (mg). 

The reaction constant (k) based on Arrhenius equation can be written as, 

          (2) 

where, n is the order of the reaction, A is the pre exponential factor (S
-1

), E is the 

activation energy (kJ mol
-1

), T is the temperature (K) and R is the universal gas constant 

( mol
-1

 K
-1

). 

A multi-linear regression technique was applied on the linearized form of the 

Arrhenius equation to determine the reaction kinetic parameters. The simplified rate 

equation is shown below. 

     (3) 

where, 

,  
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is the sample weight at time t (mg), 

 is the initial sample weight (mg), 

is the residual sample weight (mg) 

2.5 Statistical Analysis 

Analysis of variance for weight loss profiles was performed using repeated 

measures design in SAS Release 9.2 (SAS, Cary, NC, USA). Since weight loss and gas 

absorbance were measured over a range of temperature, temperature was considered as a 

factor in the treatment structure. A repeated measure analysis allowed finding the main 

effects of biomass type and temperature, and an interaction effect between biomass type 

and temperature. To analyze the effect of biomass type on gas evolution, post-hoc 

analysis was performed by comparing the means of gas absorbance for different biomass 

types using Fisher’s Least Significant Difference (LSD) at α = 0.05 and GLM procedure. 

3. Results and Discussion: 

3.1 Weight loss characteristics of selected biomass: 

 The weight loss profile provided the instantaneous biomass weight at specific 

temperatures as biomass temperature was increased. Weight loss profiles for various 

biomass tested over temperature are shown in Fig. 1. Although the switchgrass, wheat 

straw and eastern redcedar contained different percentages of cellulose, hemicellulose 

and lignin, there was no statistical difference in their weight loss profiles (p=0.9997). 

However, as expected, there was a significant effect of temperature (p<0.0001) on the 

weight-loss profile due to the thermal decomposition of the samples. No interaction 
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between temperature and biomass type was observed. The weight loss profiles obtained 

in this study are consistent similar study done on bamboo, corn cobs, corn stalk and 

coconut shell (Al-Harahsheh et al., 2011; Singh et al., 2012). 

Thermal decomposition of biomass occurred in three stages. First stage of the 

decomposition occurred in the temperature range of 25-125 °C and corresponded to the 

moisture evaporation. Second stage of the decomposition contributed to a major weight 

loss (60-70% wt.) in the temperature range of 200-400 °C. The major weight loss stage 

was due to the decomposition of primarily cellulose and hemicellulose in the biomass 

(Jeguirim & Trouvé, 2009). This was further confirmed by comparing with weight loss 

profiles of model components, cellulose and hemicellulose (Fig. 2). The figure shows 

that major portions of these two polysaccharides decomposed in the temperature range 

of 200-400 °C. Approximately 65-70% weight loss of switchgrass, wheat straw and 

redcedar occurred in this stage. The final stage of the decomposition occurred in the 

temperature range of 400-800 °C accounting for the remaining weight loss 

(approximately 10-12% wt.) in the sample weight. 

Unlike biomass materials, model components (cellulose, hemicellulose and 

lignin) resulted in statistically different weight loss profiles (p<0.0001) as shown in the 

(Fig. 2). A interaction effect between model components and temperature was also 

significant (p=0.0057). Cellulose and hemicellulose had approximately 90% (wt) and 

70% (wt) weight loss within narrow temperature ranges of 250-360 °C and 200-280 °C, 

respectively. On the other hand, lignin had a total of only 60% weight loss. Interestingly, 

even though redcedar had higher lignin content, its total weight loss at the end of 

decomposition was comparable with switchgrass and wheat straw. Higher than expected 
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weight loss (conversion) could be due to the catalytic effects of char and ash generated 

from decompositions of cellulose and hemicellulose in eastern redcedar. 

The weight loss rates of switchgrass, wheat straw and redcedar were also no 

different, except of an additional shoulder peak in switchgrass weight loss rate (Fig. 3). 

The shoulder peak may be a result of decomposition of side chains and the separation of 

glycosidic bonds from the xylan structure in switchgrass (Shafizadeh et al., 1972). The 

weight loss and rate of weight loss of DDGS were significantly different from those of 

other biomass. Unlike other biomass studied in this project, DDGS is rich in crude 

protein (30% wt) because it is a byproduct of corn ethanol fermentation. The major 

weight loss of DDGS was in the temperature range of 200-350 °C. This may be due to 

the protein and glucan degradation (Wang et al., 2009). In addition, the rate of weight 

loss of DDGS was much lower as compared to that of switchgrass, wheat straw and 

eastern redcedar. The rate of weight loss profile for DDGS shows a considerable shift in 

pattern due to the presence of proteins.  This data is also supported from a study by 

Maddi et al. (2011), which showed that maximum rate of weight loss for proteins occur 

close to 300 °C. 

