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ABSTRACT 

The conversion of lignocellulosic material to higher value chemicals and fuels offers a 

renewable feedstock for carbon-based products. Fast pyrolysis offers one potential route to 

convert raw biomass into higher value products. As pyrolysis bio-refineries become available, 

technical challenges will exist providing sufficient thermal energy to support this endothermic 

process at large scales. Fortunately, autothermal pyrolysis can solve these heat transfer 

limitations as thermal energy can now be generated within the reactor. However, given the low 

temperature (400-600°C) operation of these autothermal pyrolyzers, relevant oxidation kinetics 

are not available. Consequently, this absence in knowledge is addressed in this work determining 

relevant oxidation kinetics to autothermal pyrolysis.  

This work primarily focuses on the derivation of oxidation kinetics pertaining to 

autothermal pyrolysis. In depth kinetic studies were subsequently conducted for bio-oil products 

and char oxidation, deriving valuable reaction data. Additional work analyzed autothermal 

produced phenolic oil, finding subtle partial oxidation reactions occurred to this lignin derived 

fraction. Finally, a temperature study was conducted under autothermal conditions to determine 

the effect of temperature. The derived kinetic data from this work will undoubtedly improve the 

operation and scale-up of autothermal pyrolyzers.   
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CHAPTER 1.    INTRODUCTION 

Lignocellulose as a renewable feedstock 

Carbon is used in nearly every aspect of our modern society for transportation fuels, 

plastics, and chemicals. The majority of this carbon is provided through fossil carbon, thus being 

a finite resource. In addition, there are negative environmental impacts from the usage of this 

sequestered carbon. The consumption of sequestered carbon for transportation fuels releases CO2 

into the atmosphere, causing a greenhouse effect, and single use plastics are quickly 

accumulating in the environment [1]. Consequently, finding renewable resources to replace fossil 

carbon is an urgent matter.   

Biorenewables offer a promising alternative to traditional fossil carbon. Among these, 

biomass can be used as a direct replacement for fossil carbon with proper processing. According 

to the most recent Billion Ton Study, the upwards of 30% of fossil fuels could be replaced with 

biomass in the United States [2]. Among the many forms of biomass, lignocellulose appears 

promising to produce fuels and higher value chemicals. However, unlike conventional 

hydrocarbons, lignocellulosic biomass contains a significant amount of oxygen that complicates 

its conversion to traditional products [3].  

Lignocellulose is composed of three primary components: cellulose, hemicellulose, and 

lignin. Cellulose is repeating homopolymer chain of D-glucose units bonded by β (1-4) 

glycosidic bonds. Typical chain length of cellulose is on the order of 1000-3000 repeating units. 

Cellulose is generally 40-50 wt.% of herbaceous and wood feedstocks, though can exceed 90 wt. 

% in cotton. The next component, hemicellulose, is often defined as a repeating five carbon 

sugar, xylose, though includes other components including acetyl groups, mannose, and even 

trace amounts of glucose. Hemicellulose composition varies among feedstocks, though it is 
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approximately 15-30 wt. % [4]. Finally, lignin is complex three-dimensional structure consisting 

of phenolic monomers. Lignin acts to provide rigidity and as a binder for the polysaccharides 

(cellulose and hemicellulose). The lignin structure is composed of three monolignol blocks: 

paracoumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. The respective blocks differ by 

methoxy groups and are more commonly referred to as p-hydroxyphenyl (H), guaiacyl (G), and 

syringyl (S) units. Lignin composition varies between feedstocks but is generally 10-25 wt.% [4].   

Utilization of lignocellulosic biomass offers a promising route forward to reduce 

dependence on non-renewable sources of carbon. However, given the recalcitrant structure and 

varying composition of biomass, a conversion process is needed to turn the material into higher 

value products.  

Thermochemical Processing of Biomass 

Thermochemical conversion of biomass offers one promising route to produce useful 

renewable products. These processes use some combination of heat, pressure, and catalyst to 

transform organic material into chemicals, fuels, and power. Thermochemical conversions are 

typically divided into four subgroups: pyrolysis, gasification, combustion, and solvent 

liquefaction [5]. While each offer their own benefits, fast pyrolysis has emerged as a promising 

approach to convert lignocellulosic biomass into a suitable product for upgrading to fuels and 

chemicals [6]. Fast pyrolysis is conventionally defined as the rapid decomposition of biomass in 

the absence of oxygen, to produce bio-oil, char, and non-condensable gases (NCG). This rapid 

decomposition occurs in a matter of seconds at temperatures between 400-600°C at atmospheric 

pressure. The primary product, bio-oil, is produced at up to 75 wt. %, containing hundreds of 

carbohydrate-derived compounds, including ketones, aldehydes, and acids, as well as lignin-

derived phenolic monomers and oligomers [7]. The other valuable product, biochar, often retains 
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the original shape of the biomass particle and is used for a variety of applications [3]. Finally, 

NCG is mainly comprised of carbon monoxide and carbon dioxide, with trace amounts of 

methane, ethane, and other light hydrocarbon gases.  

During pyrolysis, thermal energy is required to heat the organic material and for the 

decomposition reactions. This enthalpy for pyrolysis, including the sensible energy to raise the 

biomass from ambient conditions to reaction temperature (500°C), has been experimentally 

calculated as 0.8 MJ/kg to 1.6 MJ/kg, depending on the feedstock [8]. A theoretical calculation 

using thermodynamic data determined the enthalpy for pyrolysis to be 1.1-1.6 MJ/kg, nearly 

identical to experimental data [9]. This enthalpy for pyrolysis represents just 10% of the energy 

contained in biomass; thus, is a relatively small portion of energy. While this enthalpy for 

pyrolysis is often not considered an issue at the laboratory scale, providing this thermal energy at 

large commercial scale is more difficult requiring ancillary heat conveyance equipment [10]. As 

a result, at the commercial scale the secondary combustor, and auxiliary heat transfer equipment, 

are on the order of 30% of the total capital costs [11]. Consequently, the potential to eliminate 

this large capital cost will improve the economics of these commercial pyrolysis plants.  

Overview of Autothermal Pyrolysis 

Traditionally pyrolyzers operate under inert conditions, so only a few researchers have 

explored the effects of oxygen. Nevertheless, researchers have admitted mixtures of nitrogen and 

oxygen into fluidized bed reactors to explore the feasibility of autothermal pyrolysis [12,13]. The 

goal of this autothermal pyrolysis is to balance the endothermic pyrolysis with exothermic 

oxidation reactions. Though innovative to biomass fast pyrolysis, the concept of autothermal 

operation is not novel and has been previously explored for hydrocarbon cracking [14,15]. Li et. 

al.[13] performed autothermal fast pyrolysis with birch bark using a fluidized bed reactor at 
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equivalences ratios as low as 0.05. Here the equivalence ratio is defined as the air (oxygen) used 

over the stoichiometric requirement for full combustion. While autothermal operation was 

achieved, there was a 22% relative decrease in bio-oil. Other researchers used a fixed bed reactor 

to pyrolyze wood chips in autothermal and allothermal operation to measure the effect of oxygen 

[16]. Again, under the autothermal operation large quantities of bio-oil were consumed, 

approximately 22 wt. %, and the fixed bed caused a flame front with wide variation (>100°C) in 

bed temperature. While these groups demonstrated that autothermal pyrolysis is possible, further 

research was needed to prevent unacceptable bio-oil losses.  

Though autothermal operation was not the goal, admittance of oxygen into pyrolyzers 

does not necessarily result in large losses of bio-oil. Using a fluid bed reactor, Kim et. al[17,18] 

pyrolyzed red oak, and admitted a small amount of oxygen in the nitrogen sweep gas at 0.525% 

to 8.40% (v/v) to determine the effect of oxygen. The calculated equivalence ratios for these 

experiments, ranged from 0.034 to 0.539. At equivalence ratios below 0.136, representing 2.10% 

O2 in the fluidizing gas, select characterized bio-oil products decreased from 12.7 wt. %, on a 

biomass basis, to just 11.1 wt.%. In particular, acetic acid and acetol decreased by 25% and 45%, 

respectively comparing the inert condition to an equivalence ratio of 0.136. Consequently, while 

there was a decrease in bio-oil products, the overall yield of bio-oil was minimally impacted with 

the addition of small amounts of oxygen. 

Autothermal Processing at Iowa State University 

While other attempts at autothermal operation had large losses in bio-oil, recent research 

at Iowa State University (ISU) demonstrated certain reactor conditions can minimize bio-oil 

consumption. Using a 3.5 inch bubbling fluidized bed reactor operating at 500°C, Polin et al.[19] 

conducted experiments under inert and autothermal conditions, at equivalence ratio of 0.107, 
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pyrolyzing red oak. Comparison of the carbon yield between autothermal and conventional, non-

oxidative, pyrolysis (Figure 1) indicated large losses of carbon in the bio-char (4.9%). A similar 

decrease (5.1%) was measured for the aqueous fraction, here called the bio-oil light ends 

containing water and light oxygenated compounds. However, the carbon yield of the valuable 

bio-oil heavy ends, containing the lignin derived phenolic oil and anhydrosugars, had a relatively 

small (3%) decrease. As a result, this demonstrated that under proper operating conditions, 

valuable carbon can be retained in the bio-oil. Likewise, the large decrease in carbon for biochar 

indicated char oxidation was providing substantial amounts of the thermal energy.  

 

Figure 1 Carbon balance of autothermal pyrolysis of red oak performed on a fluidized bed 

reactor at 500 °C.  Figure adapted from Polin et al.[19].  

Similar experiments conducted by Polin et al. [20] with corn stover as a feedstock found 

that again biochar and bio-oil light end carbon was consumed (Figure 2). Even more favorable, 
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bio-oil heavy ends had no measurable decrease in carbon content (27.1 vs 27.3%). Of note, the 

calculated equivalence ratio for corn stover was only 0.067, lower than that required for red oak. 

While the enthalpy for pyrolysis is lower for corn stover as compared to red oak [8] (1.35 MJ/kg 

vs. 1.46 MJ/kg) these two instances of autothermal pyrolysis suggest that differences in product 

consumption likely contributed to the different equivalence ratios.  

 

Figure 2 Carbon balance of corn stover autothermal and conventional pyrolysis. Figure adapted 

from Polin et al. [20]. 

The success of these two cases is from the retention of biochar in fluidized bed, allowing 

for a large concentration of biochar to oxidize providing energy towards the enthalpy for 

pyrolysis. Likewise, by minimizing a flame front, as seen with the autothemal pyrolysis in a 

fixed bed, oxidation of the bio-oil vapors was minimized. Consequently, these two instances of 

autothermal pyrolysis demonstrate that under proper operating conditions oxidation reactions can 
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be tailored to consume the least valuable products (biochar) while still providing energy for 

pyrolysis.  

Initial Modeling of Autothermal Pyrolysis 

With the recent research at ISU demonstrating autothermal operation of fast pyrolysis is 

possible, modeling these reactions would assist with process scale-up and operability. Given the 

recent advances in autothermal pyrolysis operation, few attempts have been made to model this 

process. Mellin[21] used Ansys Fluent, a computational fluid dynamics software, to model the 

effects of oxygen in the fluidizing sweep gas of a fluidized bed pyrolyzer at low equivalence 

ratios (0.00-0.026). The model consisted of biomass first converting to an active volatile state 

and then further decomposing to char, non-condensable gas, or tar (bio-oil). The tar could then 

either oxidize or further decompose to a secondary tar, a gaseous product, or oxidize. Overall, 

the model predicted a large quantity of the tar (bio-oil), the upwards of 30%, would oxidize 

providing heat for pyrolysis. While the oxidation of the bio-oil is consistent with earlier attempts 

at autothermal pyrolysis, this large loss of bio-oil was not seen with the work at ISU. 

Furthermore, important gas-solid phase reactions with biochar (e.g. char oxidation) were not 

included. This highlights the importance of the gas solid phase reactions to support autothermal 

pyrolysis.  

Given the value of bio-oil as compared to biochar and NCG, minimizing its oxidation is 

critical. While the goal is quite simple, initial modeling attempts determined there was a lack of 

relevant kinetic data. High temperature combustion is well known for select gaseous fuels at 

elevated temperatures (>1000°C) [22,23], however this information does not apply to the lower 

temperatures (~500°C) of pyrolysis. Progress in autothermal pyrolysis will require a better 

understanding of the oxidation reactions that both drive the process and affect product 
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composition and distribution. Consequently, efforts to understand these partial oxidation 

reactions were undertaken.  

Dissertation Organization  

To build an accurate model of autothermal pyrolysis, low temperature oxidation reactions 

of pyrolysis products needed to be explored. In particular, gas-solid phase reactions (e.g. char 

oxidation) and the oxidation of pyrolysis vapors were identified as the most important. 

Additionally, the effect of oxidation on the lignin derived phenolic oil was investigated using 

analytical analyses and model compound studies. Thus, the work of this dissertation is to bridge 

the gap between experimental operation of autothermal processing and computational models 

that fail to explain the reactions adequately.  

Chapter 2 involved the derivation of char oxidation rates. Given differences in carbon 

consumption between the red oak and corn stover ISU autothermal experiments, it was 

hypothesized the alkali and alkaline earth metal (AAEM) content was partially responsible for 

these differences. Therefore, to determine the role of AAEM content, six fast pyrolysis produced 

biochars were subjected to kinetic studies. Using combined thermogravimetric analysis (TGA) 

and fluidized bed experiments reaction rates and correlations based on ash content were 

proposed. Additional experiments were conducted on acid washed biochars to passivate the 

catalytically active metals, further bolstering proposed relationship correlations. Fluidized bed 

experiments also explored the role of AAEM content on the production of CO and CO2.  

Chapter 3 focused on the derivation of global oxidation rates using a fluidized bed 

reactor. Using the two-phase theory and modeling the fluid bed as ideal reactors, reaction rates 

were derived from experimental data. Given bio-oil contains hundreds of compounds, it was 

impossible to derive reaction rates for all the major bio-oil products [24]. Therefore, three 
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compounds: acetic acid, levoglucosan, and xylose were used representing the major bio-oil 

components of light acids and sugars. The rates derived are the first of their kind for the two 

sugar products (xylose and levoglucosan) offering valuable kinetic data to model autothermal 

pyrolysis.  

Chapter 4 involved an in-depth analysis of the bio-oil heavy ends from the autothermal 

pyrolysis experiments of Polin et al [19]. The study explored the partial oxidation of lignin-

derived compounds, which generates both carbon oxides and carbonyl compounds. By using 

several analytical techniques, it was found that partial oxidation reactions, those not producing 

CO2 and H2O, was occurring with the lignin derived phenolic fraction. Oxidation of these 

phenolic compounds influences their subsequent polymerization and condensation to form 

phenolic oligomers. Additional, model phenolic compounds were pyrolyzed to help understand 

the mechanisms of partial oxidation during autothermal pyrolysis of lignocellulose.    

Finally, Chapter 5, examined the effect of temperature on autothermal pyrolysis of 

ferrous sulfate treated corn stover. The project analyzed the products from ferrous sulfate 

pretreated corn stover pyrolyzed at 400, 450, 500, and 550°C to determine the effect of 

temperature of this feedstock. With the four different temperatures, analysis of the bio-oil was 

also used to elucidate the role of temperature on the oxidation reactions. Using the kinetic data 

derived in this work, the goal was to optimize sugar yield by varying the reactor temperature.  
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Abstract 

The goal of this study was to determine oxidation kinetics for biochar produced from fast 

pyrolysis of various biomass feedstocks. In particular, the role of inherent ash content on the 

oxidation rate was evaluated. Thermogravimetric analysis (TGA) and fluidized bed combustion 

experiments were used to explore oxidation kinetics of six fast pyrolysis produced biochars with 

diverse ash content. Reaction rates varied by a factor of three under chemical kinetic-limited 

conditions, demonstrating inorganic content impacts oxidation rate. Chemical kinetic rate 

coefficients were proposed as a function of compositional parameters to determine overall fit and 

impact. Potassium content was found to have a positive correlation, best describing the 

differences in the oxidation kinetic rate coefficients. Additionally, feedstocks were subjected to a 

1M HCl acid wash mitigating the catalytic activity of the metals. Acid washed biochars had 

lower oxidation kinetic rates compared to their unwashed counterparts, indicating the removal of 

catalytically active metals reduced oxidation rate. Gas composition (CO/CO2) was measured 

during fluidized bed experiments for both acid-washed and unwashed biochars, which varied 

between the six biochars. Formation of CO2 was greatly affected by catalytic metals, finding 

potassium content to correlate well with a higher percentage of CO2 formation as compared to 
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CO. Comparison of oxidation rates were made between the two experimental apparatuses to 

measure the effect of attrition on biochar oxidation. 

Introduction 

Lignocellulosic biomass has gained attention as feedstock for producing renewable 

chemicals and biofuels [1]. Thermochemical processing of biomass, including fast pyrolysis, is a 

promising route to convert biomass into bio-oil, biochar, and non-condensable gases [2]. 

Because pyrolysis is an endothermic process [3], an external energy source is required to drive 

the process. Providing this energy through heat transfer is readily achieved at laboratory scale, 

but it becomes increasingly difficult as the reactor is scaled due to the decreasing surface area-to-

volume ratio [4]. To provide thermal energy at large scale, the biochar product is commonly 

directed to a solid-fuel combustor where refractory particles are heated and then conveyed to the 

pyrolyzer. This system is commonly manifested as bubbling or circulating fluidized beds [5] or 

auger reactors [6] in combination with an external combustor and appropriate solids conveyance 

systems. The need to convey solid heat carriers between a char combustor and pyrolysis reactor 

adds complexity and cost to the system.  

Polin et al. [7,8] has recently demonstrated autothermal pyrolysis as an alternative to heat 

transfer to provide the enthalpy for pyrolysis. Small amounts of oxygen, approximately 10% of 

that required for full combustion, is admitted to the reactor, which partially oxidizes products of 

pyrolysis and releases thermal energy to the process. Recent studies indicate that biochar is 

preferentially oxidized during autothermal pyrolysis, substantially preserving the more valuable 

bio-oil [7,8]. Differences among feedstocks (e.g. herbaceous vs woody) appear to influence 

biochar oxidation and the total oxygen required for autothermal operation. For example, red oak 

required processing at an equivalence ratio 40% higher than corn stover to achieve autothermal 
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operation. Thus, a better understanding of the oxidation kinetics for biochar at pyrolysis 

temperatures (400-600°C) will improve the design and operability of autothermal pyrolysis 

reactors.  

Char oxidation kinetics have been extensively studied in the past fifty years [9]. These 

early reports revealed three distinct regimes of gas-solid phase reactions (combustion) based on 

temperature [10]. Regime I is controlled by chemical kinetics, with internal and external mass 

transfer playing no role. In Regime I, using sufficiently small particles, the intrinsic activation 

energy can be determined. The second regime is at slightly elevated temperatures where mass 

transfer limitations can no longer be ignored and is partially rate limiting. In Regime II, the 

apparent activation energy is approximately half that of Regime I, assuming first order kinetics. 

Regime III occurs at elevated temperatures where chemical kinetics are sufficiently fast; thus, the 

rate is determined by the external mass transfer rate. Here the apparent activation energy is very 

small. In order to derive accurate reaction kinetics, it is important to delineate these combustion 

regimes. In addition to the external mass transfer rate, oxygen partial pressure and internal mass 

transfer can impact the oxidation rate. Typically, sufficiently small particles (<300 µm) are 

required to minimize internal mass transfer effects [11]. Likewise, decreasing oxygen partial 

pressure reduces the overall combustion rate [12]. Consequently, controlling these two is 

important to derive true reaction kinetics. 

Naturally occurring metals in biomass, in particular alkali and alkaline earth metals 

(AAEM), can catalyze char oxidation [13–15]. Zhang et al. [13] found that chars impregnated 

with metals shortened the total burnout time. All the metals evaluated reduced the burnout time; 

however, potassium had a higher reactivity than sodium, calcium, or magnesium [13]. Yi et al. 

[14] studied combustion characteristics of cattle manure with varying metal content finding 
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sodium, calcium, and potassium increased combustion rates, while magnesium had a negligible 

impact. These two studies indicate both the quantity and the type of AAEM can modify the 

overall combustion rate.  

While the presence of inorganic content in chars appears to play a significant role in 

combustion kinetics, studies with coal chars suggest the fraction of carbon in the char could be a 

significant factor. Miura et al. [16] determined that when carbon content was greater than 80 wt. 

%, gasification reactivity was determined by the char matrix (i.e. structure). However, Várhegyi 

et al. [15] used a hot citric acid wash to remove AAEM from corncob biochar and found 

combustion reactivity decreased despite a substantial increase in surface area. This indicates 

inorganic content rather than structure is the driving factor behind combustion reactivity of 

biochar. Given operational differences observed in autothermal pyrolysis between a low ash 

feedstock (red oak) and high ash (corn stover), the biochar oxidation rate is hypothesized to be 

primarily determined by its inherent ash content.  

Inorganic content also influences the relative rates of CO and CO2 formation during char 

oxidation. Traditionally, it is assumed that oxygen first adsorbs onto the particle, reacts with the 

carbonaceous char forming CO, and then is released into the gas phase. After this desorption 

step, CO is further oxidized in the gas phase to CO2. However, Cheng et al. [17] found that char 

combustion with varying metal content (Na, Fe, Ca, and Al) had different rates of char 

consumption and relative rates of CO and CO2 formation. Specifically, it was found that the 

metals appeared to enhance gas-solid reactions between char and oxygen to form CO2 by 

facilitating the transport of oxygen to the char surface. Metals shuttle oxygen to the char surface 

through a reduction-oxidation cycle to directly form CO2. Du et al. [18] reached a similar 

conclusion, finding CO2 formation for pure carbon was catalyzed by the addition of calcium. 
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Thus, inorganic content appears to affect both the oxidation rate and formation of the gases, 

demonstrating its importance for biochar oxidation. 

Under kinetically limited oxidation, biochar diameter must be sufficiently small, usually 

less than 100 μm, to mitigate internal mass transfer limitations [9]. However, in practice 

pyrolyzers process biomass particles that are an order of magnitude larger [8]. Therefore, 

bridging the gap between pure kinetic measurements (i.e. TGA) and actual systems (such as 

fluidized bed reactors) is an important aspect for developing accurate models. In fluidized beds, 

attrition of the biochar to a sufficiently small size will improve mass transfer rates increasing the 

overall oxidation rate. Similarly, the char attrition rate under oxidative (combustion) conditions 

is enhanced; thus, biochar fragmentation would occur more rapidly in an oxidative environment 

[19]. The increased attrition under oxidative conditions would generate biochar fines with a 

faster oxidation rate (from greater surface area vs. volume and improved mass transfer) as 

compared to the original biochar particle [20]. Enhanced attrition improves the overall char 

combustion rate, with the upwards of 40% of the carbon oxidized in the form of fines [20]. Scala 

et al. [20] found the fines produced through attrition at typical fluidized bed combustion 

temperatures (850°C) increased the oxidation rates, but this may not be representative of attrition 

at the lower temperatures of pyrolysis (400-600°C). Morin et al. [21] compared biochar 

oxidation rates at 370°C for experiments performed in an isothermal TGA and a fluidized bed 

reactor determining rates were indeed higher in the fluidized bed. While this result is consistent 

with accelerated oxidation of fine particles produced through attrition in the fluidized bed, the 

authors argued that oxidation was suppressed in the TGA due to formation of a stagnation zone 

that limited oxygen diffusion [21].  
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The overall goal of the present study is to determine biochar oxidation kinetics related to 

biomass autothermal fast pyrolysis. Given the low temperature of autothermal pyrolysis (400-

600°C) and various feedstocks used (woody and herbaceous) relevant biochar oxidation kinetics 

to these conditions will aid in the scale-up and development of these autothermal pyrolyzers. 