3.2 Weight loss kinetics of selected biomass materials: 

 The weight loss kinetic parameters, i.e. activation energy (E), pre exponential 

factor (A), and order of the reaction (n), for the selected biomass and model components 

are shown in Table 3. The activation energies for weight loss of cellulose, hemicellulose 

and lignin were 135.21, 118.54 and 67.62 kJ/mol, respectively. Activation energy and 

pre-exponential factor for cellulose in this study were consistent with the values reported 
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by (Jeguirim & Trouvé, 2009; Lewellen et al., 1977; Nada & Hassan, 2000). The kinetic 

parameters obtained for hemicellulose and lignin decomposition were also consistent 

with those reported by (Jeguirim & Trouvé, 2009; Murugan et al., 2008; Pasquali & 

Herrera, 1997; Ramiah, 1970).  The variation in activation energies of the model 

components (cellulose, hemicellulose and lignin) may be attributed to their different 

chemical structures. Hemicellulose was thermally less stable than cellulose and lignin 

because of its amorphous nature (Beall & Eickner, 1970). Cellulose required higher 

activation energy than hemicellulose because of its strong inter-molecular and intra-

molecular hydrogen bonding. On the other hand, thermal stability of lignin varied 

because lignin has a complex structure with many oxygenated functional groups, and the 

scission of the associated bonds can occur in different temperature ranges (Skreiberg et 

al., 2011). In the temperature range of 200-400 °C, the scission of weak oxygenated 

bonds may have required low activation energy. 

The temperature range for the weight loss of switchgrass, wheat straw and 

redcedar were 200-400 °C, while that for the DDGS was 150-500 °C. Switchgrass, 

wheat straw, eastern redcedar and DDGS decomposed with activation energy of 103.7, 

100.67, 90.16 and 31.686 kJ/mol, respectively. Interestingly, although the weight loss 

kinetic parameters of cellulose, hemicellulose and lignin were found to be different, no 

significant differences were observed between the weight loss kinetic parameters of the 

switchgrass, wheat straw and eastern redcedar (Table 3). Only exception was the 

activation energy of eastern redcedar, which was lower than that of switchgrass and 

wheat straw possibly because of its high lignin content. Compared to switchgrass, wheat 

straw and redcedar, much less activation energy was required for DDGS decomposition. 
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The activation energy and pre exponential factor of DDGS obtained in this study were 

consistent with values reported by(Wang et al., 2009). Since, reaction kinetics play a 

vital role in the design optimization of thermochemical units such as pyrolyzers and 

gasifiers, this information is beneficial from a design perspective, because changing 

lignocellulosic feedstocks did not show much effect on thermal devolatilization kinetics. 

3.3 Gas evolution profiles: 

 CO2, CO and CH4 evolution profiles from switchgrass, wheat straw and eastern 

redcedar thermal decompositions are shown in the Figs. 4, 5 and 6, respectively. The x-

axis shows the temperature of the sample, and y-axis shows the absorbance of gases at 

the specific wavelengths. Due to the linear relationship between absorbance and gas 

concentration according to the Beer-Lambert’s law, absorbance was used to compare gas 

evolution profiles in this study. Although the weight loss profiles and kinetic parameters 

of switchgrass, wheat straw and eastern redcedar were similar, noticeable differences in 

the concentrations of evolved CO2, CO and CH4 were observed. The peaks for maximum 

concentrations of CO2, CO and CH4 were in the temperature range of 500-600 °C. 

Switchgrass and wheat straw resulted in significantly higher CO, CO2, but lower CH4 

concentrations as compared to those from eastern redcedar. Generally, cleavage of 

carbonyl groups from cellulose and hemicellulose degradation results in CO and CO2 

production (Yang et al., 2007). Cellulose may also have produced higher CO due to 

secondary reactions of primary volatiles and scission of aldehyde groups (R-CHO) (Fu 

et al., 2010). On the other hand, lignin decomposition has been correlated with methane 

formation due to cracking of methoxy groups of lignin molecule (Yang et al., 2007; Liu 

et al., 2008). Thus, as compared to switchgrass and wheat straw, higher lignin content in 
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eastern redcedar may have resulted in significantly higher methane concentration in the 

evolved gas. 

3.4 Carbon conversion efficiency: 

 The carbon conversion efficiency is defined as the ratio of carbon available in 

gaseous and liquid products to the total amount of carbon available in biomass (Lv et al., 

2004). The amount of carbon available in tar was not taken into account for calculating 

the carbon conversion efficiency. Among the biomass model components, cellulose 

showed the highest conversion efficiency of 99% followed by xylan of 92%. Lignin 

showed the lowest conversion efficiency of 52%. The conversion efficiencies of model 

compounds were in good agreement with the values reported by Hanaoka et al. (2005). 

Among the biomass materials, switchgrass and wheat straw showed highest carbon 

conversion efficiencies of 94% and 95%, respectively, while both eastern redcedar and 

DDGS showed a conversion efficiency of 77%. High lignin content in eastern redcedar 

and high protein content in DDGS may have reduced the carbon conversion efficiency 

of these substrates significantly. 

4. Conclusions: 

 Weight loss profiles, weigh loss kinetics and gas evolution profiles during 

thermal decomposition of switchgrass, wheat straw, eastern redcedar and DDGS, and 

model biomass components were analyzed. Results showed that there was no significant 

difference in the weight loss profiles of switchgrass, wheat straw and eastern redcedar 

even though their cellulose, hemicellulose and lignin contents were considerably 

different. The kinetic parameters such as activation energy, pre-exponential factor 
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associated with their weight loss were also not significantly different, except for lower 

activation energy of eastern red cedar. This is an advantage for thermochemical 

conversion processes considering that similar design of thermochemical reactor units 

can be needed for many biomass. However, biomass composition significantly 

influenced the concentrations of evolved CO, CO2 and CH4. The CO and CO2 

concentrations from switchgrass and wheat straw were higher than those from eastern 

red cedar and DDGS because of higher contents of cellulose and hemicellulose in 

switchgrass and wheat straw. On the other hand, higher lignin content in eastern red 

cedar resulted in significantly higher CH4 concentration as compare to switchgrass and 

wheat straw. In addition, carbon conversion efficiencies for wheat straw (95.0%) and 

switchgrass (94%) were higher than those for eastern redcedar (77%) and DDGS (77%). 
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Figures: 

 

 

Figure.1. Weight loss profiles of switchgrass, wheat straw, eastern redcedar and DDGS. 

Each trend is an average of two replicates. Statistical analysis showed no difference 

between the weight loss profiles for the four different biomass types. 
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Figure.2. Weight loss profiles of Cellulose, xylan and lignin. Each trend is an average of 

two replicates. Statistical analysis showed significant difference between the weight loss 

profiles of the three biomass model compounds. 
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Figure.3. Rate of weight loss profiles of switchgrass, wheat straw, eastern red cedar and 

DDGS. Each trend is an average of two replicates. 
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Figure.4. Evolved CO2 as a function of temperature during switchgrass, wheat straw 

and eastern redcedar decomposition. Each trend is an average of two replicates. Effect of 

biomass type on CO2 concentration was significant (p=0.0003). Fisher’s LSD test on 

maximum concentrations of CO2 released from different biomass showed significant 

differences between them, at 95% confidence interval. 
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Figure.5. Evolved CO as a function of temperature during switchgrass, wheat straw and 

eastern redcedar decomposition. Each trend is an average of two replicates. Effect of 

biomass type on CO concentration was significant (p<0.0001). Fisher’s LSD test on 

maximum concentrations of CO released from different biomass showed significant 

differences between them, at 95% confidence interval. 
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Figure.6. Evolved CH4 as a function of temperature during switchgrass, wheat straw 

and redcedar decomposition. Each trend is an average of two replicates. Effect of 

biomass type on CH4 concentration was significant (p=0.0003). Fisher’s LSD test 

showed that maximum CH4 concentration of released from eastern red cedar was 

significant higher than that from wheat straw and switchgrass, at 95% confidence 

interval. 
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Table 1. Ultimate analysis (% wt. on dry basis) of the selected biomass and components 

 

Elements Switchgrass 
Wheat 

straw 

Eastern 

redcedar 
DDGS Cellulose Xylan Lignin 

Carbon 46.62 43.2 51.07 49 42.96 43.25 57.7 

Hydrogen 5.74 5.0 5.97 6.3 6.3 6.2 4.38 

Oxygen 42.27 39.4 40.95 33.6 50.74 49.9 34 

Nitrogen 0.18 0.61 0.37 4.5 0.0 0.0 0.11 

Sulphur 0.3 0.11 0.0 0.4 0.0 0.0 3.22 
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Table.2. Chemical composition of switchgrass, wheat straw, eastern redcedar and 

DDGS 

Composition 

(%dry)  

Switchgrass  

 

   Wheat straw 

 

Eastern 

Redcedar  

     

DDGS  

(Kim et al., 

2008) 

Glucan 38.46 ± 0.69
B
 39.18 ± 2.01

A,B
 40.30 ± 1.50

A
 16.00 ± 0.10

C
 

Xylan 26.34 ± 0.54
A
 24.62 ± 1.36

B
 8.50 ± 0.04

C
 8.20 ± 0.07

C
 

Galactan 1.16 ± 0.18
B
 0 ± 0

B,C 
2.00 ± 0.60

A
 0 ± 0

C
 

Arabinan 3.41 ± 0.32
B
 1.68 ± 0.25

C
 1.40 ± 1.00

C
 5.30 ± 0.02

A
 

Mannan 0.13 ± 0.22
B
 0 ± 0

C
 6.00 ± 1.20

A
 0 ± 0

B
 

Lignin 21.40 ± 0.24
B 

17.17 ± 0.46
C
 35.90 ± 0.70

A
 0 ± 0

D
 

Ash 1.91 ± 0.10
B
 2.12 ± 0.87

B
 0.30 ± 0.00

C
 4.50 ± 0.07

A
 

Values listed are average of 6 replicates ± standard deviation. Values in the same row and with the same 

letter are not statistically different at 95% confidence interval.
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Table 3.Weight-loss kinetic parameters of the selected biomass and model components 

 

Values listed are average of two replicates. Values in the same column with the same letter are not 

statistically significant at 95% confidence interval. A log transformation of data was performed on the 

values of A prior to performing post-hoc statistical analysis using Fisher’s LSD test. 