Hence, one of the goals of the present study is to compare char oxidation rates under a purely 

chemical kinetic regime in a TGA with a fluidized bed reactor to elucidate the role of attrition on 

biochar oxidation at pyrolysis temperatures. Another objective is to determine the effect of ash 

content on rates of biochar oxidation. Biochar was produced from fast pyrolysis of six kinds of 

biomass with varying ash content including herbaceous and woody feedstocks. Further 

investigations on the effect of inorganic content on biochar oxidation were performed using 

biochars prepared by washing with 1M HCl acid with the goal of substantially removing metals 

from the biochar.   

Materials and methods  

Biochar production  

Six feedstocks were selected for production of biochar: Douglas fir, pine, red oak, 

willow, switchgrass, and corn stover. All biomass samples were knife milled to under 1.60 mm 

particle size and dried to under 10 wt. % moisture. The experimental apparatus consisted of a 

3.81 cm diameter, 316 stainless steel fluidized bed reactor loaded with 400 g of sand sieved to 

300-600 micron. The reactor was fluidized at 500°C with 20 standard liters per minute (SLPM) 

of nitrogen gas. Biomass feed rate was 0.5-1.0 kg/hr. Bed temperature was ±10°C of reactor set-

point for all experiments, allowing for consistent heating of the biomass for biochar production. 

Biochar was collected in two cyclones, at ambient temperature, immediately following the 

reactor. Total sand bed loss was typically under 1%, with minimal sand collected in the biochar. 
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The produced pyrolysis vapors subsequently entered a staged bio-oil condenser train after the 

cyclones. A detailed description of reactor construction and operation can be found in previous 

work [22].   

Acid washing of biochar  

Select chars were washed with hydrochloric acid (HCl) to remove metals or passivate 

their catalytic activity. HCl was selected as it preserves the biochar structure, while still 

removing some of the catalytic metals [23,24]. For this procedure, approximately 350 mg of 

biochar was placed in a beaker, then 300 mL of 1M HCl was added. The mixture was stirred 

using a magnetic stir bar for 25 minutes at room temperature. After stirring, the water was 

decanted, and the biochar was extensively washed with de-ionized water to remove any residual 

acid. Finally, the biochar was dried for sixteen hours at 85°C to drive off any remaining 

moisture.   

Biochar characterization  

The moisture, volatile, and total inorganic (ash) content of the biochar was determined 

using proximate analysis procedures in a TGA. Total volatile content was determined as the 

weight lost from 105-900°C (excludes moisture) under inert conditions. Ash content was then 

calculated as the residual material left after oxidation at 900°C. Ultimate analysis to determine 

carbon, hydrogen, nitrogen, and sulfur content was performed using an Elementar Analyzer 

(Vario MICRO cube). The values for carbon, hydrogen, nitrogen, and sulfur content were 

reported on a dry basis. Oxygen content was not calculated due to the high inorganic oxygen 

content of the ash, consistent with previous work [25]. All samples were analyzed in duplicate.  

Inductively coupled plasma (ICP)-Optical Emission Spectrometry (OES) was used to 

provide partial elemental analysis. The biochar was first combusted in a muffle furnace for two 

hours at 550°C followed by an acid digestion. The samples were digested in nitric acid via 



19 

 

 

 

microwave heating. The digested samples were then diluted 10,000-fold with 18.2Ω water before 

analysis. Quantification followed standard acid digestion method ASTM D6349.  

Experiments to determine chemical kinetics of biochar oxidation 

Thermogravimetric analysis 

A Mettler Toledo TGA/DSC1 (Columbus, OH, USA) was used for isothermal 

experiments. For the oxidation studies, approximately 1 mg of sieved 150-250 μm biochar was 

weighed into a 150 mL alumina pan. Sample size was determined to limit the temperature rise 

(~10°C) associated with the exothermic oxidation reactions. Likewise, preliminary experiments 

indicated sieving to 150-250 μm particle size avoided internal mass transfer limitations. To 

derive reaction kinetics, seven temperature set points at 33°C intervals were used from 333-

566°C. Selecting a particular sieve size may have resulted in a biochar reactivity bias, as particle 

size is known to impact fast pyrolysis yields [26]. However, given particle size was consistent 

between feedstocks for the biochar oxidation experiments, this represents a direct comparison of 

the derived rates. 

For isothermal combustion, experiments were initiated by increasing temperature at 35°C 

/min with biochar samples exposed to a nitrogen flow of 100 mL/min. After ten minutes of 

temperature stabilization, the gas was switched from nitrogen to air at a flow rate of 250 mL/min. 

Mass loss due to biochar devolatilization in the nitrogen environment ranged from 5 wt. % at the 

lowest temperature to 25 wt. % at the hottest. This mass loss from biochar illustrates that 

residence times of biochar in a fast pyrolysis is often not long enough for it to fully devolatilize 

[27]. Exposure of the samples to oxygen, ranging from 120 minutes at 333°C to just 10 minutes 

at 566°C, was long enough in all cases to achieve complete combustion. Gas turnover, defined as 

the gas volumetric flow rate over reactor volume, was on the order of six changes per minute. 

The high gas turnover helped to alleviate the effect of oxygen partial pressure on combustion 



20 

 

 

 

experiments when switching from nitrogen to air [28]. Samples were performed in duplicates at 

each temperature.  

The use of a volumetric model and first order kinetics are consistent with previous studies 

of biochar oxidation kinetic studies [29,30]. The volumetric model assumes combustion takes 

place uniformly in the particle and has an overall reaction order of one. More complex models 

accounting for changing particles (e.g. surface area, shrinking diameter, etc.) have been 

developed [31], but were deemed unwarranted as the volumetric model can accurately model 

biochar combustion kinetics while simplifying calculations [30].  For the isothermal combustion 

of biochar, weight loss versus time was used to derive kinetic rate coefficients. The extent of 

reaction was defined as the total mass loss at a certain time over the total mass loss after 

complete oxidation at that temperature: 

𝛼 =
𝑊𝑡

𝑊𝑜 
              (1) 

Where Wt is the weight loss at time “t”, Wo is the total weight loss (excluding mass loss 

from initial devolatilization), and α is the extent of the reaction. From the mass loss, the rate 

equation is set up in the form of an ordinary differential equation assuming first order kinetics:  

𝑑𝛼

𝑑𝑡
= 𝑘 ∗ (1 − 𝛼)           (2) 

Where k is the reaction rate coefficient (1/s). The differential equation and its solution are 

used to determine the kinetic rate coefficient based on the slope of mass loss versus time:  

ln(1 − 𝛼) = −𝑘 ∗ 𝑡 = − (𝐴 ∗ exp (−
𝐸

𝑅∗𝑇
)) ∗ 𝑡      (3)  

Where A is the pre-exponential factor (1/s), E is the activation energy (kJ/mol), R is the 

universal gas constant (kJ/mol-K), and T is the temperature (K). From equation 3, the kinetic rate 

coefficient can be found at each temperature by measuring the mass loss of ln(1- α) against time 

with a straight line, where the slope equals the kinetic rate coefficient. Then, the activation 
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energy and pre-exponential factor can be calculated from the slope and the intercept, 

respectively.  

The reaction rate coefficient was calculated for the biochar oxidation rate up to 50% 

conversion and subsequently plotted on an Arrhenius plot. The average sample temperature, as 

measured with an internal thermocouple, for the same conversion frame was used for plotting the 

X-axis.  

Fluidized bed experiments  

The fluidized bed reactor used for the combustion studies was a 3.81-cm diameter, 316 

stainless steel reactor loaded with 400 g of 250-300 μm diameter sand. Gas flow controllers 

allowed mixing of nitrogen gas and air to any desired oxygen concentration up to 21 vol. %. For 

the combustion experiments, air was used at a flow rate of 3.5 SLPM. Six temperature set points 

were used to develop reaction kinetics: 420, 445, 466, 500, 533, and 566°C. The fluidization 

velocity over the minimum fluidization velocity (Um/Umf) was calculated as 2.3 to 3, increasing 

with reactor temperature and gas expansion. Gas turnover for the fluidized bed was calculated at 

3.5 seconds, indicating a rapid change from inert to oxidative conditions. This airflow quantity 

was also found to minimize partial oxygen pressure effects. All experiments were performed in 

triplicate. A block diagram of the reactor is shown in Fig. 1. 

The biochar particle size used was 600-850 μm, which as determined from the TGA 

experiments, introduced internal mass transfer limitations. The larger particle size was necessary 

to avoid immediate elutriation from the fluidized bed reactor and to measure the impact of 

attrition on biochar oxidation. If biochar attrition is sufficiently fast (i.e. immediately reducing 

the biochar diameter to <200 μm) the kinetic rate coefficients from the TGA and fluidized bed 

should be identical as the internal mass transfer limitation is mitigated. However, if the biochar 

particle is primarily oxidized at its original size, the overall reaction rate will be slower than that 
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of the TGA experiments. Note, two temperatures for corn stover oxidation experiments (420 and 

440°C) used a slightly smaller sieve size of 450-600 μm, though the impact of attrition will 

remain the same.   

 

Fig. 1. Block flow diagram of the fluidized bed used for char oxidation tests. 

For isothermal combustion experiments, the reactor was fluidized with nitrogen and 

heated to the desired oxidation temperature at which point 100 mg of 600-850 μm biochar was 

pneumatically injected into the reactor with a stream of nitrogen. After the biochar injection, the 

fluidizing conditions were kept as nitrogen for approximately two minutes to drive off any 

remaining volatiles before the fluidizing gas was switched to air. With the introduction of air, the 

carbon in the biochar oxidized producing CO/CO2. The gas concentration was measured 

downstream on the DeJaye System (infrared five gas analyzer), with a one second sampling rate. 

From the produced carbon oxides, reaction kinetics could again be derived based on the 

concentration of carbon oxides and gas flow rate assumed constant at 3.5 SLPM. Total biochar 

carbon closure ranged from 60-102% with an average carbon closure of ~75%. This lower mass 

closure was the result of unmeasured carbon associated with the initial devolatilization, given 
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TGA results showed 25 wt. % of the biochar can volatilize, and unreacted biochar exiting the 

reactor due to elutriation.   

The kinetic rate for the biochar was determined by measuring the flow of carbon 

monoxide and carbon dioxide exiting the reactor using the DeJaye system (five gas analyzer). By 

measuring the concentration of the produced gases, the instantaneous and total carbon content 

could be determined. From the measured carbon oxides, the reaction rate coefficient was derived 

similar to previous work [21]. The total carbon flow was determined by measuring both carbon 

monoxide and carbon dioxide: 

ṅc = ṅCO + ṅCO2
          (4) 

Where ṅc is the instantaneous mass flow rate of carbon oxides (g/s), ṅco is the mass flow 

rate of carbon monoxide (g/s) and ṅco2 is the mass flow rate of carbon dioxide (g/s). From the 

mass flow of carbon, the instantaneous conversion is determined from the total carbon measured 

by the gas analyzer and the instantaneous mass flow of carbon: 

dXc

dt
=

ṅCO(t)+ṅCO2
(t)

ntc
          (5) 

Where Xc is the conversion of carbon at time “t” (seconds) and ntc is the total mass of 

carbon oxides measured for the duration of the experiment (g). Then, based on the total carbon 

flow measured, the reaction rate can be written as a function of the total carbon measured and the 

kinetic rate coefficient:  

dnc

dt
= k ∗ ntc ∗ (1 − Xc)         (6) 

Where k is the reaction rate coefficient (1/s). The solution (equation 6) for the ordinary 

differential equation has an identical answer to the TGA rate equation, with the rate determined 

from the slope of carbon oxide production versus time:  
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ln(1 − Xc) = −k ∗ t = − (A ∗ exp (−
E

R∗T
)) ∗ t      (7) 

Where A is the pre-exponential factor (1/s), E is the activation energy (kJ/mol), R is the 

universal gas constant (kJ/mol-K), and T is the temperature (K). With the solved equations, the 

kinetic rate coefficient can be found at each temperature by measuring the carbon flow of ln(1- 

Xc) against time with a straight line, and slope equal to the kinetic rate coefficient. Then, the 

activation energy and pre-exponential factor can be calculated from the slope and the intercept, 

respectively. 

First order kinetics and the volumetric model were again assumed for these experiments. 

The kinetic rate coefficient for the fluidized bed was determined to a conversion of 50%. These 

experiments could be essentially treated as isothermal since the large mass of sand held 

temperature increases to less than 5°C.  

Results 

Biochar elemental and compositional analysis 

The total ash content (Table 1) was much higher for the herbaceous materials 

(switchgrass and corn stover) as compared to the four woody feedstocks. This trend is expected 

as woody biomass feedstocks have lower total ash content than herbaceous material [32]. The 

willow, which was not debarked before comminution, had ash content intermediate between the 

herbaceous biomass and other woody biomass samples. Bark is well known to contain high 

levels of inorganic compounds relative to heart wood [33], accounting for this difference with 

other wood samples.  

As shown in Table 2, the metals content, as determined through ICP, also varied between 

feedstocks. The two most prevalent metals were calcium and potassium, together accounting for 

greater than 70% of the total metals content in the samples. Very similar to total ash content, 
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total metals content for the herbaceous materials (>4.6 wt. %) was much greater than the 

debarked woody biomass (<1.4 wt. %). Willow had a much higher metal content due to the 

inclusion of bark. While not explicitly measured, the mass difference between the metals content 

and ash content is expected to be primarily silica oxides [25]. 

Table 1 Ultimate and proximate analysis of fast pyrolysis produced biochars. 

Feedstock 
Douglas 

fir 
Pine 

Red 

oak 
Willow Switchgrass 

Corn 

stover 

Proximate Analysis wt. % (as received)  

Moisture 3.5 3.2 2.2 3.3 4.1 4.6 

Volatile Matter 30.6 28.9 35.2 34.7 29.0 29.0 

Fixed Carbon 62.0 62.0 56.2 48.7 42.4 35.9 

Ash 3.9 5.9 6.4 13.3 24.4 30.6 

Ultimate Analysis wt. % (dry basis) 

Carbon 74.3 75.6 72.0 70.7 56.0 51.2 

Hydrogen 2.5 3.5 3.1 3.4 2.9 2.5 

Nitrogen 0.3 0.3 0.4 1.1 1.2 0.6 

Sulfur 0.1 0.1 0.1 0.1 0.1 0.1 

 

Table 2 Minor elemental analysis of biochars on a char weight basis as determined through ICP 

measurement.  

  Douglas fir Pine Red oak Willow Switchgrass Corn stover  

Aluminum 0.01 0.02 0.00 0.02 0.13 0.40 

Calcium 0.48 0.53 0.49 3.93 1.32 1.46 

Copper 0.00 0.00 0.00 0.00 0.00 0.00 

Iron 0.03 0.04 0.01 0.23 0.18 0.48 

Magnesium 0.06 0.15 0.03 0.47 0.79 0.74 

Manganese 0.02 0.04 0.02 0.00 0.05 0.02 

Zinc 0.00 0.00 0.00 0.01 0.00 0.00 

Sodium 0.00 0.00 0.00 0.00 0.04 0.01 

Potassium 0.30 0.57 0.44 1.22 2.11 2.28 

Total (wt. %) 0.90 1.36 1.00 5.89 4.64 5.39 

 

Oxidation rates from TGA experiments  

TGA Modeling Results 

The oxidation rate versus conversion was plotted for red oak to validate the accuracy of 

the volumetric model (Fig. 2). At temperatures below 400°C, the maximum rate occurred at near 
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zero conversion, indicating the volumetric model accurately describes the biochar oxidation. 

However, with increasing temperature the maximum rate started to occur after zero conversion in 

contradiction of the volumetric model. While this could be attributed to a structural change, 

instead this increased rate is better explained by the initial switch from nitrogen (inert) to air 

(oxidative) [28,34]. Given biochar oxidation is dependent on oxygen partial pressure, the 

transient gas turnover likely impacted this initial conversion rate.  

 

Fig. 2 Red oak conversion versus oxidation rate for validation of the volumetric model. At 

kinetically limited temperatures, the volumetric model (VM) accurately modeled the biochar 

oxidation rate. 

From Fig. 2, the volumetric model accurately captures the combustion reactivity of the 

biochars at temperatures below 466°C. The linear decrease in reaction rate is indicative that the 

volumetric model is sufficient for modeling biochar kinetics. Above these temperatures, 

accuracy was diminished as the biochar rate switches from being kinetically limited to mass 

transfer controlled. This effect is discussed in the following section (3.2.2).  
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Oxidation reaction rates from isothermal TGA experiments  

Rate coefficients from these oxidation experiments were plotted as a semi-log plot 

against reciprocal absolute temperature to determine activation energy. As the standard 

deviations indicate, excellent repeatability was obtained.  

 

Fig. 3. Arrhenius plot of the TGA derived reaction rates indicates ash content affect oxidation 

rate of the biochars. Convergence in the rates at elevated temperatures suggest mass transfer 

limitations are now driving the observed rate. Error bars represent sample standard deviation. 

Vertical dashed lines indicate the combustion regime.  

Analysis of the Arrhenius plot (Fig. 3) suggests biochar oxidation is kinetically limited at 

lower temperatures (333-433°C) while rates are mass transfer limited at higher temperatures 

(466-566 °C). This observation is based on the change of slope between temperature points, as 

the slope progresses to a horizontal line at higher temperatures. As previously discussed, gas 

solid phase reactions have three combustion regimes. Therefore, it was important to distinguish 

the temperature range of these regimes for accurate reaction kinetics. One way of determining 

the regimes is calculating the apparent activation energies over different temperature ranges [10].  
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However, it is important to note these ranges are not absolute as there are additional 

transition zones between regimes and are dependent on the external mass transfer rate. As 

detailed in Table 3, the kinetically limited regime was determined from 333-433°C based on 

linear fit. The second regime was then calculated up to 500°C, assuming the activation energy is 

half that of the first regime. Finally, the highest three temperatures (Regime III) indicate the start 

of a purely mass transfer limited regime with apparent activation energy averaging only 14 

kJ/mol among the six biomass samples.  

Table 3 Apparent activation energies calculated based on the difference combustion regimes. 

Regime I is the true activation energy whereas the second and third regimes have mass transfer 

limitations.  

  Apparent Activation Energy (kJ/mol) 

Feedstock 

Regime I 

(333-433°C) 

Regime II 

(433-500°C) 

Regime III 

(500-566°C) 

Douglas fir 126 60 18 

Pine 129 41 15 

Red oak 111 68 27 

Willow 109 34 8 

Switchgrass 94 44 9 

Corn stover 100 41 10 

 

These temperature ranges are similar to TGA experiments from Morin et al.[34] 

determining Regime I was up to 450°C, and Regime II was from 450-600°C. The biochar used in 

their study was produced at a much higher temperature (850°C) and is expected to have different 

reactivity [35]. These results indicate at the typical pyrolysis temperatures of 500°C, biochar 

oxidation kinetics are expected to be partially mass transfer limited.  

Table 4 presents the kinetic data obtained from Regime I in terms of pre-exponential 

factor (A) and apparent activation energy (Ea). The feedstocks offer distinct differences in both 

of these factors, with A varying by a factor of one hundred and Ea ranging from 94 to 129 
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kJ/mol. The activation energies are within the range of previous studies that assumed one-step 

models of biochar oxidation [36].  

Table 4 Activation energy and pre-exponential factor from TGA biochar oxidation experiments. 

Arrhenius data is derived from temperature points of 333-433°C. 

Feedstock Pre-Exponential Factor (1/s) Activation Energy (kJ/mol) 

Douglas fir 3.76×107 126 

Pine 1.08×108 129 

Red oak 3.12×106 111 

Willow 1.24×107 109 

Switchgrass 7.09×105 94 

Corn stover 3.75×106 100 

 

Proposed relationships based on biochar composition 

Differences in reaction rates and activation energy were hypothesized to arise from 

variations in ash content. It is well known that metals can influence char oxidation rates 

[14,37,38]. Therefore, correlations for the kinetic rate coefficient at 366°C (in the kinetically 

limited regime) were performed and compared to the biochar’s composition for total ash, 

potassium, calcium, and total metals content. Potassium and calcium were selected as they are 

the two largest individual quantified metals in the samples, together constituting over 70 wt. % 

of the quantified metals.   

From Fig. 4, potassium (R2=0.86) had a strong relationship with the kinetic rate 

coefficient at 366°C. Whereas calcium, poorly explained the kinetic rate coefficient as the 

correlation was quite weak (R2=0.38). This would indicate calcium is a less reactive metal as 

compared to potassium during biochar oxidation. Fig. 5 compares the total metals content 

(R2=0.88) and total ash content (R2=0.75) both had strong relationships with the rate coefficient. 

However, silica is not expected to enhance the oxidation; thus, total ash content likely has a high 

degree of fit due to its positive covariance with potassium content. Likewise, while total metal 
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content also has high correlation (R2=0.88), the lack of fit with calcium indicates this is likely 

again due to its positive covariance with potassium.  

 

Fig. 4. Potassium and calcium content was plotted for linear regression versus the calculated 

kinetic rate coefficient at 366°C of the six biochars. Each point represents the kinetic rate. Error 

bars represent sample standard deviation. 

 

Fig. 5. Total metals content from ICP analysis and total ash content were plotted for linear 

regression versus the calculated kinetic rate coefficient at 366°C of the six biochars. Each point 

represents the kinetic rate. Error bars represent sample standard deviation. 
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Consequently, these results strongly suggest that potassium is the most catalytically 

active metal, which is consistent with previous work [13]. The reactivity of potassium coupled 

with its large concentration in the biochar means it is the most significant factor in determining 

the rate of oxidation.  

As catalysts lower the activation energy of a given reaction, increasing potassium content 

can be expected to lower the activation energy (under Regime I). Specifically, lower activation 

energies for oxidation have been observed with chars impregnated with catalytically active 

metals [13].   

As shown in Fig. 6, there is a modest relationship (R2=0.62) indicating that activation 

energy is likely not solely a function of catalytic metals content. Though, coupled with the 

previous correlations, potassium content does appear to greatly impact oxidation reactivity.     

 
Fig. 6. Activation energy of biochar oxidation has a negative correlation with potassium content. 

This result indicates potassium is acting as a catalyst for biochar oxidation lowering activation 

energy. 
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Isothermal TGA kinetics of select washed biochars  

The previous correlations indicate that the presence of metals in biochar, particularly 

potassium, strongly influence oxidation kinetics. To bolster this theory, three biochars 

(switchgrass, corn stover, and red oak) were washed in 1M HCl solution to remove AAEM 

followed by oxidation in the TGA at temperatures ranging from 366°C to 566°C.  