 

Sample  T 

(°C)  

E 

(kJ mol
-1

)  

A × 10
5
 

(S
-1

)  

n  R
2 
 

Switchgrass  200-390  103.70
C
 1063

B
 0.67

B
 0.99 

Wheat straw  200-390  100.67
C
 1915

B
  0.68

B
 0.99 

Eastern red cedar  200-400  90.16
D
 1775

B
  0.68

B
 0.98 

DDGS  150-500  31.67
F
 0.0049

D
 0.45

D
 0.92 

Cellulose  250-360  135.21
A
 3020000

A
 0.77

A
 0.97 

Xylan  200-280  118.54
B
 3025000

A
  0.47

C,D
 0.97 

Lignin  200-340  67.62
E
 4.04

C
  0.50

C
 0.96 
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CHAPTER IV 
 

 

Numerical simulation of switchgrass gasification using finite rate 

chemistry 

Abstract: 

 Fluidized bed gasification is a process involving complex multiphase reactions 

coupled with heat and mass transfer. Computational Fluid Dynamics CFD modeling 

provides a better understanding of complex processes and aids in process optimization 

and scale up. The goal of this study was to develop a three dimensional CFD model 

capable of describing the switchgrass gasification process in a fluidized bed reactor. The 

model was developed using commercial software ANSYS FLUENT 13.0. Euler-

Lagrangian multiphase approach was used to model gas and solid phases. The model 

was able to simulate detailed chemistry of gasification by taking drying, devolatilization 

and chemical reactions such as homogeneous and heterogeneous reactions into account. 

Unlike other CFD gasification models, the kinetic parameters required for 

devolatilization were derived from thermogravimetric analysis of switchgrass in 

nitrogen atmosphere. The reaction rates for homogeneous and heterogeneous reactions 

were described using the finite rate/eddy dissipation model.  
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 The simulation results provided detailed information on temperature and species 

concentration profiles inside the reactor. The non-uniform distribution of temperature in 

the reactor showed the different reaction zones for devolatilization, combustion and 

gasification.  Regarding species concentrations, higher CO2 was observed in the 

combustion zone; whereas, concentrations of CO, H2 and CH4 were higher in the 

gasification zone. The model validation was performed by comparing the predicted 

outlet concentrations of the gases with experimental data. The sensitivity of the model 

was also analyzed by carrying the simulations for two ER values of 0.32 and 0.29.  

Keywords: CFD, Euler-Lagrangian, devolatilization, turbulence, biomass gasification. 
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1. Introduction: 

  Fluidized bed reactors are widely in use for thermochemical conversion 

processes such as combustion, gasification and pyrolysis. Excellent solid gas mixing, 

proper temperature distribution and high heat and mass transfer within the reactors are 

the major advantages associated with fluidized beds (Schmidt & Renz, 2000; Yu et al., 

2007). Even though gasification technology has been around for many centuries, 

knowledge on the detailed hydrodynamics and complex chemical reactions in fluidized 

bed gasifiers is still lacking (Lavoie et al.). Moreover, the experimental determination of 

heat and mass transfer within the reactor is complicated and expensive. A good 

understanding of underlying physical and chemical phenomenon of thermal 

decomposition of materials is critical for optimization and scale up purposes (Didwania 

A & Robert, 2009). In this regard, Computational Fluid Dynamics (CFD) modeling 

appears to be a relatively inexpensive and promising tool to simulate solid fluid flows 

and chemical reactions (Sundaresan, 2000). The extent to which CFD can be used for 

simulation purposes is limited based on the computation power available. In recent 

years, increased computational power and capabilities allow CFD simulations to be done 

at a relatively faster pace (Kutler, 1989; Westbrook et al., 2005). To date, most 

computational research was conducted on coal gasification and combustion processes in 

fixed and fluidized bed reactors. A three dimensional model was developed to simulate a 

coal gasification process in a pressurized spout fluidized bed to predict gas composition 

(Deng et al., 2008). A CFD study on coal gasification in a bubbling fluidized bed was 

carried out to understand the effects of bed temperature, bed material and height 

(Armstrong et al., 2011). The authors concluded that the composition of the exiting gas 
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emissions was strongly influenced by the bed composition, variation in the bed height 

and the temperature of the bed. 

 In recent years, biomass gasification is emerging due to the renewable nature of 

biomass. Even though biomass and coal can be distinguished in terms of physical and 

chemical properties, the governing equations that describe their gasification process are 

not very different. The reactivity of biomass is higher than coal and devolatilizes at a 

faster rate. Thus, the reaction rates for coal gasification may not be directly applicable to 

biomass. However, with some caution, the elements of governing equations that describe 

coal gasification are applicable to biomass as well (Gómez-Barea & Leckner, 2010).  

Among the available CFD modeling techniques, discrete phase modeling (DPM) 

and multiphase or two phase modeling (TPM) are quite successful in simulating the 

gasification process in fluidized bed reactors (Oevermann et al., 2009). However, taking 

computational power into account, most of the computational research was done based 

on two phase modeling (Gera et al., 1998; Ibsen et al., 2004). This modeling follows the 

eulerian-eulerian approach, which assumes gas and solid phases as continuous and 

interpenetrating (Kuipers et al., 1992; Patil et al., 2006; Schmidt & Renz, 2000) . On the 

other hand, DPM follows eulerian-lagrangian approach, which tracks each particle and 

simulates its dynamics. Even though the computational power requirements of discrete 

phase modeling are higher than that of multiphase flow modeling, the detailed dynamics 

of particle motion is possible by taking particle-particle and particle wall collisions into 

account (Ibsen et al., 2004; Oevermann et al., 2009).  
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Most of the models used for CFD gasification were two dimensional models 

(Busciglio et al., 2009; Gerun et al., 2008; Marklund et al., 2007; Rogel & Aguillón, 

2006). Since these models do not fully account for local effects, the predictions might 

not be sufficient for scale up studies. In addition, the kinetic parameters such as 

activation energy and pre exponential factor required for devolatalization were adopted 

from literature. The novelty of the present study was use of kinetic parameters obtained 

from thermogravimetric analysis of switchgrass in inert atmosphere and development of 

a CFD model for gasification. Moreover, no studies have been conducted on switchgrass 

gasification modeling using CFD. The specific objectives were to 1) numerically 

investigate the distribution of temperature and gas species such as CO, CO2, H2, CH4, 

and C2H4 inside the fluidized bed gasifier and 2) validate the numerical model by 

comparing the outlet gas concentrations and temperature predictions with experimental 

data. 

2. Numerical modeling procedure: 

2.1 Governing equations: 

 In CFD, the continuous phase computations are represented by a basic set of 

equations such as mass, momentum, energy and species transport conservation 

equations.  

The mass conservation equation for gas phase is, 

          (1) 

The momentum conservation equation for gas phase is, 
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      (2) 

The energy conservation equation for gas phase is, 

            ... (3) 

The species conservation equations is, 

    ... (4) 

where,  

Sm, Su and SH are the source terms added to continuous phase from the particles in 

discrete phase. Rf  is the source term due to chemical reactions. 

2.2 Realizable k-ε turbulent model: 

To simulate the turbulence dynamics during gasification, realizable k-ε model 

was used. To account for velocity fluctuations due to turbulence in the flow field, eddy 

viscosity (not a property of fluid) was calculated. Different methods are available to 

calculate eddy viscosity based on the number of equations solved. In this study, a 

realizable k-ε turbulent model was chosen that solves transport equations for turbulent 

kinetic energy (k) and turbulent dissipation rate (ε) to calculate eddy viscosity. 

The transport equation for turbulent kinetic energy is, 

  .. (5) 
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The transport equation for turbulent dissipation rate is, 

           .. (6) 

The turbulent eddy viscosity is calculated by, 

          … (7) 

2.3 Chemical reactions: 

Biomass gasification process consists of dying, devolatilization, char oxidation and 

reduction.  

2.3.1 Drying: 

Drying was modeled using a wet combustion model. In this model, the moisture 

in the biomass evaporates when it reaches the boiling point (Guide, 2011). The volume 

fraction of water was an input to the model, which was calculated based on the mass 

fraction of moisture content specified in the proximate analysis of switchgrass (Table 2).  

2.3.2 Devolatalization: 

 Devolatilization is primary pyrolysis which describes the decomposition of solid 

biomass into gases, tar and solid char in inert atmosphere. In this model, it was assumed 

that all the tar was converted into gaseous species. The devolatilization reaction can be 

written as follows (Gómez-Barea & Leckner, 2010; Kumar et al., 2009b) : 
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      .. (8) 

  .. (9) 

The reaction kinetic parameters such as activation energy (E) and pre exponential factor 

(A) for the devolatilization equation were obtained from our thermogravimetric 

experiments on switchgrass in a nitrogen atmosphere (Table 1).  

2.3.3 Gas phase and char reactions: 

The homogenous gas phase reactions are described as follows: 

Water gas shift reaction: CO + H2O ↔ CO2 +H2     ... (10) 

CO partial combustion: CO +1/2 O2 → 2CO2    … (11) 

H2 partial combustion: H2 + 1/2O2 → H2O    .......... (12) 

CH4 combustion: CH4 + 2O2 → CO2 +2 H2O    …..(13) 

The rate expressions and kinetic parameters for the above reactions were taken from 

(Fletcher et al., 2000) and are shown in Table 1. 

The heterogeneous reactions described as follows: 

Char combustion: C<s> + O2 → CO2              (14) 

Boudouard reaction: C<s> + CO2 → 2CO               (15) 

Water gas reaction: C<s> + H2O → CO + H2             (16) 

Methanation reaction: C<s>+ 2H2→CH4             (17) 

The reaction kinetic parameters for char oxidation were obtained from (Fletcher et al., 

2000) and are shown in Table 1. 
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2.4 Computational set up: 

 A three dimensional computational set up was developed as shown in Fig. 1. A 

quadrilateral sweep mesh with 14,874 elements and 17,145 nodes was employed as a 

numerical grid. Since quadrilateral mesh provides higher accurate solution with fewer 

cells for simple geometries such as fluidized beds, it was chosen over triangular mesh. 

The smallest face size of computational grid was 0.0009 m and the largest size was 

0.00134 m. Finite volume discretization scheme was employed, which solves a set of 

algebraic equations instead of partial differential equations for each volume. Second 

order discretization was employed for better accuracy with a time step size of 1×10
-4

. 