As shown in Table 5, washing reduced the oxidation rates for all three biochar samples at 

the four temperatures shown. Although, the effect was more pronounced for the two biochars 

obtained from herbaceous biomass (switchgrass and corn stover). Under the previously defined 

kinetically limited regime (366 - 433°C), the rate decreased 69-83% for herbaceous biochars and 

26-49% for the red oak. The dramatic decrease associated with the herbaceous material is from 

the larger fraction of material being passivated/removed as compared to the lower ash feedstock 

of red oak. At elevated temperatures (>500°C), the herbaceous biochars rate still had a relatively 

large decrease (37-69%), as compared to the red oak which had a relative decrease of only 36% 

and 8% at 500°C and 566°C, respectively. While the negligible decrease in kinetic rate for red 

oak at 566°C indicates it is mass transfer limited, the herbaceous materials still had a dramatic 

decrease. This would indicate the herbaceous biochars are no longer mass transfer limited at 

elevated temperature. Examining the kinetic rate of the acid washed corn stover at 566°C, it is 

now comparable to the unwashed rate at 433°C (3.0×10-2 vs. 2.8×10-2 1/s). With the removal of 

the catalytically active metals, and subsequent reduced kinetic rate, the herbaceous biochar is 

now oxidizing slowly enough to be partially limited by kinetics again (Regime II). In the absence 

of catalytically active metals, biochar structure is likely the controlling reactivity factor. This 

notion is supported as the washed red oak now has a faster oxidation rate as compared to the 

washed corn stover and switchgrass. Consequently, these results indicate how strong of a catalyst 

the metals are on the oxidation rate. 
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Table 5 1M HCl washed biochars had a reduced oxidation kinetic rate as compared to unwashed samples. Herbaceous material 

(switchgrass and corn stover) had a larger reduction in rate as compared to a woody biochar (red oak). Parenthesis represent the 

sample deviation.  

  Kinetic rate coefficient (1/s) 

Feedstock 366°C 433°C 500°C 566°C 

Corn stover 2.6×10-3 (6.9×10-5) 2.8×10-2 (9.1×10-4) 5.4×10-2 (1.8×10-3) 5.9×10-2 (3.4×10-3) 

HCl washed-Corn stover 7.9×10-4 (9.3×10-6)  4.8×10-3 (3.0×10-4) 2.1×10-2 (8.8×10-4) 3.0×10-2 (3.2×10-4) 

Relative Decrease 69% 83% 62% 48% 
 

Switchgrass 2.9×10-3 (2.2×10-5) 2.5×10-2 (1.4×10-3) 5.4×10-2 (1.4×10-3) 5.9×10-2 (9.2×10-4) 

HCl washed-Switchgrass 7.9×10-4 (1.8×10-5) 4.2×10-3 (6.6×10-5) 1.7×10-2 (1.7×10-4) 3.7×10-2 (7.7×10-4) 

Relative Decrease 73% 83% 69% 37%  

Red oak 1.0×10-3 (2.6×10-5) 1.1×10-2 (1.1×10-4) 3.4×10-2 (6.3×10-4) 4.6×10-2 (2.1×10-3) 

HCl washed-Red oak 7.7×10-4 (1.1×10-5) 5.5×10-3 (3.1×10-4) 2.2×10-2 (1.5×10-3) 4.2×10-2 (5.8×10-4) 

Relative Decrease 26% 49% 36% 8% 



34 

 

 

 

With the acid washing results, this provides direct evidence that the catalytically active 

metals are responsible for the difference in reaction rates. Moreover, while total ash content 

provided a moderate fit with kinetic rate coefficient, the acid washing experiments verify that 

potassium content is a far better predictor, as silica cannot be readily removed nor is catalyst for 

oxidation.  

Char oxidation rates from fluidized bed experiments 

Oxidation reaction rates from isothermal fluidized bed experiments  

In addition to the TGA experiments, oxidation kinetic rates were derived using a 

fluidized bed reactor. While not explicitly measured, the use of a fluidized bed would account for 

the attrition effects on oxidation kinetics. Triplicates performed at each temperature showed 

excellent repeatability between trials.  

Examination of the fluidized bed produced Arrhenius plot (Fig. 7) corroborates the 

previous TGA results demonstrating that different ash content causes the biochars to have 

different oxidation kinetic rate coefficients.  

At temperatures lower than 450°C, the reaction rate varies by a factor of three between 

the biochars but appears to converge at greater temperatures. Taking a ratio of the slowest rate 

and fastest rate provides insight into this convergence. At 420°C this ratio is 0.38 (Douglas fir 

over switchgrass). At the highest temperature (566°C) this ratio is now only 0.74 (Douglas fir 

over switchgrass), confirming this convergence in rate. This increasing similarity again suggests 

the rates become externally mass transfer limited, and the intrinsic reactivity of the char is no 

longer as important when the external mass transfer rate begins to dominate the overall rate. 
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Fig. 7. Arrhenius plot suggests ash content increases biochar oxidation rate. Triplicates of each 

temperature was performed with error bars showing the sample standard deviation. 

Fluidized bed reaction rate correlations  

The TGA results showed potassium to closely correlate with biochar oxidation rate. 

Therefore, reaction rate coefficients from the fluidized bed experiments were tested for fit versus 

potassium at select temperatures.  

Similar to the TGA experiments, potassium content and the kinetic rate coefficient had a 

strong correlation (R2 > 0.91) at the two temperatures shown in Fig. 8. This relationship again 

indicates that potassium content is likely responsible for the differences in oxidation reactivity. 

The correlation at 500°C suggests that the oxidation rate is still partially limited by chemical 

kinetics, as mass transfer would not be affected by potassium content.   
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Fig. 8. The strong correlation between potassium content and kinetic rate coefficient for 445 and 

500°C indicates that potassium content can be used to predict the kinetic rate. Each point 

represents a different biochar sample at two temperatures (445 and 500 °C) with error bars 

representing standard deviation. 

Carbon oxide formation in a fluidized bed reactor  

The fluidized bed tests allowed carbon oxides gas production during biochar oxidation to 

be measured and correlated against the ash and metal content of the biochar. Table 6 illustrates 

the mole fraction of CO2 with respect to total carbon oxide gases as a function of temperature 

and biochar.  

Table 6 CO2 production increased with increasing reactor temperatures for all biochars during 

oxidation in a fluidized bed. Parenthesis is the sample standard deviation of three trials.  

  Mole Ratio CO2 /(CO + CO2) 

Feedstock 420°C  445°C 466°C 500°C 533°C 566°C 

Douglas fir 0.62 (0.01) 0.65 (0.02) 0.67 (0.01) 0.69 (0.01) 0.70 (0.01) 0.73 (0.01) 

Pine 0.71 (0.04) 0.69 (0.02) 0.71 (0.01) 0.72 (0.01) 0.74 (0.01) 0.78 (0.01) 

Red oak 0.66 (0.01) 0.68 (0.02) 0.69 (0.01) 0.70 (0.01) 0.72 (0.01) 0.76 (0.01) 

Willow 0.69 (0.01) 0.70 (0.01) 0.72 (0.01) 0.73 (0.01) 0.75 (0.01) 0.80 (0.01) 

Switchgrass 0.80 (0.01) 0.82 (0.01) 0.84 (0.01) 0.85 (0.01) 0.86 (0.01) 0.88 (0.01) 

Corn stover 0.79 (0.01) 0.83 (0.01) 0.85 (0.01) 0.86 (0.01) 0.87 (0.01) 0.88 (0.01) 
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The effect of ash and metal content on carbon oxide production during biochar oxidation 

at 500°C is explored in Fig. 9 and Fig. 10. The same parameters from the kinetic rate correlations 

were used: potassium, calcium, total ash, and totals metals content.  

 
Fig. 9. Potassium and calcium content versus mole ratio of carbon oxides at 500°C. Potassium 

content had a strong correlation with CO2  production. Calcium content poorly correlated with 

carbon oxide ratio, despite its relatively large concentration in the biochar. Error bars represent 

sample standard deviation. 

As shown in Fig. 9 and Fig. 10, the fraction of CO2 production relative to total carbon 

oxide gases increased with ash and metal content, being particularly well correlated with total 

ash (R2=0.96) and potassium (R2=0.96). Whereas calcium content (R2=0.03) and totals metals 

content (R2=0.51) poorly described the produced carbon oxide ratio. Given the positive 

covariance between potassium content and total ash content, the strong correlation with ash 

content could again be a false positive, similar to the previous TGA kinetic rate correlations.  
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Fig. 10. Total ash and total metals content versus mole ratio of carbon oxides at 500°C. Total ash 

content had a strong correlation with CO2 production, whereas total metals content poorly 

described oxide ratio. Error bars represent sample standard deviation.  

The difference in carbon oxide ratio was initially somewhat surprising, considering that 

production of CO2 during char oxidation is normally considered to be a purely gas-phase 

reaction. However, a similar phenomenon has been observed during coal combustion [14,39,40]. 

Metals in char are able to adsorb oxygen and participate in a reduction/oxidation cycle with the 

solid carbon resulting in solid-gas reactions directly producing CO2 [17]. These results again 

indicate that potassium content is particularly important for modeling oxidation rates and the 

molar production of gases. For visual clarity, and future use, the mole ratio of carbon oxide 

production at 500°C compared to potassium content is shown in Fig. 11, with a proposed linear 

regression.  
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Fig. 11. CO2 formation increases with ash content, indicating increased oxygen consumption 

efficiency. Values are from fluidized bed experiments at 500°C with error bars representing 

sample standard deviation of three trials. 

The variation in CO2 formation is important for modeling oxidation kinetics of biochar at 

pyrolysis temperatures. Given the temperatures are not hot enough to fully oxidize all the CO to 

CO2, this indicates an incomplete combustion and differences in energy released. The variation 

in molar production of CO vs CO2 would release different quantities of energy based on the heat 

of formation. The enthalpy of formation for CO is only -110 kJ/mol versus -393 kJ/mol for CO2, 

varying by a factor of three. This means that per mole of oxygen, biochars containing higher 

amounts of ash (i.e. potassium) would release greater energy at pyrolysis temperatures (400-

600°C). Consequently, under starved oxygen environments (such as autothermal pyrolysis) 

oxygen would be used more efficiently with higher ash feedstocks, requiring a lower equivalence 

ratio for autothermal pyrolysis operation, consistent with experimental works [7,8].  
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Fluidized bed experiments of washed biochars 

The fluidized bed experiments with unmodified biochar indicate that the presence of 

metals (i.e. potassium) strongly influence oxidation kinetics and preferential production of CO2. 

To confirm this effect, three biochars (switchgrass, corn stover, and red oak) were washed in 1M 

HCl solution to remove AAEM followed by oxidation in the fluidized bed at 500°C. This 

experiment isolates catalytic ash content as the sole independent variable. Any other relevant 

differences between the biochars should be evident.   

As shown in Table 7, acid washing the biochars reduced oxidation rates for all three 

biomass types, although the effect was more pronounced for the two biochars obtained from 

herbaceous biomass (switchgrass and corn stover), similar to the TGA experiments. The acid 

washed herbaceous biochars reduced the kinetic rate to levels comparable to the acid washed red 

oak biochar, indicating that washing was effective in removing most of the catalytic metals.  

Table 7 Acid washing of biochars reduced the kinetic rate coefficient of herbaceous chars. 

Oxidation kinetic rate coefficient determined with fluidized bed reactor at 500°C. Parenthesis 

represent sample standard deviation. Acid washed samples were tested in duplicate. 

  Kinetic Rate Coefficient (1/s)   

Feedstock Unwashed HCl Washed Relative Decrease  

Corn stover 2.8×10-2 (6.3×10-4) 1.2×10-2 (6.0×10-4) 58% 

Switchgrass 2.7×10-2 (7.9×10-4) 1.6×10-2 (3.5×10-4) 41% 

Red oak 1.7×10-2 (3.0×10-4) 1.4×10-2 (3.7×10-5) 19% 

Similarly, as illustrated in Table 8, acid washing of biochars prior to oxidation at 500°C 

reduced the mole fraction of CO2 relative to total carbon oxide gases, bringing it to comparable 

levels for all three biochars (average of 0.65). This mole ratio for acid washed biochar is close to 

the mole fraction extrapolated from Fig. 11 for a potassium concentration of zero.  
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Table 8 Mole fraction of CO2 relative to total carbon oxide gases was reduced by acid washing 

of biochars prior to oxidation at 500°C. Parenthesis represent sample standard deviation. Acid 

wash samples were only performed in duplicates.  

  Mole Ratio CO2/CO+CO2   

Feedstock Unwashed HCl Washed Relative Decrease  

Corn stover 0.86 (0.01) 0.67 (0.01) 22% 

Switchgrass 0.85 (0.01) 0.64 (0.01) 25% 

Red oak 0.70 (0.01) 0.63 (0.01) 10% 

These results indicate that the strong correlation of CO2 ratio and ash content was likely 

due to positive covariance with potassium. Given silica is not removed in this acid washing step, 

this indicates that potassium is responsible for the difference in CO2 production. 

Estimating the effect of particle attrition on biochar oxidation kinetics 

In principle, comparing the results obtained from TGA and fluidized bed experiments 

should allow the role of particle attrition during oxidation to be estimated. In the absence of 

attrition, the TGA experiments would have a faster reaction rate as the particle size used (150-

250 μm) was sufficiently small to minimize internal mass transfer. In comparison, the particle 

size (600-850 μm) for the fluidized bed experiments would introduce internal mass transfer 

limitations. However, if particle attrition was instantaneous in the fluidized bed experiments, the 

calculated rates would be identical as the particle size would no longer have these mass transfer 

limitations. Switchgrass and Douglas fir were selected given the fastest and slowest kinetic rate 

coefficient for comparison of rates (Table 9) between the two experimental conditions. The 

kinetic rate coefficient was calculated from the TGA experiments by using linear interpolation of 

the nearest two data points. This allows for a direct temperature comparison with the fluidized 

bed results. 
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Table 9 Comparison between kinetic rate coefficients from isothermal TGA and fluidized bed kinetic studies. TGA kinetic rates were 

calculated using linear interpolation between two closest data points corresponding to fluidized bed temperature.  

  Kinetic Rate Coefficient (1/s) 

Feedstock Reactor 420°C 445°C 466°C 500°C 533°C 566°C 

Switchgrass 
Fluidized bed 9.2×10-3  1.4×10-2 1.9×10-2 2.7×10-2 3.3×10-2 3.6×10-2 

TGA (calculated) 1.1×10-2 2.1×10-2 3.2×10-2 4.8×10-2 5.5×10-2 5.7×10-2 

Ratio fluidized bed over 

TGA rate coefficient 
0.85 0.65 0.59 0.57 0.61 0.64 

Douglas fir 
Fluidized bed 3.6×10-3  5.9×10-3  9.6×10-3  1.7×10-2 2.3×10-2 2.7×10-2 

TGA (calculated) 5.6×10-3  1.3×10-2 2.1×10-2 3.3×10-2 4.1×10-2 4.5×10-2 

Ratio fluidized bed over 

TGA rate coefficient 
0.64 0.47 0.46 0.50 0.55 0.60 
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At lower temperatures (< 466°C) the fluidized bed rate was approximately 50% and 70% 

of the TGA rate, for Douglas fir and switchgrass, respectively. As previously discussed, in the 

absence of attrition, the TGA should have a faster rate due to the smaller particle size, 

minimizing internal mass transfer limitations. Given the slower oxidation rate measured with the 

fluidized bed experiments under a kinetically limited regime, particle attrition does not appear to 

significantly enhance biochar oxidation under these conditions. While this may contradict the 

work of Scala et al.[20], the hotter temperatures used (850°C) and faster superficial gas velocity  

(0.8 m/s) likely increased the rate of attrition and rates of oxidation. Given the low gas velocity 

used for these experiments (~0.2 m/s), the attrition rate is much slower than typically used in 

fluidized bed combustors with high superficial gas velocity (> 4 m/s) [19]. Biochar fines were 

collected in the cyclone after oxidation experiments, indicating the overall combustion rate was 

not sufficient to completely oxidize the particles before elutriation. Consequently, for these 

experimental conditions, most of the biochar appears to be oxidized as its original size, reducing 

the reaction rate due to internal mass transfer limitations. Though particle attrition does not affect 

oxidation rate, the overall trends between the two conditions are consistent (e.g. potassium vs. 

kinetic rate) bridging the gap between pure kinetic studies and actual systems.   

Conclusions 

Oxidation kinetic data was calculated for six different biochars using combined TGA and 

fluidized bed experiments. Correlations were proposed for compositional parameters versus the 

isothermal TGA kinetic rate coefficient, finding potassium offers the most likely explanation for 

the difference in reactivity. Furthermore, all three regimes of biochar combustion apply at 

pyrolysis temperatures, providing valuable information for modeling efforts and pyrolysis 

operation. Additional biochar oxidation experiments conducted using a fluidized bed reactor 
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confirmed the TGA results, finding potassium content correlated very well increasing the 

reaction rate. Measurements of CO2 and CO formation found that inorganic content was an 

important parameter for modeling biochar oxidation. Analogous to the kinetic rate, as potassium 

content increased, there was an enhanced CO2 formation as compared to CO. This demonstrates 

that oxygen with higher ash feedstocks is used more efficiently during combustion (with 

subsequent greater energy release). Additional acid washed biochars indicate when the 

catalytically active metals were removed, CO2 formation was reduced, providing additional 

evidence inorganic content is an important parameter. Reaction kinetics were compared between 

the TGA and fluidized bed experiments finding a faster overall rate with the TGA derived rates. 

The faster rate associated with the TGA experiments is the result of using a sufficiently small 

particle size, minimizing internal mass transfer limitations. The comparison of experimental 

methods indicate that biochar attrition does not significantly impact the oxidation rate at the 

conditions used.   
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Abstract  

Oxidation kinetics relevant to fast pyrolysis products at low temperatures (<600°C) are 

not well known. With the recent advancement of biomass autothermal processing, oxidation 

kinetics are necessary to aid in the development of these autothermal reactors. As a result, this 

work derives oxidation kinetics of fast pyrolysis products at low temperatures (400-600°C) using 

a fluidized bed reactor. Application of the two-phase theory of fluidization models the bubbling 

fluid bed reactor as a series of CSTRs and PFRs, simplifying rate derivation. The decomposition 

rate for levoglucosan was first determined finding agreement with previous published values. 

The comparable decomposition rate for levoglucosan offered validation of the two-phase theory 

and its novel application to derive oxidation kinetics. First order global oxidation rates were 

subsequently derived for three bio-oil pyrolysis products: xylose, levoglucosan, and acetic acid. 

The oxidation rate varied by a factor of ten at 500°C, indicating large differences in reactivity for 

these compounds. Analysis of the combustion products was used to calculate the enthalpy of 

combustion under conditions of low temperature oxidation.  

Introduction 

Fast pyrolysis is an endothermic process requiring a source of energy, conventionally 

provided through external heat transfer [1]. Polin et al. [2] recently demonstrated that addition of 
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small amounts of oxygen into a pyrolyzer can provide the enthalpy for pyrolysis by partially 

oxidizing products of pyrolysis. Oxygen added in an amount equal to as little as one-tenth that 

required for complete combustion provides enough energy for autothermal operation, eliminating 

the need for external heat transfer. Significantly, biochar is preferentially oxidized compared to 

bio-oil vapor products, although small losses in bio-oil were measured during autothermal 

operation [2,3]. Since bio-oil is the most valuable product of pyrolysis, autothermal pyrolysis 

should be contrived to selectively oxidize the other products. While kinetic data is well known 

for oxidation of gaseous fuels at elevated (combustion) temperatures (>1000°C) [4,5], it is 

unlikely that this information applies to the much lower temperatures (~500°C) of pyrolysis. 

Progress in autothermal pyrolysis will require better understanding of the oxidation reactions that 

both drive the process and affect product composition and distribution. 

In contrast, secondary decomposition reactions of vapors produced during biomass 

pyrolysis have been well studied, although calculated rates vary greatly [6–10]. Fukutome et al. 

[6] determined that gas phase degradation of levoglucosan followed first order kinetics 

distinguished by two different temperature regimes. Shin et al. [7] studied the decomposition of 

various carbohydrate-derived products, including levoglucosan, again finding first order kinetics 

accurately described the decomposition rate. However, despite similarities in experimental 

methods employed by these two research teams, reaction coefficients for levoglucosan 

decomposition varied by up to an order of magnitude (Table 1). Fukutome et al. [6] suggested 

this difference might have been impacted by mass transfer limitations arising from molten 

levoglucosan in the work of Shin et al. [7].  
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Table 1 Calculated kinetic rate coefficient of levoglucosan decomposition. Below 600°C there is 

an order of magnitude difference in the decomposition rate. Note: Fukutome has a low 

temperature regime (550-600°C) and elevated temperature (>600°C) regime. 

  Calculated Kinetic Rate Coefficient (1/s) 

Source 550°C  600°C  650°C  700°C  

Fukutome et al. [6]  0.956 3.271 5.335 8.520 

Shin et al. [7]  0.059 0.280 1.116 3.865 

Given the prominence of levoglucosan among the products of fast pyrolysis [11], global 

rates for decomposition of whole pyrolysis vapors might be expected to resemble those for 

levoglucosan. Liden et al. [8] derived the secondary vapor decomposition of tar (bio-oil) using a 

fluidized bed reactor at a temperature range of 400-600°C by varying gas residence time. Similar 

work by Morf et al. [9] pyrolyzed fir and spruce wood chips, followed by a heated tubular 

reactor for additional gas phase decomposition. Baumlin et al. [10] similarly used a heated tube 

reactor to measure the homogeneous decomposition of bio-oil vapors to non-condensable gases. 

The three decomposition rates of bio-oil vapors (Table 2) indicate agreement between the 

models. 

Table 2 Decomposition kinetic rate coefficient calculated for bio-oil vapors. Reaction rates were 

determined to follow first order kinetics. 

  Calculated Kinetic Rate Coefficient (1/s) 

Source  500°C 600°C 700°C 

Liden et al. [8] 0.233 1.582 7.248 

Morf et al. [9] 0.267 1.044 3.088 

Baumlin et al. [10] 0.317 0.861 1.902 

An average of the three rates at 500°C (0.271 1/s) is nearly identical to the decomposition 

rate of levoglucosan extrapolated from Fukutome et al. [6] at 500°C (0.238 1/s). The comparable 

rates of the global models and Fukutome et al. [6] provide additional evidence that the 

decomposition rate of Shin et al. [7] suffered from experimental bias.  

Comprehensive reaction mechanisms that include decomposition and oxidation reactions 

have been proposed for pyrolysis of biomass. Ranzi et al. [12] recently published an updated 
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mechanism, containing thousands of elementary reactions and hundreds of intermediate species, 

related to biomass vapor decomposition and oxidation. In an earlier work, Debiagi et al. [13] 

described the development of the mechanism, comparing a favorable levoglucosan 

decomposition rate to experimental work [7]. While the model contains relevant species to 

autothermal pyrolysis, it was originally developed for biomass combustion, which is at greater 

temperatures (>700°C) than autothermal pyrolysis. Likewise, the basis of the reaction 

mechanism was hydrocarbons and subsequently expanded to oxygenated compounds (e.g. 

ethanol and propanol), with minimal validation for biomass pyrolysis products [14–16]. Dhahak 

et al. [17] employed the Ranzi mechanism in combination with several other mechanisms to 

achieve an updated model with favorable decomposition rates (levoglucosan, anisole, and 

hydroxyacetaldehyde) to experimental work. This model was also shown to depict the accurate 

oxidation rate predictions of guiacol, a lignin pyrolysis product, and several hydrocarbon 

products. While the model was regarded as an improvement, relevant oxidation kinetics of 

cellulose (levoglucosan) and hemicellulose (xylose) products was not addressed. Importantly, the 

Ranzi mechanism originally validated levoglucosan decomposition to the work of Shin et al. [7], 

which as previously discussed, is the outlier for decomposition rates. Consequently, these 

elementary reaction mechanisms still lack accuracy at temperatures relevant to autothermal 

pyrolysis.  