2.4.1 Initial and boundary conditions: 

 At air and fuel inlets, mass flow rates were prescribed as boundary conditions. At 

an outlet boundary condition, the pressure was fixed as atmospheric. No slip boundary 

condition was prescribed at the walls for velocity. The bed was initially packed with 

sand material with the total volume fraction of solids equal to 0.60. An initial 

temperature of 673K was patched to the solid to start the gasification process. The 

material properties from proximate and ultimate analyses were inputs to the model 

(Table 2). The experimental data used in this study was obtained using a lab scale 

bubbling fluidized bed at Oklahoma State University. 

 A small time step of 1×10
-4

 s was used due to the different time scales of the 

hydrodynamics and different scales of reaction rates. Initially, the simulation was carried 

out without considering heat transfer and gasification reactions. Once the solution to the 
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hydrodynamics reached steady state, the simulations were carried out by enabling heat 

transfer and gasification reactions.  

2.4.2 Model assumptions: 

The following assumptions were made in the model. 

1. Axis of symmetry was assumed when modeling the reactor to reduce 

computational power. 

2. Switchgrass, char and sand particles were assumed to be in spherical shape. 

3. The char particles were treated as 100% carbon. Ash was taken into 

consideration separately. 

3 Results and Discussion: 

3.1 Temperature distribution: 

 The asymmetric distribution of temperature can be seen in Fig. 2. The existence 

of non-uniformity in the temperature profiles was due to the various reactions 

(endothermic and exothermic) occurring at different locations within the gasifier. The 

average axial temperature distribution is illustrated in Fig. 3. The gasification process 

region can be divided into three zones, which are pyrolysis, combustion and gasification. 

The pyrolysis, combustion and gasification zones were in the range of 0.0 -0.124 m, 

0.124 - 0.254 m and 0.254- 1.295 m, respectively. In the pyrolysis zone, drying and 

devolatilization reactions were dominant. Drying of biomass releases moisture and 

devolatilization breaks down the biomass into various gaseous species, ash and char. 

Thus, the nature of these reactions is endothermic. Hence, they resulted in low 
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temperature in the pyrolysis zone as shown in Figure 3. After devolatalization, the 

evolved gaseous species and char reacted with oxygen in the combustion zone due to the 

high availability of oxygen.  In the combustion zone, the partial combustion reactions 

were dominant and resulted in increase in the temperature.  The maximum average 

temperature predicted in this zone was 1,034 K. The presence of a sand bed in this zone 

also enhanced the reactions and contributed to the increase in temperature. However, a 

high temperature of 1,600 K was noticed in some locations within the combustion zone.  

Complete combustion might have resulted in these hot spots. In the gasification zone, 

the availability of oxygen was low; hence, the partial combustion reactions were less 

prominent. The endothermic reactions such as the Boudouard (eq.15) and water gas (eq. 

16) reactions played a major role leading to the decrease in temperature. A uniform 

temperature distribution was observed in the radial direction due to proper mixing. The 

simulated temperature profiles in the axial dimension were in fairly good agreement 

with experimental data as shown in Figure 3. 

3.2 Gas composition distribution: 

 The distributions of product gases such as CO2, CO, H2, CH4, C2H4, N2 and O2 in 

the gasifier are illustrated in Figures 4 and 5. The concentration of CO2 was not uniform 

along the height of the gasifier as shown in Figure 4(a). High concentration of CO2 was 

observed in the combustion zone because of the partial combustion of char (eq. 14) and 

CO (eq.11). On the other hand, opposite trends were noticed for CO and H2 

concentration distributions as illustrated in figures 4(c) and (d). Boudouard (eq.15), 

water gas (eq.16) and water gas shift (eq.10) reactions played major roles in the 

gasification zone. These reactions resulted in high concentrations of CO and H2 in this 
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zone. CH4 was asymmetrically distributed along the height of the reactor as shown in 

Fig. 4(b). CH4 produced from devolatilization was partly consumed in combustion 

reactions. Hence, CH4 concentration was low in the combustion zone. However, in the 

gasification zone, CH4 concentration increased due to the methane reforming (eq.17) 

reaction. In the combustion zone, oxygen was completely consumed in partial 

combustion reactions of CO, CH4 and char. Thus, the concentration of oxygen was 

sharply decreased to zero as it entered the combustion zone (Fig. 5(f) and 7). The 

concentration of N2 decreased in the pyrolysis and combustion zone due to the evolution 

of gaseous species that diluted the N2 concentration. In the gasification zone, the 

gaseous species further reacted and affected the composition of other gaseous species as 

described above. However, the concentration of N2 remained same. The concentrations 

of all the gaseous species remained constant in the free board zone (Fig. 6 and 7). 

3.3 Model validation and sensitivity analysis: 

 The model was validated by comparing the simulated results of product gas 

concentrations at the outlet with experimental data for two values of equivalence ratio 

(ER) i.e., 0.32 and 0.29. The comparison is illustrated in Fig. 8. In the case of ER = 0.32, 

the error between predicted and experimental values of CO, CO2, N2 and CH4 

concentrations were less than 10%. The error in the prediction of H2 concentration was 

less than 15%. In the case of ER= 0.29, the error in concentration of all gas species 

excluding CH4 was less than 5%. The error in CH4 concentration was 25%, which is the 

highest compared to those of other gas species. Since the concentration of CH4 was low 

in both experimental and numerical results, a small difference resulted in a high error 

value. For validation, predicted temperature at the outlet was also compared with the 
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experimental data and the error was less than 10 %. Overall, the model was able to 

predict yields of biomass gasification process with reasonable accuracy. The 

concentration profiles of the gaseous species for the two ER values are shown in Fig. 

8(a) and 8 (b). From the figures, it can be observed that with slight variation in the ER, 

the predicted concentration of the gaseous species varied considerably indicating that the 

model was sensitive to small changes in the ER. 

4. Conclusions: 

 A three dimensional CFD model was developed to simulate fluidized bed 

gasification using the Euler-Lagrangian multiphase approach. The detailed chemistry of 

gasification was modeled by employing kinetics for devolatilization, homogeneous and 

heterogeneous reactions. From the predicted results, non-uniform temperature 

distribution was observed along the height of the gasifier. The temperature was high in 

the bed region due to the dominance of exothermic oxidation reactions. Low 

temperature was observed in gasification zone due to the dominance of endothermic 

reactions. The predicted temperature was in good agreement with experimental data with 

a calculation error of less than 10 %. Product gas species concentration profiles were 

asymmetrically distributed inside the reactor. CO2 concentration was the highest in 

combustion zone due to the partial combustion reactions of CO and char. High 

concentrations of CO and H2 were predicted in gasification zone due to the dominance 

of water shift and boudouard reactions. Methanation reaction resulted in higher CH4 

concentration in gasification zone. The predicted concentrations of the species at the 

outlet were compared against the experimental data at two ERs of 0.32 and 0.29. There 
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was a good agreement between numerical and experimental results with overall error of 

less than 15%.   

Nomenclature: 

 - external body forces (N) 

Gk-generation of turbulent kinetic energy due to mean velocity gradients 

Gb-generation of turbulent kinetic energy due to buoyancy 

hj- sensible enthalpy of species j (J/kg) 

 -diffusion flux of species j (kg/m
2
s) 

 -effective conductivity 

k- turbulent kinetic energy 

p-static pressure 

Rf-source term due to chemical reactions 

Sh-heat of chemical reaction 

Sm- mass added to the continuous phase from dispersed phase 

 -velocity vector (m/s) 

Yi-mass fraction 

Greek symbols: 
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ρ- density of gas (kg/m
3
) 

 -stress tensor (Pa) 

ε-turbulent dissipation rate (w/m
3
) 
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Figure 1. Computational set up of fluidized bed reactor 
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Figure 2. Contour representing the temperature distribution inside the gasifier 



98 
 

 

 

Figure 3. Average axial temperature distribution profile  
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Figure 4. Time average mole fraction contours of (a) CO2 (b) CH4 (C) CO (d) H2 
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Figure 5. Time averaged mole fraction contours of (e) N2 (f) O2 
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Figure 6. Average axial concentration profiles of CO, CO2, CH4, and H2 
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Figure 7. Average axial concentration profiles of N2 and O2
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Figure 8. Gas concentrations at the outlet of the gasifier for (a) ER=0.32 (b) ER=0.29 
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Table 1. Reaction kinetic parameters used in CFD modeling 

Reactions 
Heat of reaction 

 ( KJ/mol) A (1/s) E(kJ/mol) 

Devolatilization 

reaction 
-118.12 3.88E+10 103.7 

Homogeneous 

reactions 
  

    

CO+H2O↔H2+CO2 -41.15 0.0265 65.8 

CO+0.5O2→CO2 -338.26 8.83E+11 100 

H2+0.5O2→H2O -241.84 3.09E+11 100 

CH4+1.5O2→CO+H2O -277.48 1.58E+08 202 

Heterogeneous 

reactions 
  

    

C<S>+O2→CO2 -393.53 9.35E+04 82.8 

C<S>+CO2→2CO 172.45 3.62E+01 77.39 

C<S>+2H2→CH4 -74.90 4.20E-03 19.21 

C<S>+H2O→CO+H2 131.30 1.52E+04 121.62 
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Table 2. Proximate and Ultimate analyses of switchgrass 

                                            Proximate Analysis                              Ultimate Analysis 

Moisture (%, w.b.) 9.7 Carbon 46.62% 

Volatile matter (% d.b.) 80.36 Hydrogen 5.74% 

Ash (% d.b.) 4.62 Oxygen 42.27% 

Fixed carbon (% d.b.) 15.02 Nitrogen <0.3% 

HHV of dry biomass 
18.83 Sulfur  

(MJ kg
-1

, d.b.) 
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CHAPTER V 
 

 

Recommendations 

 

The present study provided the fundamental information required to understand 

the biomass devolatilization process. Based on the results from the present work, the 

following aspects are recommended for future research in the biomass thermochemical 

conversion process.  