Given the complexity of developing elementary reactions, simple one step combustion 

models have been developed for single particle combustion. These models include 

devolatilization (pyrolysis), char oxidation, and tar (bio-oil vapors) oxidation steps to describe 

the particle combustion process [18,19]. While a simplification, the tar vapors were grouped 

together and approximated as a single chemical entity. The elemental composition, which was 
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originally developed for coal tars, was approximated as C1H1.65O0.91, similar to that of biomass 

bio-oil (C1H0.99O0.88) [2]. The global tar oxidation rate used in these particle models is a modified 

Arrhenius equation from the work of Smoot and Smith [20]: 

rate = A ∗ T0.3 ∗ exp (−
E

R∗T
) ∗ CO2

∗ CCHO
0.5        (1) 

where A the pre-exponential factor (20,700 1/s), E the activation energy (80.2 kJ/mol), T the gas 

temperature, and R the universal gas constant (0.008314 kJ/mol-K). The reaction order was 

determined to be first order with oxygen and fuel at 0.5.  

Dryer and Westbrook [21] developed another one step hydrocarbon combustion model 

that was subsequently adapted to ethanol [22]. The rate equation of this model is a conventional 

Arrhenius equation: 

rate = A ∗ exp (−
E

R∗T
) ∗ CF

0.15 ∗ CO2

1.6        (2) 

where A equal to the pre-exponential factor (1.55×1010 1/s), E the activation energy (125.6 

kJ/mol), T the gas temperature, and R the universal gas constant (0.008314 kJ/mol-K). The 

reaction order is 1.6 regarding oxygen and 0.15 for the fuel. The kinetic rate coefficient for the 

models is calculated in Table 3 at pyrolysis temperatures, demonstrating orders of magnitude 

difference in rates. 

Table 3 Calculated kinetic rate coefficients for two global oxidation models. 

 Calculated Kinetic Rate Coefficient (1/s) 

Source 400°C 500°C 600°C 

 Smoot and Smith [20] 0.09 0.58 2.50 

 Dryer and Westbrook [21] 2.76 50.44 473.12 

The large uncertainty in decomposition and oxidation rates complicates the modeling of 

autothermal reaction chemistry. As a result, the main objective of this study was to determine 

oxidation kinetics relevant to autothermal pyrolysis. To represent pyrolytic vapors, three model 
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products were selected: xylose, acetic acid, and levoglucosan. Subsequently, the oxidation rate 

was derived at multiple temperatures (<600°C) producing Arrhenius expressions for each of the 

products. Additional experiments were conducted on the gas phase degradation of levoglucosan. 

Analysis of the combustion products was used to calculate the enthalpy released at these low 

temperatures. The derived results can subsequently be used in modeling of autothermal 

pyrolysis, aiding in its scale-up and operability.  

Methods  

Continuous reactor system 

Oxidation and decomposition studies were conducted in a fluidized bed by continuously 

feeding a model bio-oil product into an isothermal fluidized bed reactor at ambient pressure. The 

reactor was a 3.81 cm diameter bubbling fluid bed loaded with 400 grams of 500-600 μm 

diameter sand for oxidation studies or 250-300 μm diameter sand for levoglucosan 

decomposition. Reactor height was 42 cm from plenum to the transfer line, with the liquid 

injection located 5 cm above the plenum. The transfer line was 0.95 cm internal diameter with a 

length of 76 cm. The fluidized bed reactor and transfer line (including cyclone) were 

independently controlled at the same temperature preventing unwanted condensation. A single 

Exergy shell and tube condenser collected the condensed liquid product into a 250mL bottle. Gas 

temperature at condenser outlet was <10°C. Following the condenser, a glass wool packed bed 

collected any aerosols formed. Finally, a Varian 4800 MicroGC measured non-condensable 

gases at the reactor exit. 

For the experiments, two gas flow controllers were used allowing for independent control 

of air and nitrogen. Given differences in the stoichiometric air required for combustion, the two 

controllers allowed for accurate control of the equivalence ratio. A peristaltic pump continuously 
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fed a liquid reactant into the reactor at rates of 2-5 ml/min. Instantaneous mass balance was 

measured with the liquid container atop an analytical balance.  

 

Figure 1 Reactor block flow diagram used for kinetic studies.  

 

 Hydrodynamic model 

A fluidized bed reactor is a non-ideal reactor comprising an emulsion and bubble phase 

corresponding to the sand and bypassing gas, respectively. By utilizing the two-phase theory of 

fluidization (Figure 2), the reactor can be modeled as a series of continuously stirred reactors 

(CSTR) and plug flow reactors (PFR) [23]. These ideal reactors have analytical solutions, 

simplifying rate derivation.  

Table 4 Correlations used for two phase theory of fluidization calculations. 

Parameter Correlation Ref 

Archimedes Number 𝐴𝑟 = ρ𝑔 ∗ 𝑑𝑠
3 ∗

(ρ𝑠 − ρ𝑔) ∗ 𝑔

μ𝑔
2

 [27] 

minimum fluidization 

velocity (𝑈u𝑚𝑓) 𝑈𝑢𝑚𝑓 =
(√27.22 + 0.0408 ∗ 𝐴𝑟 − 27.2)*μ𝑔 

ρ𝑔 ∗ 𝑑𝑠𝑎𝑛𝑑
 [27] 

bubble diameter 𝑑𝑏,𝑖 = 0.00376 ∗ (𝑈𝑜 − 𝑈𝑢𝑚𝑓) [26] 

max diameter 𝑏𝑚 = 0.652 ∗ (𝐴 ∗ (𝑈𝑜 − 𝑈𝑢𝑚𝑓))0.4 [26] 

bubble size 𝑑𝑏 = −[(𝑒𝑥𝑝(−0.3 ∗ (
𝐻𝑟

(𝑑𝐵𝑒𝑑
) ∗ (𝑑𝑚 − 𝑑𝑏,𝑖)] + 𝑑𝑚 [26] 

velocity bubble 𝑈𝑏 = 𝑈𝑂 − 𝑈𝑢𝑚𝑓 + 0.711 ∗ [(9.81 ∗ 𝑑𝑏)0.5)] [28] 

volume PFR 𝑉𝑏 = (𝑈𝑜 − 𝑈𝑢𝑚𝑓)/(𝑈𝑏) [29] 
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Figure 2 Two phase theory can be applied to model a fluidized bed reactor as a set of CSTRs and 

PFRs. 

To calculate the gas percentage partitioned to each reactor, several correlations from 

fluidized bed studies were used (Table 4). These correlations have been used in previous works 

to accurately model fluidized bed processes [24,25]. From the correlations, the percent of gas in 

the PFR is calculated as a function of height in the reactor. The gas percentage changes with 

reactor height due to the growth and coalescence of bubbles as they rise in the reactor [26]. The 

gas not partitioned to the PFR is allocated to the CSTR.  
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Derivation of decomposition rates 

For the decomposition experiments, levoglucosan was continuously fed into the reactor 

under inert conditions. With levoglucosan a solid at ambient conditions, a solution of 20 wt. % 

(in water) was prepared and fed into the reactor at ~3.5 g/min. Fluidization gas was 3.5 SLPM of 

nitrogen, with gas residence time of approximately one second. The reactor and transfer line 

were kept at identical temperatures to avoid any unwanted vapor condensation before reaching 

the condenser. Following the transfer line, the vapor products were cooled to 10°C in the 

condenser, with the condensed liquid product collected in a 250 ml bottle. Any aerosols formed 

were subsequently collected in glass wool following the condenser. Total feed time was sixty 

minutes, ensuring a steady state was achieved.  

 

Analysis of the collected liquid product, in particular levoglucosan, was accomplished 

using high performance liquid chromatography (HPLC). Details on this sugar method analysis 

are discussed elsewhere [30]. In addition to liquid product collected in the bottle, it was 

discovered levoglucosan aerosols were formed and trapped in the glass wool following the 

condenser. However, direct analysis of the glass wool was not feasible, as the captured aerosols 

were not easily separated. Therefore, to analyze the collected aerosols, 1.5 grams of wool was 

placed into a 10 ml solution of water. After thorough mixing, a portion of the liquid phase was 

extracted and subsequently analyzed on GC-MS/FID identifying and quantifying the largest 

compounds. Quantification of the compounds was performed using the PolyARC system, with 

phenanthrene as an internal standard. Then, the remaining glass wool not used for GC-MS/FID 

analysis, was dried at 105°C to drive off any moisture. The moisture content of the wool was 

calculated by this mass loss from drying.  
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First order kinetics were assumed with the decomposition rate of levoglucosan, consistent 

with previous works [31]. The conversion was calculated as the mass of levoglucosan recovered 

over mass fed. From the calculated conversion, the decomposition rate could be derived using 

the analytical solutions of the PFR and CSTR. 

While previous works have used the two-phase theory to model fluidized bed processes 

[24,32] deriving reaction rates is not as well studied [25]. As a result, the decomposition rate of 

levoglucosan was first determined to validate the novel use of the two-phase theory. With 

subsequent validation, oxidation kinetics were derived of previously underexplored pyrolysis 

products at low temperatures (>600°C).  

Oxidation rate derivation 

For the oxidation experiments, the ideal pyrolysis product was continuously fed into the 

reactor under oxidative conditions. The fluidizing gas for each experiment was consistent 

between species at 12 SLPM of nitrogen and air, with the dynamic sand bed expanding the 

reactor height. The oxygen required for stoichiometric combustion was adjusted based on the 

liquid feed rate, with a target equivalence ratio of 1.05. While one of the products was a liquid at 

ambient conditions (acetic acid) all the model compounds were prepared in a water solution. 

Analysis of the non-condensable gases was accomplished with a MicroGC.  

The oxidation rate was determined from the consumption of oxygen. The oxygen flow 

rate into the reactor was calculated from the air flow controller set point and exit flow rate was 

measured with the MicroGC. From the oxygen consumption, first order kinetics were derived 

with first order to oxygen and zero order to the fuel. The order determination is a simplification; 

however, the low order (zero) in regard to the fuel source is consistent with previous works 

[20,21]: 
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CaHbOd + α ∗ O2 => a ∗ CO2 + b ∗ H2O       (3) 

r = k ∗ [CaHbO𝑑]0 ∗ [𝑂2]1         (4) 

X =
(𝑂2

𝑖𝑛𝑙𝑒𝑡 − 𝑂2
𝑒𝑥𝑖𝑡)

𝑂2
𝑖𝑛𝑙𝑒𝑡⁄          (5) 

where CaHbOd is the ideal pyrolysis product, α the stoichiometric amount of oxygen required for 

combustion, r the oxidation rate, X the conversion of oxygen, and k the kinetic rate coefficient 

(1/s). The conversion X was calculated based on the consumption of oxygen from reactor inlet to 

the measured value at the MicroGC. Then, the kinetic rate coefficient was calculated from the 

PFR and CSTR analytical solutions. Subsequently, an Arrhenius plot was used to determine the 

activation energy and pre-exponential factor.  

Each specie had combustion trials ran at three temperatures to determine Arrhenius 

behavior. Steady state combustion was conducted for 30 minutes, excluding a 20-minute 

stabilization period, gathering a minimum of seven MicroGC data points. Acetic acid and 

levoglucosan had identical temperatures run at 450, 500, and 550°C. However, xylose 

complicated these combustion experiments as its reactivity was not only greater, but lower 

temperatures were not possible given its high boiling point (415°C). For that reason, the lowest 

operable temperature was 430°C to prevent unwanted condensation in the transfer line and 

reactor. Likewise, given its instability, the concentration was kept at an 8 wt. % solution to avoid 

significant coking in the transfer line during liquid injection.  

Reactor repeatability 

Triplicate trials were run for the acetic acid oxidation rate to determine reactor error. 

From the triplicate trials at 500°C, the average calculated kinetic rate (0.27 1/s) had a standard 

sample deviation of ±0.006 (1/s), with a confidence interval (95%) of ±0.015 (1/s). This 
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excellent repeatability indicates single trials are sufficient to measure accurate reaction kinetics. 

Consequently, all oxidation experiments were single trials. 

Results 

From the two-phase theory calculations, a single PFR and CSTR in parallel were found to 

model the fluid bed reactor. An additional PFR was subsequently used to model the heated 

transfer line. Consequently, the gas percentage was calculated for each reactor and residence 

time calculated from volumetric flow rates. Detailed calculations on the hydrodynamic model for 

the experimental trials can be found in the supplemental information.  

Two phase theory validation 

Starting with previously published decomposition rate for levoglucosan, this application 

of the two-phase theory was tested. While validation with a global combustion model would 

confirm this application of the two-phase theory, such data at low temperature and atmospheric 

pressure is not readily available.  

Table 5 shows the allocation of gas flow to the emulsion (CSTR) and bubble (PFR) 

phases of the fluidized bed. Not surprisingly, with increasing temperature, the residence time 

decreased as the volumetric expansion of gases was greater.  

Table 5 Gas distribution based on two phase theory for decomposition study of levoglucosan. 

Temperature 

(°C) 

PFR 

(%) 

CSTR 

(%) 

Residence 

time PFR (s) 

Residence Time 

CSTR (s) 

Residence Time 

Transfer Line (s) 

500 42 58 0.68 1.32 0.17 

550 46 54 0.60 1.10 0.14 

From the levoglucosan mass recovered over the total mass fed, the conversion rate was 

calculated. Then, the kinetic rate was calculated based on this conversion value. From Table 6, 

the kinetic rate coefficient at 550°C was calculated as 0.68 (1/s) comparable to the value of 

Fukutome et al. [6] of 0.96 (1/s). Likewise, while not explicitly calculated, if the kinetic data of 
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Fukutome et al. [6] is extrapolated to 500°C, the kinetic rate coefficient is 0.24 1/s. This again 

shows a favorable comparison between their rate and the derived rate here 0.24 versus 0.37 1/s. 

Additional comparison with whole bio-oil decomposition rates indicated this work is again 

similar to those published values at 500°C (0.23-0.31 1/s) and 550°C (0.51-0.59 1/s) [8–10]. 

Consequently, the comparable decomposition rate of levoglucosan indicates that this use of the 

two-phase theory and ideal reactors can accurately calculate kinetic rates.  

Table 6 Mass recovery of levoglucosan during inert decomposition studies. 

Temperature (°C) Fed (g) Recovered (g) 
Conversion 

(Recovered/Fed) 

Kinetic Rate 

Coefficient (1/s) 

500 38.9 26.3 0.68 0.37 

550 48.2 27.0 0.56 0.68 

Oxidation rate of select pyrolysis products 

Acetic Acid 

The oxidation rate for acetic acid was determined at three temperatures: 450, 500, and 

550°C. With a measured autoignition temperature of 464°C [33], it was expected that oxidation 

would be minimal at 450°C. For acetic acid, duplicate experimental trials were run at each 

temperature, and triplicates at 500°C. As previously discussed, the triplicate experiments 

determined reactor repeatability. 

From Table 7, the oxygen consumption and calculated kinetic rate coefficients are 

reported for the temperature trials. As hypothesized, with an autoignition temperature of 464°C, 

acetic acid had minimal oxygen consumption at 450°C (5.4-6.0%). While the extent of reaction 

would be greater at longer residence times, this indicates that some pyrolysis products are 

relatively stable to oxidation at these temperatures and conditions (~0.5 second residence time). 

The duplicate trials at 450°C and 550°C indicated some variation in the calculated rate, though 
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repeatability was much worse at 550°C. However, the three trials at 500°C were nearly identical 

(0.26-0.28 1/s) suggesting excellent reactor repeatability.  

Table 7 Calculated kinetic rate coefficient for acetic acid oxidation. Triplicates ran at 500°C 

indicate excellent reactor repeatability.  

Temperature 

(°C) 

Oxygen Consumed 

(%) 

Calculated Kinetic Rate 

(1/s) 

450-1 6.0 0.15 

450-2 5.4 0.12 

500-1 10.0 0.28 

500-2 11.1 0.26 

500-3 12.3 0.27 

550-1 21.1 0.67 

550-2 34.2 1.07 

A subsequent Arrhenius plot (Figure 4) was used to calculate the activation energy at 

88.1±12.3 kJ/mol and a pre-exponential factor of 3.44×105 1/s. While unfair to directly compare, 

this activation energy is nearly identical to Smoot and Smith [20] (80.2 kJ/mol). The similar 

activation energy provides supplemental validation of these derived rates and the overall 

accuracy of the system. To calculate the heat of combustion, analysis of the products (i.e. carbon 

oxides) could indicate if complete oxidation occurred as CO2 and H2O would be the only 

products. Given the low temperature operation, partial/incomplete oxidation may have occurred 

forming partial oxidative products (i.e. carbonyls or carbon monoxide). Likewise, additional 

analysis of CO2 formation was used to calculate the conversion (i.e. oxidation) of the specie. 

From the stoichiometric amount of CO2 produced, an additional conversion value was calculated 

from the measured CO2 formation.  

From Table 8, the CO2 conversion was comparable to the oxygen conversion at 550°C 

(21.1-34.2 versus 21.1-32.1), indicating complete combustion. However, comparison at the 

lower temperatures indicated an under prediction of CO2 formation versus O2 consumption. With 

the low conversion at these temperatures, under 10%, the error is likely derived from 
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measurement bias with the MicroGC. Nevertheless, with no carbon monoxide formation, acetic 

acid appears to completely oxidize at these temperatures.  

 

Figure 4 Arrhenius plot of acetic acid oxidation. Error bars are sample standard deviation from 

multiple experimental trials. 

 

Table 8 Measurement of CO2 formation from acetic acid combustion experiments indicated 

complete combustion occurred. 

Temperature 

(°C) 

Stoichiometric CO2 

Flowrate (g/min) 

Measured CO2 Flow 

(g/min) 

Conversion (Measured/ 

Stoichiometric) % 

450-1 1.89 0.04 2.2 

450-2 1.82 0.04 2.3 

500-1 1.68 0.12 6.9 

500-2 1.74 0.13 7.7 

500-3 1.29 0.18 13.7 

550-1 1.45 0.31 21.1 

550-2 1.69 0.54 32.1 
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Levoglucosan 

Despite being included in biomass combustion mechanisms, the oxidation rate of 

levoglucosan is not studied. Likewise, even data such as the autoignition temperature is 

unknown, unlike common fuel sources [33]. Thus, the results determined here are the first of 

their kind regarding levoglucosan oxidation.  

The kinetic rate was again calculated based on the consumption of oxygen in the reactor. 

From Table 9, the values of oxygen consumption and the calculated kinetic rate coefficient are 

shown. As compared to acetic acid, levoglucosan had a faster kinetic rate, indicating a greater 

reactivity at these temperatures. 

Table 9 Calculated levoglucosan oxidation rate at pyrolysis temperatures. 

Temperature (°C)  Oxygen Consumption (%) Kinetic Rate Coefficient (1/s) 

450 18.3 0.51 

500 43.0 1.65 

550 58.1 2.83 

An Arrhenius plot was constructed from the kinetic rate coefficients (Figure 5). The 

calculated activation energy was 72.9 kJ/mol with a pre-exponential value of 1.27×105 1/s. The 

activation energy is lower than the acetic acid but is still comparable to the Smoot and Smith 

[20] global oxidation model.  

Analysis of the non-condensable gases indicated that partial oxidation of levoglucosan 

was occurring. At 500°C and 550°C, a significant fraction of carbon monoxide was detected 

(Table 10) indicating incomplete combustion.  

When calculating the subsequent conversion based on the CO2 measured (Table 11), it 

was no surprise that CO2 conversion (11.7-45.5%) was lower than the oxygen conversion (18.3-

58.1%). With incomplete combustion occurring, as evident with CO formation, this represents an 
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inefficient usage of oxygen. The impact of this incomplete combustion is discussed in a 

subsequent section regarding the enthalpy of combustion.  

  

Figure 5 Arrhenius plot of levoglucosan oxidation. 

 

Table 10 Detectable amounts of CO during oxidation of levoglucosan indicated incomplete 

combustion. 

Temperature (°C)  CO Flowrate (g/min) CO2 Flow (g/min) 

450 0.00 0.19 

500 0.12 0.55 

550 0.22 0.76 

 

Table 11 The calculated CO2 conversion was lower than the oxygen conversion value due to 

incomplete combustion occurring. 

Temperature 

(°C)  

Stoichiometric CO2 

Flowrate (g/min) 

Measured CO2 

Flow (g/min) 

Conversion (measured/ 

Stoichiometric) % 

450 1.66 0.19 11.3 

500 1.75 0.55 31.3 

550 1.75 0.76 43.5 
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Xylose 

In the same manner of levoglucosan, limited oxidation data is available for xylose. 

However, based on the decomposition rates of xylose, a faster oxidation rate was expected as 

compared to acetic acid and levoglucosan. While (inert) gas phase decomposition studies have 

not been performed for xylose, its liquid phase decomposition (caramelization) is often an order 

of magnitude greater than other sugars [34]. Likewise, pyrolysis of hemicellulose proxies (xylan) 

produce low yields of xylose (5 wt.%) [35], which could be attributed to the poor stability of 

xylose. Consequently, it was hypothesized that the instability of xylose would result in a faster 

oxidation rate. 

The temperature range used for the xylose combustion experiments was narrower (430-

500°C) than previous experiments. Likewise, elevated temperatures were not possible as 

complete oxygen consumption would occur in the reactor, skewing true residence times and the 

calculated rates. Consequently, a narrow temperature range was used to calculate and derive 

reaction kinetics.  

Table 12 Calculated kinetic rate coefficient for xylose oxidation. 

Temperature (°C) Oxygen Consumption (%) Kinetic Rate Coefficient (1/s) 

430 49.2 1.56 

465 53.5 1.89 

500 60.1 2.42 

From Table 12, the calculated kinetic rate coefficient at 500°C (2.42 1/s) demonstrates 

xylose is twice as reactive as levoglucosan and nearly ten times more reactive than acetic acid. 

This oxidation reactivity is likely attributed to its poor stability, allowing for rapid oxidation.  

From the Arrhenius plot (Figure 6) the calculated activation energy was 28.2 kJ/mol with 

a pre-exponential factor of 1.92×102. Thus, the calculated activation energy is substantially lower 
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than the values of acetic acid and levoglucosan, indicating a difference in reactivity. On possible 

explanation for this low activation energy could be from variation in reactivity of the 

decomposition products. Typical xylose decomposition products include furfural and formic acid 

[36], which have measured auto-ignition temperatures of 315°C and 520°C, respectively. Given 

the instability of xylose, these two products could be readily produced with the furfural rapidly 

oxidized, while the formic acid is unaffected. Oxygen has been shown to increase decomposition 

rates, as compared to inert conditions, thus xylose may have undergone rapid decomposition 

[37]. Additionally, this hypothesis is supported from the minimal oxidation observed with acetic 

acid below its autoignition temperature. Consequently, the use of a global model may not 

accurately capture these competing parallel reactions, resulting in a low activation energy.  