The devolatilization kinetics of switchgrass was used to develop a Computational 

Fluid Dynamics model which is capable of predicting the gas and temperature profiles 

inside a fluidized bed reactor. TGA-FTIR studies also provided devolatilization kinetic 

data for red cedar, wheat straw, cellulose, hemicellulose and lignin. The model can utilize 

this kinetic data and simulate gasification to predict gas profiles and temperature 

distribution inside the gasifier. Moreover, the effect of operating parameters such as bed 

height, bed material and temperature also can be examined using the CFD model. 
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APPPENDICES 
 

APPENDIX A. 

Table.1 Fluent models and input summary 

SOLVER CONTROLS   

solver 3D segregated 

velocity formulation absolute 

Gradient option cell-based 

Formulation implicit 

Time unsteady 

SPECIES MODEL   

model species transport 

reactions volumetric, surface 

turb-chemical interaction Eddy-dissipation and Arrhenius rate 

MULTIPHASE MODEL   

model eulerian-lagrangian 

TURBULENT MODEL   

k-epsilon model realizable 

Near wall treatment standard 
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Table 2.Properties of CO, CO2, CH4 and H2 

 

 

 

 

 

 

 

 

 

 

 

 

  CO CO2 CH4 H2 

Material type 

 

fluid fluid fluid fluid 

Molecular weight 

 

28 44 16 2 

Standard state 

enthalpy 

-1.11E+08 -3.94E+08 -7.49E+07 -1.88E+03 

Standard state 

entropy 

197535.7 213720.2 186043.29 130581.7 

Reference 

temperature 

298 298 298 298 

Cp Piecewise-

polynomial 

Piecewise-

polynomial 

Piecewise-

polynomial 

Piecewise-

polynomial 



VITA 

 

Vamsee Pasangulapati 

 

Candidate for the Degree of 

 

Master of Science 

 

Thesis:    DEVOLATILIZATION CHARACTERISTICS OF CELLULOSE, 

HEMICELLULOSE AND LIGNIN AND THE SELECTED BIOMASS 

DURING THERMOCHEMICAL GASIFICATION: EXPERIMENT AND 

MODELING STUDIES 

 

 

Major Field:  Biosystems and Agricultural Engineering 

 

Biographical: 

 

Education: 

 

Completed the requirements for the Master of Science in Biosystems and 

Agricultural Engineering at Oklahoma State University, Stillwater, Oklahoma in 

December, 2012. 

 

Completed the requirements for the Bachelors of Technology in Mechanical 

Engineering at CMR Engineering and Technology affiliated to Jawaharlal 

Nehru Technological University, Hyderabad, India in May, 2007. 

 

Experience:   

Graduate Research Assistant under Dr. Ajay Kumar from January 2010 to 

January 2012 

 

Professional Memberships:  ASABE 

 

 

 

 

 



 

ADVISER’S APPROVAL:   Dr. Ajay Kumar 

 

 
 

 

Name: Vamsee Pasangulapati                                Date of Degree: May, 2012 

 

Institution: Oklahoma State University        Location: Stillwater, Oklahoma 

 

Title of Study: DEVOLATILIZATION CHARACTERISTICS OF CELLULOSE, 

HEMICELLULOSE AND LIGNIN AND THE SELECTED BIOMASS 

DURING THERMOCHEMICAL GASIFICATION: EXPERIMENT 

AND MODELING STUDIES 

 

Pages in Study: 108            Candidate for the Degree of Master of Science 

Major Field: Biosystems and Agricultural Engineering 

 

Pyrolysis and gasification are two promising thermochemical conversion 

technologies for conversion of biomass into fuels, chemicals and power. 

Devolatilization is the first major process that occurs in biomass gasification and 

pyrolysis. Thus it is essential to study the fundamentals of biomass 

devolatilization, which helps in better understanding, modeling and optimization 

of biomass thermochemical conversion processes. 

  The devolatilization characteristics of biomass major components 

cellulose, hemicellulose and lignin were investigated using thermogravimetric 

analysis. The weight loss kinetics were derived using  global decomposition 

approach. Spectral analysis was conducted and major gases such as CO, CO2 and 

CH4 were identified along with hydrocarbons, alcohols, ketones and acids.  

  The devolatilization characteristics of switchgrass, wheat straw, eastern 

red cedar and DDGS were investigated using thermogravimetric analysis. The 

focus of this objective was to investigate how the biomass components 

contributed to yields and properties of products during devolatilization. Results 

show that the effect of biomass composition on thermal degradation profiles and 

weight loss kinetics was not significant. However, with change in biomass 

composition, significant effects were observed on CO, CO2 and CH4 evolution 

profiles. Carbon based conversion efficiency was higher for switchgrass (94.2%) 

and wheat straw (95.0%) and lower for red cedar (77.0%) and DDGS (76.8%). 

  A CFD model for switchgrass gasification in a fluidized bed reactor was 

developed using devolatilization kinetics obtained from thermogravimetric 

analysis. The simulation results provided detailed information on temperature and 

gas concentration profiles inside the reactor.  The non-uniform distribution of 

temperature in the reactor showed the different reaction zones for devolatilization, 

combustion and gasification. The model validation was performed by comparing 

the predicted outlet concentrations of the gases with experimental data. The 

sensitivity of the model was also analyzed by simulating at two equivalence ratios 

of 0.32 and 0.29. 