 
Figure 6 Arrhenius plot of xylose oxidation. 

The non-condensable gases indicated that complete oxidation occurred at these 

temperatures as CO2 was the only gas detected. Calculating a CO2 conversion value, (Table 13) 

the CO2 conversion (44-57%) was nearly identical to the oxygen conversion (49-60%). The 
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agreement between the two conversion values signifies that despite the low activation energy, 

complete oxidation was occurring.  

Table 13 Calculated CO2 conversion was nearly identical to the oxygen conversion value 

suggesting complete oxidation occurred.  

Temperature 

(°C)  

Theoretical CO2 

Flowrate (g/min) 

Measured CO2 

Flow (g/min) 

Conversion 

(measured/theoretical) % 

430 0.60 0.26 44.0 

465 0.61 0.31 51.3 

500 0.61 0.35 57.3 

Heat of combustion calculations 

With the low temperature used for these experiments, incomplete oxidation occurred with 

one of the species (levoglucosan). This incomplete combustion would result in lower heat of 

combustion based on enthalpy of formations. For instance, the enthalpy release from the 

oxidation of carbon to CO2 is nearly three times that of CO at -393 kJ/mol and -110 kJ/mol, 

respectively. Therefore, the heat of combustion, is calculated for the different species. The 

formula for this enthalpy release is based on the standard heat of formation at 298K. For acetic 

acid, complete combustion occurred, thus the stoichiometric combustion equation is calculated:  

𝐶2𝐻4𝑂2 + 2𝑂2 =>  2𝐶𝑂2 +2𝐻2𝑂          ∆𝐻𝜃 = −871 𝑘𝐽      (6) 

Likewise, xylose also had complete combustion, hence stoichiometric combustion:  

𝐶5𝐻10𝑂5 + 5𝑂2 =>  5𝐶𝑂2 + 5𝐻2𝑂          ∆𝐻𝜃 = −2336 𝑘𝐽     (7) 

However, based on the incomplete combustion of levoglucosan, the balanced molar 

equation must account for the formation of CO and CO2. The ratio of CO to CO2 is the average 

mole ratio (0.40) from the 500°C (0.35 CO/CO2) and 550°C (0.45 CO/CO2) combustion trials: 

𝐶6𝐻10𝑂5 + 4.3𝑂2 => 1.7𝐶𝑂 + 4.3𝐶𝑂2 + 5𝐻2𝑂          ∆𝐻𝜃 = −2155 𝑘𝐽   (8) 

Complete oxidation of levoglucosan would have a heat of combustion of -2824 kJ; thus, 

this incomplete combustion represents an inefficient usage of oxygen. Notably, even with this 
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small formation of CO, the energy released is just 75% of complete oxidation. With this 

underutilization of oxygen, during autothermal pyrolysis consumption of valuable bio-oil may 

increase as a higher equivalence ratio is required. Consequently, these results emphasize the 

significance of understanding the underlying oxidation kinetics to design a properly functioning 

autothermal pyrolyzer.  

Conclusions 

The two-phase theory of fluidization was used to derive decomposition and oxidation 

kinetics of select pyrolysis products at low temperatures. Validation of the two-phase theory was 

performed with levoglucosan decomposition, with comparable rates to previous works. With the 

success of the decomposition rate, the subsequent oxidation rates derived are the first of their 

kind for individual biomass pyrolysis products. With the three species, the oxidation rate varied 

by an order of magnitude (0.26-2.42 1/s) highlighting varying reactivity of pyrolysis vapors. 

Likewise, enthalpy calculations indicated variation in combustion efficiency (i.e. CO vs CO2 

formation), representing an underutilization of oxygen. From the derived rates, this valuable 

kinetic data will aid in the development of autothermal pyrolysis reactors.  
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Abstract 

Fast pyrolysis is traditionally defined as the rapid decomposition of organic material in 

the absence of oxygen to produce primarily a liquid product known as bio-oil. However, the 

introduction of small amounts of oxygen to the process holds prospects of internally generating 

the energy needed for pyrolysis. The present study investigates the partial oxidation of lignin-

derived compounds during pyrolysis, which generates both carbon oxides and aromatic carbonyl 

compounds. Analysis of lignin derived phenolic compounds was performed to determine if the 

composition had changed under oxidative conditions. NMR analyses indicates aromatic 

carbonyls increased under oxidative conditions, with a corresponding decrease in phenolic 

hydroxyl groups. Model phenolic compounds were pyrolyzed to help understand the role of 

partial oxidation during autothermal pyrolysis of lignocellulosic biomass.  

Introduction 

Lignocellulosic biomass has received considerable attention as feedstock for the 

production of advanced biofuels [1]. Fast pyrolysis, which is conventionally defined as the rapid 

decomposition of biomass in the absence of oxygen, has emerged as a promising approach, 

deconstructing plant biopolymers into bio-oil suitable for upgrading to transportation fuels [2]. 
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Bio-oil consists of hundreds of carbohydrate-derived compounds, including ketones, aldehydes, 

and acids, as well as lignin-derived phenolic monomers and oligomers. The inherent complexity 

of lignin has hampered efforts to understand its thermal deconstruction into phenolic compounds 

[3,4].  

Autothermal pyrolysis, which partially oxidizes some of the products of pyrolysis to 

provide the enthalpy for pyrolysis, has recently emerged as a new approach to bio-oil production. 

Because the enthalpy for pyrolysis is relatively small, the amount of oxygen required is only 

about one tenth that required for full combustion of lignocellulosic biomass [5,6]. Autothermal 

pyrolysis is a non-equilibrium process; thus, the final products are strongly dependent on poorly 

understood devolatilization and oxidation reaction kinetics. The high temperature (1000-2500°C) 

combustion of fuels such as methane [7] and ethanol [8] has been studied extensively and the 

oxidation kinetics are well known. However, this information is not necessarily relevant to 

autothermal pyrolysis, which occurs at only 400-500°C.  

While pyrolysis of polysaccharides in lignocellulose generally yield monomers and other 

relatively small molecules, the products of lignin pyrolysis include both monomeric and 

oligomeric compounds [9]. The presence of non-volatile oligomers in bio-oil has been the 

subject of debate for many years. Daugaard and Brown [10] clearly established the significant 

presence of aerosol in the vapor stream leaving the pyrolysis reactor. An early suggestion was 

that liquid droplets of melted and partially depolymerized lignin were thermally ejected from 

pyrolyzing biomass [11]. Building on this thermal ejection premise, Marathe et al. [12] 

developed a mathematical model to describe the formation of these partially depolymerized 

lignin fragments. Droplet ejection undoubtedly occurs in some kinds of experimental apparatus 

as reported for both lignin [13] and cellulose [14], although these may be artifacts of the 
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experimental methodology. In recent comprehensive experiments with an optically accessible 

pyrolyzer, Tiarks et al. [15] did not observe significant thermal ejection of aerosols from 

lignocellulosic biomass, while thermal ejection from the pyrolysis of technical lignin was traced 

to melting and agglomeration phenomena not observed for lignocellulosic biomass. Thermal 

ejection from technical lignin essentially disappeared when the sample was dispersed in silica gel 

powder before pyrolysis. This study supported an alternative theory in which lignin effectively 

depolymerizes to monomers followed rapidly by their vaporization and entrainment into the gas 

stream leaving the pyrolyzer followed by chemical condensation to oligomers either in the vapor 

stream or after the monomers are physically condensed to liquid [16,17].  

The effect of oxygen admission into the reactor on repolymerization is unknown. 

Oxidation of phenolic compounds may produce stable monomers that are less susceptible to 

condensation, as oxygen can inhibit polymerization [18]. Conversely, carbonyl content in bio-oil 

has been shown to increase the molecular weight of aged bio-oil [19]. Further research is 

required to understand the effect of partial oxidation on the molecular weight and chemical 

composition of phenolic compounds in bio-oil.  

The transportation mode of phenolic compounds through the pyrolyzer is important in 

understanding their oxidation during autothermal pyrolysis. Aerosols of non-volatile phenolic 

oligomers would oxidize relatively slowly, in a manner similar to oxidation of non-porous, solid 

fuels, which have relatively limited surface area to support gas-solid reactions. On the other 

hand, vapors of phenolic monomers, well mixed with air or oxygen, would be expected to 

oxidize more rapidly than aerosols of phenolic oligomers. Since the study of Tiarks et al. [15] 

suggests that phenolic monomers are the primary products from the depolymerization of lignin, 

we hypothesize that phenolic compounds will significantly oxidize during autothermal pyrolysis. 
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Thus, we envision that lignin initially depolymerizes to monomers, then are oxidized in the gas 

phase before re-polymerizing to form larger oligomers.   

In addition to generating gaseous carbon oxides, partial oxidation of lignin-derived 

phenolic monomers are likely to add oxygen to their molecular structure as aromatic aldehyde, 

ketone, and carboxylic acid functionalities [20]. Most lignin oxidation studies have focused on 

the production of vanillin and other high-value phenolic monomers [21–24]. Such experiments, 

conducted at pressures up to 20 bar and temperatures rarely exceeding 300°C, are of marginal 

utility to understanding the chemical kinetics of autothermal pyrolysis, which is conducted at 

atmospheric pressure and temperatures around 500°C. However, the impact of oxygen on lignin-

derived compounds is still relevant for understanding chemical changes that may occur during 

autothermal pyrolysis.  

The pulping industry has studied oxidation of Kraft lignin to valorize it beyond its usual 

application as boiler fuel. Villar et al. [25] oxidized hardwood Kraft lignin at moderate 

temperatures (140-190°C) and pressures (10-15 bar) using molecular oxygen, copper oxide, and 

nitrobenzene. Lignin conversion was low, less than 10%, but the major products were phenolic 

aldehydes (vanillin and syringic aldehyde) and carboxylic acids (vanillic and syringic acid). 

Likewise, Asgari et al. [26] used molecular oxygen at low temperatures (80-140°C) and pressure 

(7 bar) to quantify the rate of oxidation at different times and temperature. However, instead of 

measuring select monomer products (e.g. vanillin) the entire slate of products was analyzed 

using 31P nuclear magnetic resonance (NMR) to quantify changes in hydroxyl groups. With 

increasing temperature and time, phenolic hydroxyl groups decreased, whereas carboxylic acids 

increased from 0.26 mmol g-1 in the control lignin, to 1.5 mmol g-1 under the most severe 
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processing conditions. Their results gives evidence that functional groups can be added without 

fully depolymerizing lignin. 

Yields of desirable phenolic monomers are quite low from non-catalytic oxidation of 

lignin, which has encouraged the search for suitable catalysts to improve the process. Luo et al. 

[27] used a rhenium catalyst at 120°C and 2 bar of oxygen pressure in phenol to convert lignin to 

vanillin with high selectivity. Similar work by Schutyser et al.[28] used copper catalysts and 

NaOH under oxidative conditions to produce phenolic aldehydes and carboxylic acids, with 

monomer yield exceeding 30%. Demesa et al. [29] oxidized alkali-extracted lignin in a 0.1 M 

NaOH solution at temperatures and pressures up to 225°C and 15 bar, respectively. At these 

conditions, aromatic rings fractured to produce low molecular weight acids including acetic, 

succinic, and formic acids instead of phenolic formaldehydes and phenolic acids. More recent 

work has focused on oxidation of phenolic dimers as model compounds to deduce lignin 

oxidative reaction pathways [30]. However, theoretical yields have proved difficult to achieve 

even using model compounds, illustrating the complexity of the oxidation reactions and the 

instability of products in an oxidative environment. 

Very few studies on the oxidation of phenolic compounds have been conducted at 

conditions relevant to autothermal pyrolysis. Kim et al. [31,32] pyrolyzed both untreated and 

acid pretreated red oak at 500°C under atmospheric conditions in a fluidized bed reactor using 

mixtures of nitrogen and oxygen as fluidization gas. The produced bio-oil was analyzed with gas 

chromatography (GC) with mass spectrometry (MS) and a flame ionization detector (FID). 

Select phenolic monomers were quantified and identified, finding the yield of vanillin increased 

over 100% in the presence of oxygen compared to non-oxidative conditions. Pyrolysis of mallee 

wood in a fluidized bed reactor with varying oxygen concentrations found an increase in 
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syringaldehyde through the addition of oxygen [33]. Kraft lignin pyrolyzed under partial 

oxidative conditions in a fluidized bed reactor produced bio-oil with increased oxygen content 

compared to bio-oil produced in the absence of oxygen [34]. Consequently, significant oxidation 

of lignin or its decomposition products can occur even for the very short residence time of vapors 

(less than a second) in the experiments. 

Polin et al. [5] demonstrated that autothermal pyrolysis of red oak oxidizes only a small 

fraction of bio-oil products. Liquid extractions of the bio-oil indicated that the yield of water-

soluble fraction (which includes pyrolytic sugars) was 6.6 wt. % for non-oxidative (nitrogen-

blown) pyrolysis, decreasing to 5.3 wt. % for autothermal (air-blown) operation. Similarly, the 

yield of the toluene-soluble fraction of bio-oil, consisting primarily of phenolic monomers, was 

4.2 wt. % for non-oxidative pyrolysis, decreasing to 2.5 wt. % for autothermal operation. The 

loss of phenolic monomers and pyrolytic sugars under autothermal operation suggests their 

complete oxidation to carbon dioxide and water. However, the remaining insoluble portion 

(predominantly phenolic oligomers) from these extractions appeared unaffected, as the yields 

were 19.8 wt. % and 20.3 wt. % for the non-oxidative and oxidative pyrolysis condition, 

respectively. Partially oxidized phenolic compounds in the reactor may have resulted in 

additional polymerization reactions, which would increase the yield of phenolic oligomers.  

To further valorize pyrolysis, hydrotreating of the phenolic fraction could prove 

beneficial. Previous work has demonstrated that representative lignin pyrolysis products 

(guaiacol) can be efficiently converted to valuable hydrocarbons under catalytic hydrotreating 

[35]. Likewise, the prospect of turning whole bio-oil into hydrocarbons has been demonstrated as 

a viable process [36]. However, with increasing oxygen content, hydrogen consumption and total 
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costs are likely to rise. Thus, understanding the role of these partial oxidation reactions is first 

required.  

The goal of this study is to investigate the effect of oxygen on the phenolic oligomers 

produced from the fast pyrolysis of red oak. Gel permeation chromatography (GPC) was used to 

analyze molecular weight distributions of phenolic compounds [37], coupled with quantitative 

31P NMR and 13C NMR to identify changes in functional groups of phenolic compounds 

[25,26,34,38]. In addition, phenolic model compounds were pyrolyzed under inert conditions to 

evaluate differences in products that may be produced under oxidative conditions. This work 

helps elucidate the oxidative changes that occur to the lignin fraction of lignocellulosic biomass 

during fast pyrolysis. 

Methods 

Pyrolysis of red oak and recovery of bio-oil fractions 

All experiments used Quercus rubra (red oak) wood chips reduced in particle size using a 

hammer mill with a 1/8th inch screen and dried to less than 10% moisture. The experimental 

apparatus consisted of a modified version [5] of Iowa State University’s Pyrolysis Process 

Development Unit (PPDU) [39]. All bio-oil analysis performed in this work was produced from 

the modified reactor system. Briefly, a bubbling fluidized bed reactor operating at 500°C was 

fluidized with either 115 standard liters per minute (SLPM) nitrogen flow for conventional 

pyrolysis or air for oxidative (autothermal) pyrolysis. Two gas cyclones in series at the exit of 

the reactor removed biochar from the vapor stream. The hot pyrolysis vapors entered a bio-oil 

recovery system that collected bio-oil as multiple stage fractions. Stage fraction one (SF1) 

condenses pyrolysis vapors at 125°C with a spray of water [40]. Stage fraction two (SF2) 

collected aerosols from the stream using a wet electrostatic precipitator (ESP) operated at 40 kV 
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and 125°C. These two stage fractions are collectively referred to as heavy ends of bio-oil and 

consist primarily of anhydrosugars and phenolic compounds. Subsequent stages collected lower 

boiling point compounds (bio-oil light ends) including water. The typical yield of bio-oil heavy 

ends is 28.1-31.9 wt. % and light ends yield of 31.3-34.3 wt. % for red oak on a biomass basis 

[5,39]. This work focuses on the heavy ends of bio-oil collected in the first two stage fractions.  

For this work, the bio-oil was produced under two distinct operating conditions. The first was 

conventional fast pyrolysis using nitrogen as the fluidizing gas. Biomass feed rate for this 

conventional operation was 5 kg/hr. The second was partial oxidative pyrolysis using air as the 

fluidizing agent at equivalence ratio of 0.107 where equivalence ratio is defined as the fraction of 

air admitted to stoichiometric mass required for full combustion of the biomass. With 

improvements in autothermal processing, biomass feed rate was increased to 15 kg/hr. Vapor 

residence time in the reactor was calculated at 0.7 s and 1.0 s, for the oxidative and non-oxidative 

case, respectively. Polin et al. [5] provides additional details on the experimental apparatus and 

operation.   

Bio-oil analysis 

Liquid-Liquid Extractions 

Phenolic compounds were recovered from the first two stage fractions of bio-oil through 

liquid-liquid extractions. Samples were analyzed in duplicates. Twenty milligrams of bio-oil 

were mixed with equal mass of water in 50 mL centrifuge tubes. These were heated to 75°C for 

30 minutes and subsequently vortexed for four minutes followed by centrifugation (Fischer 

Scientific accuSpin 1) at 3000 RPM for 20 minutes to achieve phase separation. The aqueous 

phase, containing water-soluble carbohydrates from the heavy fraction, was decanted and 

discarded. The remaining heavy organic phase, consisting of water-insoluble phenolic 

compounds, was washed with an equal weight of toluene, which dissolved the lightest phenolic 
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compounds (mostly monomers but also some dimers). This toluene soluble portion was decanted 

and discarded. The toluene insoluble portion, consisting primarily of phenolic oligomers, was 

dried in a vacuum oven at 40°C at a pressure of 6 in-Hg for 65 hours to drive off any residual 

moisture and toluene before subsequent chemical analysis.  

The extraction of phenolic oligomers between the two conditions was nearly identical at 

19.8 wt. % and 20.3 wt. % (biomass basis), for the non-oxidative and oxidative condition, 

respectively. Additional discussion and analysis of the liquid extract is subsequently discussed 

elsewhere [5]. 

Gel permeation chromatography (GPC) 

Gel permeation chromatography (GPC) analysis was performed using a Dionex Ultimate 

3000 High Performance Liquid Chromatograph. Two types of columns, MesoPore (3 mm inner 

diameter, 300x7.5 mm; 200–25000 Da) and PLgel (3 mm inner diameter; 300x7.5 mm; 100–

4000 Da), were used in series at 25°C with tetrahydrofuran (THF) as the mobile phase (flow rate: 

1 mL min-1). Phenolic oligomers extracted from the bio-oil (approximately 20 mg) were 

dissolved in 10 mL of THF. The phenolic oligomers recovered from the two stage fractions were 

combined and filtered through a 0.25 μm polytetrafluoroethylene (PTFE) filter prior to GPC 

analysis. Measurements were performed using a diode array detector. The GPC columns were 

calibrated with twelve polystyrene standards in the molecular weight range 162–38640 Da.  

Ultimate Analysis 

Ultimate analysis was used to determine the carbon, hydrogen, sulfur, nitrogen, and 

oxygen (by difference) of the phenolic oligomers. Samples of phenolic oligomers weighing 5 mg 

were loaded into tin capsules and placed into an Elementar Analyzer (vario MICRO cube). The 

instrument measured mass fractions of carbon, hydrogen, sulfur, and nitrogen in a sample, with 
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oxygen content determined by difference on a dry, ash free basis. All samples were prepared in 

at least duplicates.  

NMR Analyses 

An Avance NEO 400 MHz with narrow bore 9.4 Telsa shielded magnet coupled with a 

liquid nitrogen-cooled broadband Prodigy probe was used for NMR analyses. Both the analyses 

were based on previous work with lignin-derived phenolic bio-oil [41]. The 31P NMR spectra 

were acquired using an inverse gated decoupling pulse sequence, 90° pulse angle, 25 s pulse 

delay, and 128 scans. The 13C NMR spectra were acquired using an inverse gated decoupling 

pulse sequence, 90° pulse angle, 12 s pulse delay, and 4500 scans. The resulting NMR spectra 

were integrated and analyzed using MestreNova software.  

For 13C NMR preparation, 500 mg of liquid-liquid extracted phenolic oligomers was 

dissolved in 625 mg (0.61 mL) pyridine-d5 and 1796 mg (1.51 mL) dimethylsulfoxide (DMSO)-

d6. After thorough mixing, approximately 0.5 mL of the solution was pipetted into a borosilicate 

NMR tube.  

For 31P NMR analyses, three stock solutions were made to allow for ease of preparation, 

following procedures described in a previous study [42]. The first solution (stock one) was 1.6 

ml of deuterated pyridine and 1 ml of chloroform-d (CDCl3) (1.6:1 v/v) pyridine/CDCl3. The 

second solution (stock two) was the same 1.6:1 v/v pyridine/CDCl3 but with 13 mg of chromium 

(III) acetylacetonate added as a paramagnetic relaxation agent. The third solution (stock three) 

was 1.6:1 v/v pyridine/CDCl3 with 28.21 mg of endo-N-hydroxy-5-norbornene-2,3-

dicarboximide (NHND) added as an internal standard. To ensure a representative sample, 75 mg 

of phenolic oligomers was first dissolved in a 3 mL of stock one. Then, 300 mg of 2-chloro-

4,4,5, 5-tetramethyl-1,3,2-dioxaphospholane (TMDP) was added allowing for in situ derivation 

of the samples. Following this rapid reaction, 0.5 mL of this solution was pipetted into a 1 mL 
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volumetric flask, followed by 0.100 mL of the second and third stock solutions. Finally, stock 

one was used to fill the total volume to 1 mL. After the solution was further mixed, 0.5 mL of the 

solution was pipetted into an NMR tube.    

NMR samples were prepared for each individual stage fraction, and results for SF1 and 

SF2 were analyzed separately. The results from each stage fraction were summarized into a 

single result for the two respective conditions.   

Micropyrolysis experiments of model phenolic compounds 

We hypothesized that secondary reactions of phenolic monomers produced under 

oxidative conditions might depend on the extent of their oxidation. To test this hypothesis, we 

performed pyrolysis experiments on three model phenolic monomers of varying degrees of 

functional group oxidation: 4-hydroxybenzyl alcohol, 4-hydroxybenzaldehyde, and 4-

hydroxybenzoic acid (structures illustrated in Fig. 1). 

4-hydroxybenzyl alcohol 4-hydroxybenzaldehyde 4-hydroxybenzoic acid 

 
  

Increasing Oxidation State 

Fig. 1. Phenolic model compounds with an increasing oxidation state representative of possible 

oxidation that could be occurring during oxidative pyrolysis. 

Experiments were performed in a modified Frontier micropyrolyzer using approximately 

500 μg quantities of model compounds in an inert (helium) environment heated to 500°C. Two 

sets of experiments were performed. In some experiments the micropyrolyzer was attached 

directly to GC-MS/FID. Volatile compounds were analyzed with a 5975C GC/MSD coupled to 

an Agilent 7890 GC connected with a Polyarc® reactor (Activated Research Company) followed 

by a FID. The system was outfitted with Phenomenex DB-1701 fused silica capillary columns 
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(60m x 0.25mm ID, 0.25 μm film thickness). The GC injector operated isothermally at 280°C 

with a split ratio of 10, with a constant helium (99.999%) flow rate of 2 mL min-1. The 

temperature program for the oven started at 35 ˚C with a 3-minute hold, then heated up to 280°C 

at 5°C min-1 and held for 4 minutes. The MS operated with electron impact ionization operating 

at 280°C. Mass to charge ratio values (m/z) were recorded over a range of 35 - 650 m/z at a rate 

of 2 seconds per scan. Recorded peaks were identified using the 2008 NIST library. When 

examining the MS identified structures, judgement was applied with the identified structure 

based on the starting phenolic compound or produced products.  

In other experiments, pyrolysis vapors from the micropyrolyzer were directed into a U-

shaped steel tube immersed in liquid nitrogen, where the vapors were rapidly quenched for GPC 

analysis. To acquire enough mass for this purpose, twenty samples of model compounds were 

sequentially pyrolyzed and the product allowed to accumulate in the steel tube. After the 

completion of the twenty trials, the steel collection tube was rinsed with methanol and the 

collected liquid was vacuum dried at 40°C for twelve hours. The remaining residue was used for 

GPC analysis and prepared in the same manner as the phenolic oligomer samples. However, 

given the small quantity of the condensed product, only a single GPC trial was performed for 

each compound. Further details on this reactor technique are found in Lindstrom et al.[43].  

Results 

Effect of oxygen on the elemental composition of phenolic oligomers 

Based on previous lignin oxidation work, it was expected that pyrolysis of lignin in an 

oxidative environment would decrease the carbon content and increase the oxygen content of 

phenolic oligomer products. However, as shown in Table 1, ultimate analysis found little 

difference in the phenolic oligomers produced under these two conditions. Application of the 
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Student t-test found no statistically significant difference (α=0.05) in the carbon, hydrogen, or 

oxygen content for oxidative and non-oxidative pyrolysis conditions.  

Table 1 Ultimate analysis of phenolic oligomers produced during fluidized bed pyrolysis of 

lignocellulose indicates no statistically significant difference in carbon, hydrogen or oxygen for 

non-oxidative and oxidative pyrolysis conditions. Values in parentheses are sample standard 

deviations. 

 Compositional analysis (wt. %)  

Condition Nitrogen Carbon Hydrogen Sulfur Oxygen (Difference) 

Non-Oxidative 0.41 (0.05) 58.12 (0.24) 5.53 (0.17) 0.01 (0.00) 35.93 (0.30) 

Oxidative 0.47 (0.02) 59.59 (0.49) 5.23 (0.19) 0.02 (0.01) 34.69 (0.52) 

Although these results indicate little uptake of oxygen by the phenolic oligomers, it is 

still possible that pyrolysis in the present of oxygen produced changes in the relative distribution 

of functional groups or structure of these compounds. For example, Akim et al. [44] in studies on 

oxidative delignification of biomass, found significant changes in the distribution of lignin 

functional groups even though elemental composition was relatively unchanged. These 

possibilities are subsequently explored. 

Effect of oxygen on the molecular weight of phenolic oligomers 

GPC was performed on the phenolic oligomers to measure their relative molecular 

weights. Given the reactivity of aromatic carbonyls towards condensation and repolymerization 

of phenolic compounds [19], it was expected that molecular weight would increase under 

oxidative conditions.  

Both oxidative and non-oxidative conditions produced phenolic oligomers with 

significantly lower molecular weights than native lignin structures [45,46]. However, only minor 

differences in molecular weight distribution were observed for phenolic oligomers produced in 

oxidative environments compared to oligomers from non-oxidative environments. As shown in 

Fig. 2, the GPC spectra for phenolic oligomers from both conditions are similar, having minor 
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shoulders at approximately 270 Da, representative of monomers, and a major peak at 400 Da, 

representative of oligomers.  

 

Fig. 2. GPC spectra of the phenolic oil shows minimal differences between operating conditions. 

(UV-VIS 254 nm) 

As shown in Table 2, the weight-average molecular weight (Mw) and number average 

molecular weight (Mn) for phenolic oligomers produced under oxidative conditions are only 

slightly lower than the values for the non-oxidative case. Weight-average molecular weights are 

nearly identical, calculated at 595 and 591 Da for the non-oxidative and oxidative condition, 

respectively.   

Table 2 Average molecular weight and dispersity was not significantly impacted under oxidative 

conditions. 

Condition Mw (Da) Mn (Da) Dispersity Index (Mw /Mn) 

Non-Oxidative 595 390 1.52 

Oxidative 591 378 1.56 

Previous research has shown that partial oxidative pyrolysis of birch bark narrows the 

molecular weight distribution of whole bio-oil [47]. Similar results with Kraft lignin pyrolyzed 
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under oxidative conditions produced a lower molecular weight phenolic oil [34]. However, our 

work on the phenolic oligomer fraction of bio-oil indicates that under partial oxidation 

conditions, molecular weight was unaffected. The small quantity of oxygen admitted to the 

reactor was likely not enough to cause significant changes in molecular weight.  

Effect of oxygen on phenolic oligomer functional groups 

31P NMR and 13C NMR were used to quantify changes in the relative concentrations of 

various functional groups associated with the phenolic oligomers. Oxidation was expected to 

decrease hydroxyl content of the phenolic oligomers, while producing a higher fraction of 

aromatic carbonyls.  

Table 3 summarizes eight different phosphorylated hydroxyl groups that were identified 

and quantified using 31P NMR analysis. The chemical shifts of these groups were based on 

previous research analyzing bio-oil produced from lignin pyrolysis [41,48]. Each of the 

identified groups indicates the location of the hydroxyl group on the phenolic structure or 

proximity to other functionality (e.g. methoxy). Additionally, the three C-5 substituted groups 

are indicative of a phenolic oligomer structures, with the bonds (β-5, 4-O-5, 5-5) distinguishing 

the hydroxyl group. 

Overall, phenolic hydroxyl groups mainly decreased under oxidative conditions 

compared to non-oxidative conditions, as would be expected if the hydroxyl groups were 

oxidized to aromatic carbonyl groups. Only aliphatic-OH groups increased for phenolic 

oligomers from oxidative pyrolysis, although the increase was small (1.28 vs 1.31 mmol g−1). 

Total hydroxyl functionality (excluding Acid-OH) was 5.60 mmol g-1 and 4.98 mmol g-1 for 

phenolic oligomers produced under non-oxidative and oxidative conditions, respectively, 

consistent with oxidation of phenolic hydroxyl groups.  
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Table 3 31P NMR measured phenolic hydroxyl content for non-oxidative and oxidative produced 

phenolic oligomers.  

    Phenolic –OH  (mmol g PO−1) 

Phenolic Group δ (ppm) Non-Oxidative Oxidative  

Aliphatic-OH 150.0-145.5 1.28 1.31 

C5-substituted OH β-5 144.7-142.8 1.20 1.04 

C5-substituted OH 4-O-5 142.8-141.7 0.74 0.65 

C5-substituted OH 5-5 141.7-140.2 0.33 0.30 

Guaiacyl phenolic OH 140.2-139.0 1.02 0.88 

Catechol type OH 139.0-138.2 0.73 0.57 

P-hydroxyl-phenyl OH 138.2-137.3 0.30 0.23 

Acid−OH 136.6-133.6 0.27 0.26 

13C NMR measurement is semi-quantitative, with the identified functional group as a 

percentage of the total carbon bonds in a sample. For this calculation, the identified regions have 

the area summed and each region is then divided by the overall sum. The different integration 

regions were based on previous studies of lignin-derived bio-oil [41].  

Table 4 Carbonyl bonds increased under oxidative conditions from the result of oxidation 

reactions.  

  % of Carbon Bonds 

Functional Group δ (ppm) Non-Oxidative Oxidative 

Carbonyl 215.0-166.5 2.68 3.06 

Aromatic C-O Bond 166.5-142.0 17.30 19.25 

Aromatic C-C 142.0-125.0 39.49 36.20 

Aromatic C-H 125.0-95.8 13.18 14.05 

Aliphatic C-O 95.8-60.8 2.90 2.89 

Methoxly-Aromatic 60.8-55.2 15.43 16.37 

Aliphatic C-C 55.2-0.0 9.02 8.18 

Examining the changes in carbon bonds shown in Table 4, aromatic carbonyls (including 

aromatic ketones, aldehydes, and carboxylic acids) increased from 2.68% to 3.06% for the 

oxidative case. The increase in carbonyl bonds is the result of oxidation reactions. Failure of 31P 

NMR analysis to detect an increase in aromatic carboxylic acids indicates that the aromatic 

carbonyls detected by 13C NMR analysis are either aldehydes or ketones or a combination of 

these two kinds of carbonyl compounds.  
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Along with the increase in carbonyl functionality, the phenolic oligomers showed other 

differences. By measuring the relative change between the two conditions, the most impacted 

functional groups are highlighted from the 13C NMR analysis. The relative change is defined as 

the difference in percentage for each functional group, between the non-oxidative and oxidative 

condition, over the area for the non-oxidative condition. The calculated relative change for each 

of the eight identified functional groups is shown in Fig. 3.      

 
Fig. 3. 13C NMR results indicated carbonyls and aromatic C-O bonds had the largest relative 

increase comparing non-oxidative to oxidative conditions. This increase in aromatic carbonyl 

bonds is the result of partial oxidation reactions. 

The two largest increases in carbon bonds were associated with aromatic carbonyls (14%) 

and aromatic C-O (11%). Conversely, aromatic C-C (8%) and aliphatic C-C (9%) decreased 

under oxidative conditions. As previously described, oxidation increased aromatic carbonyls. 

However, the other changes in functionality are not readily apparent. Hydrogenation of phenolic 

oil has been shown to decrease the quantity of methoxyl and carbonyls, while increasing 
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aliphatic C-C bonds [3]. Thus, an oxidative environment would be expected to do the opposite 

on the phenolic oligomers.  

These results provide clear evidence that loss of hydroxyl groups arose from phenolic 

compounds being partially oxidized to aromatic carbonyl groups [25,26,44]. On the other hand, 

there is little evidence for increased phenolic carboxylic acid functionality, as typically occurs 

during oxidation of phenolic compounds. 31P NMR was unable to detect other aromatic carbonyl 

compounds (aldehydes and ketones) that are often associated with oxidation. Analysis with 13C 

NMR was used to (semi) quantify aromatic carbonyls, measuring their increase under oxidative 

conditions. This suggests that pyrolysis at an equivalence ratio of 10% and short vapor residence 

times can advance the oxidation of alcohols but not the oxidation of aldehydes. However, the 

possibility that carboxylic acids form under oxidative conditions cannot be completely dismissed 

since previous studies indicate they might further react with alcohols forming oligomers [49,50]. 

In the following section, pyrolysis of model phenolic monomers are used to further elucidate the 

kinds of reactions that occur under oxidation conditions.   

Influence of oxygen functionality on polymerization of model compounds 

The NMR analysis on phenolic oligomers produced from pyrolysis of red oak indicates 

functional changes occurred in the presence of oxygen. Specifically, aromatic hydroxyl groups 

decreased and carbonyl groups increased, which are strong evidence of partial oxidation of 

phenolic compounds formed during lignocellulose pyrolysis. We hypothesize that these 

oxygenated phenolic compounds influence secondary reactions of pyrolysis, which was explored 

through micropyrolysis experiments on model phenolic compounds representative of phenolic 

monomers that might form under partial oxidative pyrolysis conditions (4-hydroxybenzyl 

alcohol, 4-hydroxybenzaldehyde, 4-hydroxybenzoic acid). 4-ethyl phenol was not employed as 

previous results indicate it is unreactive at pyrolysis conditions [17].   
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The first micropyrolysis experiments with model compounds condensed vapor products 

of multiple trials in a stainless steel U-shaped tube that was immersed in liquid nitrogen. The 

GPC spectra of the condensed liquid from these experiments is illustrated in Fig. 4. The peaks 

corresponding to the phenolic alcohol, aldehyde, and acid monomers occur approximately at 225 

Da, 190 Da, and 240 Da, respectively. Despite the short residence times and rapid quenching 

achieved, there is clear evidence of condensation of some of the model compounds. The phenolic 

alcohol and acid indicate condensation to dimers and, for the alcohol, even trimers were formed. 

On the other hand, the phenolic aldehyde, which is between the alcohol and acid in its extent of 

oxidation, showed little evidence of condensation. 

  

 
Fig. 4. GPC spectra for products of pyrolysis at 500°C for three model phenolic compounds. 

Phenolic dimers were detected as products from 4-hydroxybenzyl alcohol and 4-hydroxybenzoic 

acid indicating gas-phase condensation reactions. (UV-VIS 280nm) 

The lack of condensation for the 4-hydroxybenzaldehyde is likely due to the radical 

intermediate being stabilized through the aldehyde group acting as an H-donor, stabilizing the 
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radical intermediate [51]. Accordingly, if phenolic compounds only oxidize to aldehydes, partial 

oxidative pyrolysis might discourage condensation of phenolic monomers to oligomers. 

However, if the aldehyde was further oxidized, the resulting 4-hydroxybenzoic acid would 

readily polymerize. This suggests oxidation could both encourage and discourage polymerization 

of phenolic compounds, depending upon the extent of oxidation.  

Effect of oxygen functionality on phenolic oligomer bonds  

In the next set of experiments, the micropyrolyzer was directly connected to a GC-

MS/FID with each phenolic monomer separately pyrolyzed at 500°C. Gas residence time in the 

heated zone of the pyrolyzer was calculated at approximately one second. 

Examining the mass spectrometry (MS) chromatographs suggest different reactivities 

among the three compounds. The chromatograph of the 4-hydroxybenzyl alcohol (Fig. 5) reveals 

multiple monomers and dimers as products. The monomeric products formed through various 

decomposition pathways of the starting phenolic compound. The formation of phenol was likely 

the result of cleavage of the aliphatic alcohol, leaving behind aromatic-OH (phenol). In a similar 

manner, dehydrogenation of aliphatic alcohol could yield benzaldehyde [52]. Finally, the 

formation of methyl phenolic compounds resulted from dehydration of the aliphatic alcohol. 

Dimethyl phenol likely formed from cleavage of the aliphatic alcohol, which then underwent 

dehydration and subsequent alkylation.  
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Fig. 5. Pyrolysis-GC/MS chromatograph of 4-hydroxybenzyl alcohol pyrolyzed at 500°C. 

Significant decomposition products were produced by the cleavage of the aliphatic alcohol.  

On the other hand, 4-hydroxybenzaldehyde and 4-hydroxybenzoic acid were relatively 

stable, with phenol as the only monomeric product. The result for the 4-hydroxybenzaldehyde is 

consistent with the previous micropyrolysis experiments, indicating limited reactivity at these 

conditions. As illustrated in Fig. 7, 4-hydroxybenzoic acid also produced dimers (compounds 

detected above 50 minutes retention time), indicating condensation and polymerization of the 

phenolic carboxylic acid.  
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Fig. 6. Pyrolysis-GC/MS chromatograph of 4-hydroxybenzaldehyde pyrolyzed at 500°C. 

Chromatograph of 4-hydroxybenzaldehyde indicates that it is unreactive at these conditions. 

 

 

Fig. 7. Pyrolysis-GC/MS chromatograph of 4-hydroxybenzoic acid pyrolyzed at 500°C. Phenol 

was the only decomposition product detected under these conditions. 

Fig. 8 summarizes the dimers produced from the phenolic alcohol and carboxylic acid, 

which provides insight into the role of oxidation in promoting polymerization of phenolic 
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monomers. In particular, the dimers formed by 4-hydroxybenzyl alcohol contain aromatic and 

aliphatic C-C bonds. While a detailed pathway is not fully elucidated, the carbon bonds formed 

for the 4,4'-methylene bisphenol and 4,4'-ethylene diphenol were likely the result of radical 

polymerization. These reactions, and the overall reactivity of the aliphatic –OH group, has been 

noted in computational and experimental studies on reactions of p-coumaryl alcohol [53]. The 

oligomer products detected for 4-hydroxybenzoic acid indicate aromatic carbonyl and C-O bonds 

were the most prevalent bonds of the dimers. The formation of the aromatic ester linkage (i.e. the 

aromatic C-O bond) is not surprising as that particular condensation reaction has been used to 

polymerize 4-hydroxybenzoic acid [49,50]. 

Initial Compound Identified Phenolic Oligomer  

4-hydroxybenzyl alcohol 

 

 

Phenol, 4,4'-methylenebis 

 
Carbon Bond: Aromatic C-C 

4,4'-Ethylenediphenol 

 
Carbon Bond: Aliphatic C-C 

 

4-hydroxybenzoic acid 

  

 
 

 

Phenyl-4-hydroxybenzoate 

 
Carbon Bonds: Aromatic C-O; Aromatic Carbonyl 

4,4'-dihydroxybenzophenone 

 
Carbon Bond: Aromatic Carbonyl 

 

Fig. 8. Identified phenolic dimers formed during micropyrolysis of 4-hydroxybenzoic acid and 4-

hydroxybenzyl alcohol.   
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The formation of these dimers is consistent with the previous NMR analyses. Hydroxyl 

groups present in the gas phase during non-oxidative pyrolysis are thought to undergo 

condensation/ polymerization reactions resulting in a high concentration of C-C bonds. However, 

oxidation of hydroxyl groups to aromatic carbonyls would result in fewer hydroxyl groups 

available for condensation to oligomers. The diminishing amount of aromatic and aliphatic C-C 

bonds under oxidative conditions (as measured by 13C NMR) is strong evidence that oxidative 

pyrolysis reduces the formation pathway of these oligomers. Likewise, 13C NMR analysis 

indicates an increase in aromatic C-O bonds under oxidative conditions. The additional 

formation of aromatic C-O bonds could be the result of hydroxyl groups first oxidizing to 

carboxylic acids, then subsequently polymerizing in reactions with –OH groups. This 

condensation reaction would produce an oligomer with both an aromatic C-O bond (in particular 

an aromatic ether) and aromatic carbonyl, as occurs for phenyl-4-hydroxybenzoate formed from 

the 4-hydroxybenzoic acid. Again, condensation of 4-hydroxybenzoic acid has been studied as a 

pathway for production of polymers, supporting this hypothesis [49,50]. Thus, oxidation of 

phenolic compounds to produce aromatic carboxylic acids followed by polymerization is 

consistent with the increase of aromatic C-O bonds and carbonyl bonds. 

The model compound study offers insight into the role of oxygen functionality and the 

formation of phenolic oligomers. The results suggest a tradeoff between production of functional 

groups that discourage polymerization (i.e., aldehydes) and those that encourage polymerization 

(i.e., acids). Although other functional groups (e.g. vinyl, methyl, etc.) likely play roles in 

polymerization of phenolic compounds during pyrolysis, these results offer evidence that 

oxidation influences formation of phenolic oligomers.  
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Conclusions 

This study found that autothermal pyrolysis of red oak only marginally influenced the 

chemical composition of the lignin-derived phenolic fraction of bio-oil. Ultimate analysis 

determined that carbon, hydrogen, and oxygen were not significantly changed under oxidative 

conditions. Likewise, GPC analysis of phenolic oligomers from autothermal pyrolysis showed 

little change in molecular weight compared to conventional pyrolysis. However, 31P NMR 

analysis revealed a loss in hydroxyl groups while 13C NMR analysis showed an increase in 

carbonyl functionality. Taken together, these results indicate phenolic compounds were partially 

oxidized during autothermal pyrolysis. Pyrolysis of model compounds representative of phenolic 

alcohols, aldehydes and acids indicate that oxygen functionality can impact polymerization 

reactions. Moderate levels of oxidation, as might occur at the low equivalence ratios of 

autothermal pyrolysis, can both discourage and encourage polymerization depending on the 

degree of oxidation. These results indicate that autothermal operation only marginally changes 

the chemical composition of the phenolic compounds found in bio-oil. 
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Abstract 

Corn stover is an important feedstock for second generation bio-refineries. However, its 

high ash content significantly reduces the yield of valuable anhydrosugars during fast pyrolysis. 

To passivate the high alkali and alkaline earth metal (AAEM) content, the use of ferrous sulfate 

as pre-treatment significantly improves sugar yield and reactor operability during fast pyrolysis.  

This novel pre-treatment combined with autothermal operation, in which the enthalpy for 

pyrolysis is internally generated through partial oxidation reactions, has the potential to greatly 

improve the prospects for production of cellulosic sugar from lignocellulosic biomass. The 

optimal temperature for conventional pyrolysis, which produces little sugar, is about 500°C. 

However, the temperature dependence of pyrolytic sugar production and degradation are not well 

known and the optimal temperature for maximum bio-oil and sugar yield may be different than 

for conventional pyrolysis. This study investigates the effect of temperature on pyrolysis 

products in the range of 400-550°C. Valuable bio-oil products, including sugars and phenolic oil, 

were found to be temperature dependent. Hydrolysable sugar reached a maximum yield of 15.6 

wt.% at 450°C, whereas phenolic oil was maximized at 500°C with a yield of 9.2 wt.%. This 

indicates that an ideal reactor temperature should be between 450-500°C, with tradeoffs in 
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product selectivity with increasing temperature. As a result, this provides valuable information 

on processing conditions and will improve process scale-up. 

 Introduction 

Lignocellulosic biomass has received considerable attention as feedstock to produce 

advanced biofuels [1]. Fast pyrolysis, which is conventionally defined as the rapid 

decomposition of biomass in the absence of oxygen, has emerged as a promising approach, 

deconstructing plant biopolymers into bio-oil suitable for upgrading to transportation fuels [2]. 

The carbohydrate polymers (i.e. cellulose and hemicellulose) break down to monomeric sugars 

and light oxygenated compounds [3,4]. Lignin produces a wide range of phenolic monomers and 

oligomers, complicating efforts to understand its thermal deconstruction [5,6]. Bio-oil consists of 

hundreds of compounds including sugars, ketones, aldehydes, carboxylic acids, and phenolic 

compounds. Additional fast pyrolysis products include non-condensable gases (NCG) and 

biochar.   

Conventional pyrolysis of lignocellulose yields very little sugar because alkali and 

alkaline earth metals (AAEM) in the biomass catalyze fragmentation of pyranose and furanose 

rings to light oxygenated molecules [7]. Extensive washing to remove these metals or 

pretreatment with acid impregnation to passivate their catalytic activity mitigates fragmentation 

of sugars [7,8]. Acid pretreatment of high ash feedstocks increases sugar yields as much as ten-

fold. However, AAEM also appears to catalyze depolymerization of lignin in the biomass. 

Removal or passivation of AAEM has the unintended consequence of reducing the rate of lignin 

devolatilization compared to its rate of melting, which results in char agglomeration [9,10]. Char 

agglomeration reduces reactor throughput and may force reactor shutdown. Rollag et al. [11] 

discovered that pretreating biomass with ferrous sulfate both passivates AAEM by reacting with 
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the sulfate anion and promotes lignin depolymerization through the catalytic activity of the 

ferrous iron [12,13]. Pretreatment of biomass with ferrous sulfate produced pyrolytic sugar yields 

comparable to acid pretreatment while eliminating char agglomeration and reactor fouling 

characteristic of the acid pretreatment. In tests with corn stover, ferrous sulfate pretreatment 

dramatically shifted products from the aqueous phase (e.g. furans and acids) to more valuable 

anhydrosugars [11,14]. This dramatic increase in sugar yields and reactor operability offers the 

prospect of large-scale production of cellulosic sugar from lignocellulosic biomass. 

Rollag et al. [11] conducted their pyrolysis experiments with ferrous sulfate pretreated 

biomass in both inert and low equivalence ratio (oxidative) environments. Traditionally, oxygen 

is excluded during fast pyrolysis under the assumption that bio-oil yield would be dramatically 

reduced [15]. However, recent studies at Iowa State have found that bio-oil yields were only 

slightly impacted upon admitting air at equivalence ratio of less than about 10% [14,16]. At these 

equivalence ratios, partial oxidation of pyrolysis products releases enough energy to provide the 

enthalpy for pyrolysis. Experiments indicate that much of the enthalpy for pyrolysis comes from 

oxidation of biochar, in total consuming less than 10% of the energy content of the biomass 

processed [14,16]. Consequently, autothermal pyrolysis offers additional processing benefits as 

auxiliary heat conveyance equipment is no longer necessary.  

Although temperature is known to strongly impact the yield and distribution of pyrolysis 

products [17–19], its influence on pyrolysis yields under autothermal operation and with 

pretreated biomass has not been previously explored. Relevant temperature studies on pretreated 

biomass are scarce, likely from poor operability, as most research has focused on a single 

temperature (450-500°C) [8,10]. A single study from Oudenhoven et al.[21] did explore the 

effect of temperature on acid washed pinewood, finding sugar yield increased with temperature 



106 

 

 

 

from 23 wt.% to 29 wt.% at 360°C and 480°C, respectively. However, with additional increase 

in temperature, sugar yield decreased to less than 20 wt.% at 530 & 580°C. Notably, the study 

also conducted this temperature analysis on untreated pinewood finding sugar yield was not 

temperature dependent and was consistently between 4.5-6 wt.%, with no trend between 

temperature. This single study gives evidence that pretreatment makes select products (i.e. 

sugars) more temperature dependent than untreated feedstocks. In addition, given the 

autothermal (oxidative) operation of the current study, the effect of oxygen introduces another 

variable that is underexplored. The poor understanding of the underlying oxidation reactions 

during autothermal pyrolysis is evident as several attempts resulted in detrimental losses of 

valuable bio-oil [15,20]. Thus, by conducting autothermal pyrolysis at multiple temperatures, the 

underlying oxidation reactions should be apparent. As a result, exploring the effects of 

temperature on pretreated biomass coupled with autothermal processing will improve operability 

and scale-up efforts. 

This work focuses on the characterization and product optimization of the fast pyrolysis 

products of iron-sulfate pretreated corn stover at four temperatures: 400, 450, 500, and 550°C. 

While studies optimizing bio-oil yield in the past have been conducted on the effect of 

temperature, the introduction of a novel pretreatment coupled with autothermal pyrolysis offers a 

new set of operating parameters.  To analyze the products, numerous analytical techniques (e.g. 

GC/MS, HPLC, GPC, IC, etc.) were used to gain a better understanding of temperature effects. 

With the goal of maximizing valuable sugar and phenolic oil yield, this work will aid in future 

scale-up of pretreated biomass pyrolysis.  
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Methods 

Biomass pretreatment 

All experiments used Zea mays (corn stover) biomass collected using multi-pass 

harvesting [34]. The bales were initially ground using a hammer mill with a 3.2 mm screen, 

followed by additional processing with a knife mill through a 1.6 mm screen. The ferrous sulfate 

treatment was made by dissolving a known amount of sulfate into 1 kg of water. Then, with a 

syringe pump, this solution was continuously sprayed onto the biomass while mixing using an 

Erweka paddle mixer. The resulting solution spray and biomass mixing resulted in a 1:1 water to 

biomass ratio. Total ferrous sulfate loading was 7.5 wt. % (biomass basis), which was 

determined to fully passivate the AAEM content. After pretreatment, the samples were dried at 

105°C until moisture content was below 10 wt. %.    

Table 1 Corn stover compositional properties. All values reported as received. 

Proximate Analysis wt. % 

Moisture 4.5 

Volatiles 79.2 

Fixed Carbon 12.6 

Ash Content 8.3 

  

Ultimate Analysis wt. % 

Carbon 40.7 

Hydrogen 5.1 

Sulfur 0.0 

Nitrogen 0.5 

Oxygen - 

Continuous pyrolysis reactor and fractional recovery 

A bubbling fluidized bed reactor, with a 3.8 cm diameter reactor and height of 40 cm was 

used for the pyrolysis experiments. The reactor was initially loaded with 600 grams of 600-1200 

μm diameter silica sand. Biochar was recovered using two cyclones immediately following the 

reactor. After the cyclones, the hot bio-oil vapors entered a staged condenser train. Stage fraction 
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1 (SF1) is a shell-in tube condenser operated at 130°C. Stage fraction 2 (SF2) is a hot 

electrostatic precipitator operated at 120°C and 15 kV. These first two stage fractions are 

generally referred to as the bio-oil heavy ends, composed of anhydrosugars and phenolic 

compounds [22]. The vapors then enter an additional shell-in tube heat exchanger at 0°C (SF3), 

followed by an ESP operated at -15°C and 15 kV electric potential (SF4). The last two stage 

fractions are collectively called the bio-oil light ends, containing light organic compounds and 

the aqueous fraction. Quantification of the non-condensable gases (NCG) was performed using a 

micro-GC (Varian CP-4900) and a drum-type gas meter. The results from SF1 and SF2 are 

summarized into a collective bio-oil heavy ends. Likewise, SF3 and SF4 containing the aqueous 

fraction are collectively called the bio-oil light ends. 

For each pyrolysis experiment, the reactor was fluidized with 20 standard liters per 

minute (SLPM) of nitrogen and air based on desired equivalence ratio. After initial reactor 

heating, biomass feed rate was started at 0.5 kg/hr for 20 minutes, then ramped to 1 kg/hr for a 

fifty minute steady state. 

For autothermal operation, the air (oxygen) admitted into the reactor is intended to 

balance the endothermic pyrolysis reactions with exothermic oxidation reactions. To determine 

the quantity of air required, air is progressively introduced into the reactor until the reactor heater 

output reaches baseline parasitic levels [16]. For these experiments, the equivalence ratio is 

defined as the mass of air fed into the reactor over the amount needed for stoichiometric 

combustion, which was calculated as 0.10. This corresponded to a gas flow rate of 5.6 SLPM of 

air at a biomass feed rate of 1 kg/hr. The remaining sweep gas was balanced with 14.4 SLPM of 

nitrogen.  
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Product analysis 

Liquid-Liquid Extractions 

Phenolic compounds were recovered from the first two stage fractions (heavy ends) 

through liquid-liquid extractions. Samples were analyzed in duplicates. Five grams of bio-oil 

were mixed with equal mass of water in 50 mL centrifuge tubes. These were heated to 65°C for 

20 minutes and subsequently vortexed for four minutes followed by centrifugation (Fischer 

Scientific accuSpin 1) at 3000 RPM for 20 minutes to achieve phase separation. The aqueous 

phase, containing water-soluble carbohydrates from the bio-oil heavy ends, was decanted and 

kept separate for HPLC and GFC analyses. Likewise, this first extraction mass is subsequently 

recorded. The remaining heavy organic phase, consisting of water-insoluble phenolic 

compounds, was again washed with equal mass of water, to remove any remaining water-soluble 

components. This water-soluble portion was decanted and again kept separate for HPLC and 

GFC analyses. The use of two consecutive water washes was previously determined to remove 

the non-phenolic compounds [23]. The remaining insoluble portion, consisting primarily of 

phenolic compounds, was dried in a vacuum oven at 40°C at a pressure of 6 in-Hg for 15 hours 

to drive off any residual moisture before subsequent chemical analysis. Any additional mass loss 

from vacuum drying was subsequently included in the second extract mass.  

Gel permeation chromatography 

Gel permeation chromatography (GPC) analysis was performed using a Dionex Ultimate 

3000 High Performance Liquid Chromatograph. Two types of columns, MesoPore (3 mm inner 

diameter, 300x7.5 mm; 200–25000 Da) and PLgel (3 mm inner diameter; 300x7.5 mm; 100–

4000 Da), were used in series at 25°C with tetrahydrofuran (THF) as the mobile phase (flow rate: 

1 mL min-1). Phenolic compounds extracted from the bio-oil using the liquid extractions 

(approximately 20 mg) were dissolved in 10 mL of THF. Then, the phenolic compounds 
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recovered from the SF1 and SF2 were combined and filtered through a 0.45 μm 

polytetrafluoroethylene (PTFE) filter prior to GPC analysis. Measurements were performed 

using a diode array detector. The GPC columns were calibrated with twelve polystyrene 

standards in the molecular weight range of 162–38640 Da.  

Ultimate Analysis 

Ultimate analysis was used to determine the carbon, hydrogen, sulfur, nitrogen, and 

oxygen (by difference) of the bio-oil stage fractions and bio-char. For each sample, 5 mg was 

weighed into tin capsules and placed into an Elementar Analyzer (vario MICRO cube). The 

instrument measured mass fractions of carbon, hydrogen, sulfur, and nitrogen in a sample, with 

oxygen content determined by difference for the bio-oil components. All samples were prepared 

in at least duplicates. Oxygen content was not calculated for the biochar consistent with high ash 

feedstocks [24]. 

Proximate Analysis 

The moisture, volatile, and total inorganic (ash) content of the biochar was determined 

using proximate analysis procedures in a TGA. Briefly, the moisture content was the mass loss 

of the biochar up to 105°C, with the volatile content defined as mass loss in an inert environment 

up to 900°C. Fixed carbon was determined as the mass loss after the introduction of air at 900°C. 

Ash content was the residual material after this inert and oxidative decomposition.  

The ferrous sulfate treatment added additional mass to the biochar in the form of the 

sulfate salts and ferrous iron. Thus, the mass of sulfate salts was subtracted from the determined 

volatile content mass as they decompose to sulfur dioxide at temperatures exceeding 600°C [25]. 

Likewise, the mass of ferrous iron was subtracted from the ash content. These two data 

corrections allowed for the determined values to be presented on a biomass basis.  
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Sugar quantification 

Sugar yields were determined by acid hydrolysis for the different stage fractions. For the 

analysis, 60 mg of bio-oil was weighed into a vial followed by the addition of 6 ml of 400 mM 

sulfuric acid. The samples were hydrolyzed at 125°C for 44 minutes followed by rapid cooling to 

prevent any additional degradation reactions. Then, the samples were filtered using a 0.45 μm 

microfiber filter into a 2 mL vial. The samples then underwent analysis and quantification using 

High-Performance Liquid Chromatography (Dionex Ultimate 3000 series HPLC) calculating 

glucose, xylose, and sorbitol yields [26]. Sugar analysis of bio-oil samples was performed in at 

least four replicates. Additional analysis, using the same procedure, was conducted on the liquid 

extracted product from bio-oil heavy ends. Given this homogenous liquid, only duplicates were 

performed.  

Gas Chromatography 

Liquid bio-oil was analyzed using a 5975C GC/MSD coupled to an Agilent 7890 GC 

connected to a Polyarc® reactor (Activated Research Company) followed by an FID. The system 

was outfitted with Phenomenex DB-1701 fused silica capillary columns (60m x 0.25mm ID, 0.25 

μm film thickness). The GC injector operated isothermally at 280°C with a split ratio of 10, with 

a constant helium (99.999%) flow rate of 3 mL min-1. The temperature program for the oven 

started at 35˚C with a 3-minute hold, then heated up to 280°C at 5°C min-1 and held for 4 

minutes. The MS operated with electron impact ionization operating at 280°C. Mass to charge 

ratio values (m/z) were recorded over a range of 35 - 650 m/z at a rate of 2 seconds per scan. 

Recorded peaks were identified using the 2008 NIST library. The tandem use of the PolyArc and 

FID allowed for direct quantification of identified compounds using an internal standard 

(phenanthrene). 
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Sample preparation called for 100 mg of bio-oil dissolved in 3 ml of methanol with 0.51 

wt. % phenanthrene for the internal standard. After through mixing, the solution was injected on 

the instrument using an autosampler.  

Karl Fisher 

The moisture content of the bio-oil was determined by Karl Fischer titration (Mettler 

Toledo V30S Compact Volumetric KF Titrator). For heavy ends analysis, ~70 mg of bio-oil was 

dissolved in 1 mL of dry methanol (Hydranal). Bio-oil light ends used 20mg of sample and were 

directly analyzed. Data was reported on a weight percentage basis. All samples were analyzed in 

duplicates.  

Gel filtration chromatography  

Gel filtration chromatography (GFC) analysis was performed using a Dionex Ultimate 

3000 High Performance Liquid Chromatograph. Identical to the GPC analyses, two types of 

columns, MesoPore (3 mm inner diameter, 300x7.5 mm; 200–25000 Da) and PLgel (3 mm inner 

diameter; 300x7.5 mm; 100–4000 Da), were used in series at 25°C with water as the mobile 

phase (flow rate: 1 mL min-1). For this, 10 mg of the extracted bio-oil heavy ends (section 2.3.1) 

was dissolved in 10 mL of water. The samples were filtered and analyzed using a diode array 

detector.  

Ion Chromatography 

The Ion Chromatograph (IC) was a Dionex ICS3000 equipped with a conductivity 

detector and an Anion Micromembrane Suppressor AMMS-ICE 300. The suppressor regenerate 

used was 5mM tetrabutylammonia Hydroxide (TBAOH) at a flow rate of 3 ml/min. The eluent 

used was 1.0 mM heptaflourobutyric acid with IonPac® ICE-AS1 4×50 mm guard column and 

an IonPac® ICE-AS1 4×250 mm analytical column with a flow rate of 0.120 mL/min at 19°C. 

Organic acid standards were purchased from Inorganic Ventures. The standard contained acetate, 
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propionate, formate, and glycolate at ~200.0 mg/L each. A calibration curve was made by 

diluting the standard to five final concentration values: 10, 25, 67, 100, and 200 mg/L.   

The SF3 bio-oil samples were prepared (100mg) using 36 mL deionized water and 1.5 

mL of methanol. The SF4 bio-oil (100mg) had to be diluted with 48 mL deionized water and 

1.5mL of methanol to fall within the calibration curve. All samples were filtered before IC 

analysis. 

Results 

Influence of temperature on grouped pyrolysis products  

Mass closure for all runs was 90% on a biomass and oxygen basis. This denominator 

includes the mass of feedstock fed and the additional oxygen. The biochar yield has the mass of 

the pretreatment subtracted, as the ferrous sulfate will remain in the biomass (biochar) structure.  

From Fig. 1, the yield of biochar decreased from 28.8 wt. % to only 14.0 wt. % as 

temperature increased from 400°C to 550°C. Likewise, as the temperature increased, the yield of 

NCG increased from 16.9 wt. % to 24.9 wt. %. This inverse relationship between NCG and 

biochar yield is from the biomass biopolymers being fully depolymerized. Given the recalcitrant 

structure of biomass, lignin biopolymers require elevated temperatures to fully depolymerize, as 

evident with lignin derived products increasing with temperature [21]. 
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Fig. 1. Yield of pyrolysis products as a function of temperature. Biochar and NCG yield had an 

inverse relationship while total bio-oil yield reached a maximum at 500˚C. 

Total bio-oil yield ranged from 54.9 to 62.2 wt. %, with maximum yield occurring at 

500°C. This was no surprise as maximum bio-oil production around 450-500°C is commonly 

reported for conventional (anoxic) pyrolysis [17,22,27]. At these intermediate temperatures, it is 

thought to balance the devolatilization of biomass while avoiding significant secondary cracking 

of bio-oil vapors to NCG. The yield of bio-oil light ends (SF3 & SF4) was relatively constant at 

28.8-30.9 wt. % while heavy ends (SF1 & SF2) was more variable at 24.5-31.7 wt. %, with peak 

yield at 500°C. Given the importance of the bio-oil heavy ends, containing phenolic compounds 

and anhydrosugars, the variation in yield indicates these components are more temperature 

dependent than the bio-oil light ends (aqueous fraction).  
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From Table 2, the elemental composition of the bio-oil heavy ends was essentially 

unchanged with pyrolysis temperature. The carbon content slightly increased with temperature 

from 49.6 to 52.5 wt. %, with a corresponding decrease in oxygen, though this increase (3%) was 

minimal. Hence, this increase in carbon with the student t-test (α=0.05) was not found to be 

statistically significant. Trace amounts of sulfur were detected in the bio-oil heavy ends, 

suggesting that a small amount of biochar (containing ferrous sulfate) may have been carried 

from the cyclones to condensers. Overall, the elemental analysis indicates that despite yield 

changes (24.5-31.7 wt.%) the composition remains consistent.  

Carbon content of the light ends increased slightly with temperature, from 18% to 21.4%. 

Interestingly, carbon content of the light ends was substantially lower at 450°C (14.6%) 

compared to the other temperatures. However, the large sample standard deviation makes the 

value not statistically significantly (α=0.05) from 400°C. Thus again, the elemental composition 

indicates minor differences in the bio-oil light ends. 

Biochar carbon content decreased with temperature from 46.8 to 30.9 wt. % on a biochar 

basis. This indicates at elevated temperatures, the biomass is fully depolymerized, leaving behind 

only the non-volatile ash and residual fixed carbon. As previously mentioned, biochar data is 

presented as received, with oxygen content not accounted for, consistent with previous work of 

high ash biochars [24]. This as received analysis is necessary as the large inorganic content 

makes it difficult to calculate an accurate oxygen content without additional analytical 

techniques (e.g. X-ray fluorescence).  

Of note, from the moisture balance most of the water (>90%) was collected in the bio-oil 

light ends. Given the operation of the condenser system, this is expected. Additional discussion 

of the moisture balance of the bio-oil light ends is discussed in a subsequent section. 
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Table 2 Elemental composition of bio-oil fractions and biochar. All weight percentages are presented on as received basis. Bracket value is the 

sample standard deviation.  

 Pyrolysis 

Component Temperature (°C) 

Yield 

(g/100g 

biomass) 

Ultimate Analysis (wt. %) KF 

Moisture 

(%) Carbon Hydrogen Sulfur Nitrogen Oxygen (difference) 

Heavy Ends 400 24.5 49.6 [0.6] 5.6 [0.1] 0.2 [0.1] 0.4 [0.1] 44.2 [0.8] 5.6 [0.3] 

  450 30.6 49.6 [0.9] 5.5 [0.3] 0.0 [0.1] 0.6 [0.1] 44.2 [1.1] 4.2 [0.3] 

  500 31.7 51.2 [0.4] 6.0 [0.2] 0.0 [0.1] 0.7 [0.1] 42.1 [0.4] 4.3 [0.3] 

  550 27.7 52.6 [0.4] 5.7 [0.2] 0.3 [0.1] 0.7 [0.1] 40.8 [0.6] 4.2 [0.1] 

                  

Light Ends 400 30.4 18.0 [0.8] 5.6 [1.6] 0.1 [0.2] 0.4 [0.2] 75.9 [2.1] 62.1 [1.5] 

  450 28.8 14.6 [3.5] 5.1 [2.7] 0.1 [0.1] 0.3 [0.2] 79.9 [6.0] 64.1 [0.5] 

  500 30.5 21.0 [1.0] 6.3 [1.6] 0.0 [0.1] 0.3 [0.1] 72.4 [2.5] 57.0 [0.6] 

  550 30.9 21.4 [1.0] 7.3 [0.4] 0.0 [0.1] 0.4 [0.1] 71.0 [1.6] 57.6 [0.4] 

         

Biochar  400 28.8 46.8 [0.1] 2.5 [0.1] 7.9 [0.3] 1.0 [0.1] - - 

 450 22.6 40.5 [0.5] 2.2 [0.3] 4.2 [1.2] 1.3 [0.2] - - 

 500 16.0 35.0 [0.2] 2.0 [0.2] 3.7 [0.1] 1.0 [0.1] - - 

 550 14.0 33.9 [0.6] 1.4 [0.1] 9.5 [0.3] 0.9 [0.1] - - 
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Temperature effects on bio-oil heavy ends 

Water insoluble yield 

With the large increase in sugar production, liquid extractions on the heavy ends fraction 

was performed to determine a subsequent aqueous fraction of anhydrosugars suitable for 

upgrading. Likewise, the raffinate would be a phenolic oil fraction suitable for upgrading to 

fuels. Given the low moisture content of the bio-oil heavy ends, less than 1.5 wt. % on a biomass 

basis, the extract yield is expected to be primarily water-soluble sugars.  

 
Fig. 2. Liquid extractions on bio-oil heavy ends indicate yield of phenolic oil increased with 

increasing temperature. Yield of the second water extract includes mass loss from the vacuum 

oven drying procedure. Error bars represent sample standard deviation from liquid-liquid 

extractions. 

As shown in Fig. 2, yield of phenolic oil reached a maximum at 500°C. The increasing 

phenolic fraction is likely from increased depolymerization of lignin, though mostly to gas, at 

elevated temperatures [28]. Phenolic oil yield slightly decreased from 500°C to 550°C, 

4.3 5.3

9.2 7.9
2.0

2.5

2.7
2.9

18.2

22.8

19.1
18.6

0

5

10

15

20

25

30

35

400°C 450°C 500°C 550°C

E
x

tr
ac

t 
Y

ie
ld

 (
w

t.
 %

 B
io

m
as

s 
b
as

is
)

Reactor Temperature

First Water Extract

Second Water Extract

Phenolic Oil



118 

 

 

 

indicating that additional cracking of the phenolic vapors could have occurred. Zhou et al. [29] 

determined with fast pyrolysis of untreated pine, pyrolytic lignin yield (water insoluble fraction) 

reached a maximum at 530°C, then subsequently decreased at 580°C. The notion of phenolic oil 

cracking to produce additional NCG appears to occur based on the increased yield of NCG at 

550°C. In a similar fashion, oxidation rates would be faster at elevated temperatures and phenolic 

compounds could have been oxidized producing carbon oxides and water.  

The water-soluble fraction was measured to be much greater than the insoluble portion 

for the bio-oil heavy ends. This is not surprising as the ferrous sulfate pretreatment has now 

drastically increased the yield of water-soluble sugars present in the heavy ends [11]. Even 

accounting for water, water soluble yield is greater than 20 wt.% for all temperatures. The yield 

of this water soluble extract reached a maximum at 450°C (25.4 wt.%), with a subsequent 

decrease in yield as temperature increased. Analysis of this liquid extract is discussed in the 

following sections.  

Effect of temperature on sugar yield 

It was hypothesized that enhanced sugar yields arising from ferrous sulfate pretreatment 

of biomass would lower the optimum temperature for sugar production, based on the expectation 

that the rate of secondary reactions that crack sugars would be reduced [30]. Furthermore, lower 

temperatures would reduce the rate that sugars oxidize under autothermal conditions compared to 

char oxidation. Biochar oxidation could have a significantly lower activation energy (from mass 

transfer effects) as compared to the oxidation of bio-oil vapors. Thus, even a small decrease in 

temperature would drastically lower than oxidation rate of bio-oil vapors while biochar oxidation 

would have a much smaller decrease.    
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Fig. 3. Sugar yield as determined through HPLC analysis. Whole bio-oil represents direct 

quantification of sugar yield in bio-oil heavy ends. Liquid extract yield was based on sugar 

concentration and mass of liquid extractions. The agreement in yield between the two indicates 

sugars are readily extracted during the water wash. Error bars represent sample standard 

deviation.  

Total hydrolysable sugar yield (Fig 3.) had a maximum yield at 450°C (15.6 wt.%), and a 

subsequent decrease in yield with reactor temperature. The decreasing sugar yield at 

temperatures hotter than 450°C is likely from gas phase degradation and oxidation of the sugar 

products. While performed under inert conditions, a similar trend was seen with Oudenhoven et 

al. [21], finding sugar yield was maximized at an intermediate temperature (480°C) and 

decreased at elevated temperatures (530 and 580°C). These results indicate at temperatures 

greater than 500°C, oxidation and decomposition reaction rates are fast enough to affect product 

yields despite short vapor residence times (<1 second). Conversely, the low yield at 400°C could 

be from the cellulose and hemicellulose biopolymers only partially depolymerizing, as the solid 

(biomass) residence time in the reactor was not sufficient to fully convert the biopolymers. Thus, 
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while 400°C would offer the slowest oxidation and decomposition rates of the temperature used 

here, the biomass particle may not properly devolatilize leaving behind unreacted material in the 

biomass (now biochar) structure [28,31]. In contrast, at elevated temperatures (500 and 550°C), 

the biopolymers were likely fully depolymerized and well ventilated, followed by cracking and 

oxidation in the gas phase reducing the overall yield. 

In addition to the reported sugar yield from the bio-oil, the water-soluble liquid extract 

was hydrolyzed and analyzed on HPLC. Not surprisingly, the sugar yield for the liquid extract is 

nearly identical to the whole bio-oil analysis. Likewise, the standard deviation of these liquid 

samples was lower than that of whole bio-oil, indicating the homogenous liquid solution better 

represents the actual yield. With nearly identical yields between the two, this indicates near 

perfect liquid extraction of the sugars from whole bio-oil. As a result, this proves valuable 

anhydrosugars can be easily extracted from bio-oil for future upgrading [32].  

Molecular weight distribution of liquid extract  

From the previously determined sugar content, over 50% of the liquid extracted mass 

from the heavy ends is sugar. While this hydrolysable sugar content represents a significant mass 

portion, a substantial fraction is still unaccounted for. With the iron catalyst present in the 

biomass, radical polymerization reactions of pyrolysis products may be forming large anhydro-

oligomers [33]. Likewise, water-soluble oligosaccharides (e.g. cellobiose or cellotriose) may be 

present in this liquid extract. Consequently, it was hypothesized with increasing temperature 

these oligosaccharides would diminish as elevated temperatures would crack these 

oligosaccharides to monomeric products.  
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Fig. 4. GFC of liquid extract product from SF1 (A) and SF2 (B). At retention times lower than 

20 minutes, large water-soluble oligomers were present at all four temperatures. The presence of 

these peaks indicates polymerization reactions could have occurred.  

As depicted in Fig. 4, both SF1 and SF2 had large peaks present for levoglucosan (~27 

minutes) and xylose (~24.5 minutes). Identification of these sugars was confirmed with HPLC 

analysis and from standards of xylose and levoglucosan ran on GFC. Below a retention time of 
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20 minutes, additional peaks were measured. Difficulties in identification complicates 

determining an accurate degree of polymerization or molecular weight; however, their presence 

indicates that radical polymerization of pyrolysis products may have occurred. Given there are 

no discernable trends or differences between stage fractions or temperature, these large 

molecular weight compounds do not appear temperature dependent. This would indicate that 

water soluble oligosaccharides are present, and reactor temperature does not affect their 

formation. Consequently, it is possible these form during the condensation of the hot pyrolytic 

vapors. While quantification was not possible with GFC, these peaks likely represent a 

significant mass portion of the liquid extract product. 

Molecular weight distribution of phenolic oil 

With increasing temperature, secondary cracking reactions of the phenolic oligomers 

would reduce the molecular weight of products. In particular, cleavage of functional groups from 

the aromatic rings is expected, reducing the molecular weight [22].  

The GPC chromatographs (Fig 5.) of the four temperatures are quite similar. There are 

likely phenolic monomers present, from the minor shoulder at 210 Da, and subsequent double 

peaks representative of phenolic oligomers at approximately 300 and 420 Da. With the 

chromatographs being nearly identical, temperature did not appear to change the 

polymerization/condensation reactions of the phenolic compounds in the pyrolyzer.  

The number average (Mn) and weight average (Mw) was calculated for the phenolic oil 

samples and shown in Table 3. With increasing temperature, both the Mw and Mn decreased, 

while the polydispersity showed no discernible trend (1.74-1.61). The decrease in average 

molecular weight could be caused by additional functional groups (e.g. methoxy, methyl, 

hydroxyl) being cleaved off the aromatic rings, reducing the molecular weight. The notion of 

methoxy groups being lost is supported by Rover et al.[22], that determined with increasing 
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reactor temperature methoxy phenol yield decreased. The decrease in molecular weight with 

temperature is in contrast to the work of Zhou et al.[29], that determined with organsolv lignin 

molecular weight increased with pyrolysis temperature. However, given pyrolysis of technical 

lignin behaves much differently than whole biomass, with thermal ejection of phenolic oligomers 

readily occurring, experimental differences are to blame. Therefore, the slight decrease in 

molecular weight with temperature is best explained by the loss of phenolic functional groups.  

 

 
Fig. 5. Relative molecular weight of the phenolic oil showed minimal differences between 

temperatures.  

Table 3 Molecular weight of the liquid extracted phenolic compounds decreased with increasing 

temperatures. 

Temperature Number Average Mn Weight Average Mw Polydispersity 

400°C    434 715 1.66 

450°C 405 704 1.74 

500°C 388 622 1.61 

550°C 382 612 1.61 
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Temperature effect on bio-oil light ends 

Bio-oil light ends were expected to contain carboxylic acids and other light oxygenated 

compounds. Given these components are typically derived from the hemicellulose fraction (e.g. 

acetyl groups produce acetic acid [4]) bio-oil light end composition was expected to be relatively 

consistent. This hypothesis assumes that hemicellulose is the least recalcitrant of the biopolymers 

[34], implying it would readily depolymerize at the temperatures used. While not as valuable as 

the sugars and phenolics collected in the heavy ends, there is still potential for future upgrading 

of the bio-oil light ends [35]. 

 

Fig. 6. Water content composed a significant fraction of the bio-oil light ends. Dry bio-oil 

content was calculated as the difference between water and total bio-oil yield. Error bars 

represent sample deviation from Karl Fisher analysis. 

Given the fractional condenser system, nearly two thirds of the bio-oil light ends is water 

(Fig. 6). From this moisture balance, there appears to be a slight decrease in water content with 

increasing temperature. However, the difference was not statistically significant using the student 
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t-test (α=0.05). With the large presence of water, the dry bio-oil content was calculated by 

difference from the measured moisture content. 

Ion Chromatography (IC) was used to quantify the yield of four carboxylic acids (Fig. 7). 

Total acid yield was 1.94-2.37 wt. %, representing ~20% (dry basis) of the bio-oil light end 

components. Of the four acids quantified, acetic acid comprised greater than 75% of the mass. 

Interestingly, while the yields were very consistent for three temperatures, 450°C had a much 

lower yield of acetic acid. Given acetic acid yield is mainly determined by the initial content of 

acetyl groups [36], this could indicate acetic acid was consumed through oxidation.  

 
Fig. 7. Light organic acids were primarily composed of acetic acid. These four select carboxylic 

acids comprised 20% of the dry bio-oil light end components. Error bars represent sample 

standard deviation.  

Partial analysis was also conducted on the bio-oil light ends using GC-MS/FID. Of note, 

given the inherent complexity of bio-oil, complete identification and quantification was not 

performed [37]. From the GC results (Fig. 8), yield of the select identified products was 0.82-
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2.39 wt.%, with the minimum and maximum at 450°C and 550°C, respectively. With increasing 

temperature, it is expected that secondary cracking of sugar products would result in additional 

formation of light oxygenated compounds [30]. The significant increase in these products at 

550°C indicates that sugar products are decomposing to produce these various light oxygenated 

compounds. This observation is consistent with the carbon content and dry bio-oil yield being 

the greatest at 550°C.  

 
Fig. 8. Minor compositional analysis of bio-oil light ends from GC-MS/FID. The identified 

compounds represent the four most concentrated products in the bio-oil light ends.  

Comparison of pyrolysis co-products 

Effect of pyrolysis temperature on biochar 

With increasing reaction temperature, total biochar yield decreased from 28.8 to 14.0 wt. 

%. This decrease in temperature was from the biomass fully depolymerizing at elevated 

temperatures. From the proximate analysis (Fig. 9), there was a decrease in volatile matter from 

9.1 wt.% to just 1.3 wt.% (biomass basis) as temperature increased. The decrease in volatile 
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matter is the result of the biopolymers fully devolatilizing with increasing temperature. A similar 

decrease was measured with the fixed carbon from 12.4 wt.% to 4.6 wt.% at 400 and 550°C, 

respectively. Given biomass fixed carbon content was measured as 12.6 wt.%, oxidation of the 

biochar was likely occurring. With the large decrease in fixed carbon, the upwards of 8 wt.%, 

this would indicate biochar oxidation is providing significant energy towards the enthalpy for 

pyrolysis. Overall, these results indicate with increasing temperature the biomass is fully 

devolatilized leaving behind only trace amounts of carbonaceous material and residual ash.  

 
Fig. 9. Comparison of the proximate analysis of the biochar. The component mass is reported on 

a biomass basis and the bracket value indicates on a biochar basis. The mass of the ferrous 

sulfate treatment was accounted for. Error bars are sample standard deviation.  
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Comparison of non-condensable gases 

It was hypothesized with increasing temperature, the yield of NCG would increase as the 

secondary cracking rate of bio-oil vapors would be faster. This concept is commonly seen with 

untreated feedstocks finding NCG yield increases with reactor temperature [22]. 

From the measured NCG, it was not surprising the maximum yield was achieved at 

550°C (24.9 wt. %). At these elevated temperatures, the biomass is fully devolatilized followed 

by additional secondary cracking of the pyrolytic bio-oil vapors producing NCG. While there 

was a general trend that NCG yield increased with temperature, gas yield decreased from 19.5 

wt.% to 16.9 wt.% at 400°C and 450°C, respectively. The yield decrease contradicts the 

assumption that elevated temperatures, with faster decomposition rates, produce additional NCG 

from the degradation of bio-oil vapors. However, the use of a pretreatment, thus affecting 

pyrolysis products, may be responsible for this behavior. Oudenhoven et al.[21] pyrolyzed acid 

washed pine and had a similar decrease in gas yield from 16 wt.% to 14.1 wt.% at 430 and 

480°C, respectively. With additional increase in temperature, the gas yield increased to 27.1 

wt.% at 530°C [21]. This similar observation could indicate competing decomposition versus 

devolatilization reactions may be occurring in the solid biomass phase. As with the sugar yield, if 

bio-oil vapors cannot readily volatilize out of the biomass particle, decomposition reactions in 

the biomass particle could produce NCG.  

From Fig. 10, the majority of gases measured were CO2 and CO, accounting for greater 

than 96% of the gas yield. A small fraction of methane, ethylene, and ethane was measured, with 

total mass yield of only 0.4-0.8 wt. %, increasing with reactor temperature. This low yield of 

valuable flammable gases (ethane, ethylene, and methane) is similar to the yields (<1 wt.%) of 

untreated corn stover pyrolysis [14].  
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Fig. 10. Yield of non-condensable gases reached at maximum at the hottest temperature used. 

Other includes methane, ethylene, and ethane. Error bars are sample standard deviation from 

MicroGC gas measurements.  

Conclusions 

Although temperature studies have been performed in the past, this work demonstrates 

that pretreated biomass coupled with autothermal processing offers a new set of operational 

parameters. By utilizing a ferrous sulfate treatment, substantial gains in sugar yields were 

observed as the native AAEM no longer catalytically cracked the pyranose sugars. Sugar yield 

reached a maximum at an intermediate temperature (450°C) and subsequently decreased as the 

oxidation and decomposition reaction rates increased with temperature. However, the yield of 

phenolic oil was maximized at 500°C, indicating a tradeoff between sugars and phenolic oil. 

This implies that a potential two stage processing, with primary pyrolysis at 450°C followed by 

additional devolatilization of the biochar at higher temperature (>550°C), could be beneficial for 

increasing the yield of bio-oil heavy ends. Nevertheless, these results provide valuable insight 

that the oxidation and decomposition reactions associated with autothermal pyrolysis are 
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temperature dependent. This work will aid directly in the scale-up of autothermal pyrolyzers and 

tailoring of pyrolysis products.  
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CHAPTER 6.    GENERAL CONCLUSION 

Investigation of the underlying oxidation reactions associated with autothermal pyrolysis 

provided clarity on its operation. While the initial goal was to determine the products oxidizing 

during autothermal operation, this work showed that inherent differences in biomass feedstock 

lead to operational differences. This dissertation leveraged previous work regarding pure gas 

phase and gas-solid phase reactions to derive reaction kinetics associated autothermal pyrolysis. 

With these rates, the overall operation of an autothermal pyrolyzer can be improved. The four 

chapters and future work are discussed below.  

Chapter 1 

This chapter summarized thermochemical processing of biomass and previous attempts at 

autothermal pyrolysis. The chapter examines the oversights and challenges that previous works 

had when trying to operate a pyrolyzer in the presence of oxygen. In particular, early attempts at 

autothermal pyrolysis found that oxygen significantly decreased the yield of valuable bio-oil. 

Likewise, attempts at modeling autothermal pyrolysis were hampered as experimental data was 

lacking. However, the work performed in recent years at Iowa State challenged this notion that 

the introduction of oxygen into the reactor was detrimental. With this success, the need to 

understand the underlying oxidation reactions was evident leading to the work in this 

dissertation.  

Chapter 2 

This chapter explored the oxidation rates of six fast pyrolysis produced biochars in two 

experimental apparatuses. The biochars were a combination of woody and herbaceous materials 

with varying ash content, allowing for relationships to be built on compositional parameters. The 

TGA results indicated that the oxidation rate between a low ash feedstock (red oak) and high ash 
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(switchgrass) varied by a factor of three under a kinetically limited regime. Though, with 

increasing temperature (>500°C), mass transfer effects started to dominate the overall reaction 

rate and differences in composition became negligible. The oxidation rate was found to best 

correlate with potassium content and should be used as the key parameter in modeling char 

oxidation.  

Additional oxidation studies were performed using a fluidized bed reactor finding a 

similar relationship between the oxidation rate and potassium content. The molar production of 

CO2 vs CO was measured during these experiments finding the composition of the biochar 

appeared to affect the formation of these carbon oxides. This observation is important as fully 

oxidizing to CO2 vs CO releases greater energy per mole of oxygen, which is important in 

starved oxygen environments found during autothermal pyrolysis. This work provided direct 

evidence that compositional parameters will impact the operation of biomass autothermal 

pyrolysis. 

Chapter 3 

Current published gas phase reactions have limited application to autothermal pyrolysis 

as the mechanisms were not validated for this low temperature operation. Likewise, the products 

of pyrolysis (i.e. sugars) have little to no relevant combustion data. Thus, the reaction rates of 

three ideal pyrolysis products, xylose, levoglucosan, and acetic acid, was explored in this work. 

The complexity of deriving elementary reactions led to global rates being derived; 

however, even these rates offer an improvement over current published works. The oxidation and 

decomposition rates were determined using a fluidized bed reactor with application of the two 

phase theory of fluidization. Given this novel application of the two-phase theory, the 

decomposition rate of levoglucosan was compared to previous published works to validate the 
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system. From the oxidation rate, even among just these three species, the rate varied by an order 

of magnitude at 500°C. Enthalpy calculations also determined that incomplete combustion 

represents an inefficient usage of oxygen. This is notable as the equivalence ratio for autothermal 

pyrolysis is impacted by this inefficient combustion.   

Chapter 4 

While complete oxidation of products is taking place during autothermal pyrolysis 

(forming CO2 and H2O), this chapter explored the potential of partial oxidation reactions of the 

lignin fraction from red oak autothermal pyrolysis. Using multiple analytical techniques and 

model compound studies, these partial oxidation reactions were detailed.  

From these results, it was determined that phenolic hydroxyl groups are oxidizing 

producing a higher fraction of aromatic carbonyl groups (aldehydes, ketones, carboxylic acids). 

These oxidized functional groups then underwent condensation reactions different from the 

typical reactions observed during non-oxidative pyrolysis. These observations were bolstered 

with model compound studies of different oxidation states, finding the oxidation of phenolic 

compounds would result in differences in the phenolic oligomers formed.  

Chapter 5 

From the previous kinetic studies, optimization of pyrolysis products (i.e. sugars) during 

autothermal operation was performed using pretreated ferrous sulfate corn stover. Based on the 

oxidation rates from Chapter 3, this study was performed under the guiding hypothesis that a 

lower operational temperature would optimize sugar yield. Previous research has been conducted 

on maximizing bio-oil production, but this work focused on a pretreated biomass and 

autothermal operation proving its novelty.  
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A semi-detailed analysis of the products found that the valuable sugar fraction (primarily 

levoglucosan and xylose) was maximized at an intermediate temperature of 450°C. This 

temperature balanced fully depolymerizing the biomass, while minimizing the oxidation and 

decomposition of the bio-oil vapors. With increasing temperature, it was evident the biomass 

became fully depolymerized, as char yield decreased from 28 wt.% to just 14 wt.% from 400 to 

550°C, respectively. This work can be used as the basis for future work on the effect of 

temperature during autothermal operation. 

Future Work 

Determining and understanding the underlying reactions of autothermal pyrolysis will 

improve process scale-up. As detailed in Chapter 5, product yield of sugar was optimized based 

on the information provided from the kinetic rate studies. Likewise, the rates of the bio-oil 

vapors and biochar oxidation can be used to develop computational models further improving the 

design and operability of autothermal pyrolyzers. This work does open the door to future studies, 

as in-depth studies of oxidation of the gas phase products still needs improvement. Likewise, 

oxidation studies on mixtures of pyrolysis products could be used for validation and further 

improvement of these gas phase kinetics.   
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APPENDIX A.    NOMENCLATURE CHAPTER 3 

A=cross-sectional area reactor (m2) 

Ar=Archimedes number 

db,i=Initial bubble diameter (m) 

dm=Maximum bubble diameter (m) 

ds=diameter sand (m) 

db=bubble diameter (m) 

g=gravitational acceleration (m/s2)  

Hrec=Reactor height (m) 

Ub=velocity of bubble (m/s) 

Uo=Superficial gas velocity (m/s) 

Uumf=minimum fluidization velocity (m/s) 

Vb=Gas percentage in bubble phase  

ρg=density of fluidizing gas (kg/m3) 

ρs=density of sand 

μg= dynamic viscosity gas, (kg/m-s) 

Vb=Bubble velocity (m/s) 

B=bubble 

I=initial 

G=gas 

S=sand  

R=reactor 
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APPENDIX B.    SUPPLEMENTAL INFORMATION CHAPTER 3 

 

Reactor model 

The two-phase theory modeled the fluidized bed as a set of CSTRs and PFRs. From the 

proposed correlations the gas percentage allocated to the PFR is calculated versus reactor height. 

Shown in Figure B.1 is the gas percentage calculated for the PFR versus reactor height, with the 

dashed line (at 0.05m) indicating the location of the liquid injection port. The two conditions 

displayed are typical of that used for the decomposition and oxidation studies. The gas 

calculations indicate that after a height of 0.10m, the bubbles have fully coalesced in the bed and 

a subsequent minimum is reached for the gas allocated to the PFR. Given the liquid injection 

location is near this fully developed gas flow, when calculating the gas percentage in the PFR, an 

average is taken from 0.05m to the maximum height of 0.42m. From the gas percentage in the 

PFR (bubble phase), the remaining gas is allocated to the emulsion phase and modeled as a 

CSTR. With this fully developed flow at 0.10m, a single CSTR and PFR was assumed to model 

the fluidized bed. 
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Figure B.1 Gas percentage allocated to the PFR versus reactor height for typical operating 

conditions. Dashed line at 0.05m indicates location of liquid injection. After a height of 0.10m 

bubbles have fully coalesced causing the bed to slug.  

To calculate the kinetic rate coefficient at each temperature and flow condition, the gas 

percentage allocated to CSTR and PFR was based on fluidizing gas flow and steam expansion 

from the liquid injection. Then, a residence time is calculated for the PFR from the average 

bubble velocity, again taken as the average from 0.05m to 0.42m, and the CSTR residence time 

calculated from the gas volume flowrate over CSTR reactor volume. With the simplification that 

a single parallel CSTR and PFR can model the fluidized bed, and one additional PFR for the 

transfer line, the rate coefficient is easily calculated using a non-linear solver from the three ideal 

reactors.  
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Table B.1 Experimental conditions used for acetic acid oxidation trials. 

Temperature 

(°C) 

Air Flow 

(SLPM) 

Nitrogen Flow 

(SLPM) 

Liquid Flow 

(g/min) 

Acetic Acid 

Concentration (%) 

Equivalence 

Ratio 

450-1 5.0 7.0 4.3 30 1.03 

450-2 5.0 7.0 4.2 30 1.07 

500-1 5.0 7.0 3.9 30 1.16 

500-2 5.0 7.0 4.0 30 1.12 

500-3 3.7 8.3 3.0 30 1.12 

550-1 5.0 7.0 3.3 30 1.34 

550-2 5.0 7.0 3.9 30 1.15 

 

With levoglucosan being a solid at room temperature, a 21 wt.% solution was made with 

water to allow for feeding into the reactor. The experimental conditions for the levoglucosan 

trials are shown in Table S.2. Table S.3 contains the xylose parameters.  

Table B.2 Operational conditions used for levoglucosan oxidation. 

Temperature 

(°C)  

Air Flow 

(SLPM) 

Nitrogen 

Flow (SLPM) 

Liquid Flow 

(g/min) 

Levoglucosan 

Concentration (%) 

Equivalence 

Ratio 

450 4.4 7.6 4.9 20.9 1.03 

500 4.4 7.6 5.1 20.9 0.98 

550 4.4 7.6 5.1 20.9 0.98 

 

 

Table B.3 Operational parameters used for oxidation experiments of xylose. 

Temperature 

(°C)  

Air Flow 

(SLPM) 

Nitrogen Flow 

(SLPM) 

Liquid Flow 

(g/min) 

Xylose 

Concentration (%) 

Equivalence 

Ratio 

430 1.7 10.3 4.92 8.3 1.11 

465 1.7 10.3 5.05 8.3 1.08 

500 1.7 10.3 5.06 8.3 1.08 

 

  

 


