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Abstract 

Biomass pyrolysis is a promising thermochemical method for producing fuels and 

chemicals from renewable sources. Development of a fundamental understanding of 

biomass pyrolysis chemistry is difficult due to the multi-scale and multi-phase nature of 

the process; biomass length scales span 11 orders of magnitude and pyrolysis phenomena 

include solid, liquid, and gas phase chemistry in addition to heat and mass transfer. These 

complexities have a significant effect on chemical product distributions and lead to 

variability between reactor technologies. A major challenge in the study of biomass 

pyrolysis is the development of kinetic models capable of describing hundreds of 

millisecond-scale reactions of biomass into lower molecular weight products.  

In this work, a novel technique for studying biomass pyrolysis provides the first-

ever experimental determination of kinetics and rates of formation of the primary 

products from cellulose pyrolysis, providing insight into the millisecond-scale chemical 

reaction mechanisms. These findings highlight the importance of heat and mass transport 

limitations for cellulose pyrolysis chemistry and are used to identify the length scales at 

which transport limitations become relevant during pyrolysis. Through this technique, a 

transition is identified, known as the reactive melting point, between low and high 

temperature depolymerization. The transition between two mechanisms of cellulose 

decompositions unifies the mechanisms that govern low temperature char formation, 

intermediate pyrolysis conditions, and high temperature gas formation. 
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The conditions under which biomass undergoes pyrolysis, including modes of 

heat transfer, have been shown to significantly affect the distribution of biorenewable 

chemical and fuel products. High-speed photography is used to observe the liftoff of 

initially crystalline cellulose particles when impinged on a heated surface, known as the 

Leidenfrost effect for room-temperature liquids. Order-of-magnitude changes in the 

lifetime of cellulose particles are observed as a result of changing modes in heat transfer 

as cellulose intermediate liquid droplets wet and de-wet polished ceramic surfaces. 

Introduction of surface macroporosity is shown to completely inhibit the cellulose 

Leidenfrost effect, providing avenues for surface modification and reactor design to 

control particle heat transfer in industrial pyrolysis applications. 

Cellulosic particles on surfaces consisting of microstructured, asymmetric ratchets 

were observed to spontaneously move orthogonal to ratchet wells above the cellulose 

reactive Leidenfrost temperature (>750 °C).  Evaluation of the accelerating particles 

supported the mechanism of propelling viscous forces (50-200 nN) from rectified 

pyrolysis vapors, thus providing the first example of biomass conveyors with no moving 

parts driven by high temperature for biofuel reactors. 

Combined knowledge of pyrolysis chemistry, kinetics, and heat and mass 

transport effects direct the design of the next generation pyrolysis reactors for tuning bio- 

oil quality and design of improved catalytic upgrading technology.  
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1 Introduction: Seperando Techniques 

The enabling technologies behind the current fuels, chemicals, and consumer 

products industry are heavily reliant on catalytic reaction engineering – technologies such 

as Fischer-Tropsch synthesis and Haber-Bosch were made possible through development 

of specific active site heterogeneous catalysts1. Development of renewable catalytic 

technologies for energy, fuels, and chemical production aims to offset petroleum 

consumption in order to achieve atmospheric CO2 balance. The multi-faceted approach 

toward energy solutions includes solar technologies, drop-in fuels, energy storage, each 

of which motivates novel and increasingly complicated catalytic applications2. Processes 

such as biomass pyrolysis for renewable fuels and chemicals production rely on 

decomposition of complex and large biomolecules into smaller, useful products. 

Conversely, synthesis of carbon nanotubes and graphene assembles small units of carbon 

into macromolecules to be used in semiconductors and photovoltaics3. Moreover, the role 

of catalysts varies significantly in each of these applications. In biomass pyrolysis, small 

amounts of naturally occurring inorganics can significantly alter energy content of 

products, while graphene growth relies on large catalysts that match the size of the 

macromolecule product3,4. 

The ratios of product to reactant size (MWproduct/MWreactant) and catalyst to 

carbon (MWcarbon/MWcatalyst) define a landscape of current renewable energy 

technologies, shown in Figure 1-1. Examination of this map outlines the challenges 
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associated with renewable energy development – catalysis has moved beyond traditional 

active site chemistry (MWproduct/MWreactant~1 and MWcarbon/MWcatalyst~1) 

toward new frontiers at the extremes of Figure 1-1. 

 
Figure 1-1 Modern catalytic energy systems have become increasingly complex in comparison to 

traditional active site chemistry, where the carbon to catalyst ratio and the ratio in molecular weight 

of products to reactants are not of similar order of magnitude. 

Research at these extremes has graduated toward the development of new 

experimental techniques – methods such as operando spectroscopy aim to capture 

catalysts in complex systems at steady state operating conditions in order to understand 

processes such as zeolite coking (Figure 1-1, top-left)5. In these situations, the timescales 

of the coking kinetics and spectroscopic analysis are on the order of seconds, shown by 
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the diagonal operando line in Figure 1-2. For catalytic applications such as biomass 

pyrolysis, these timescales do not match – the reaction occurs on the scale of 

milliseconds, while timescales for common methods of analysis are two orders of 

magnitude larger6,7. 

 

Figure 1-2 In some catalytic systems, the timescales for reaction and timescales for subsequent 

chemical analysis are similar, thereby creating the field of operando analysis, where measurements 

are taken at operating conditions. Conversely, in the case of biomass pyrolysis, there exists a 

timescale mismatch of two orders of magnitude, motivating the development of new seperando 

techniques to overcome this technical hurdle. 

The multifaceted complexity of biomass pyrolysis has severely limited formation 

of detailed mechanistic models8. It is known that when dry lignocellulosic biomass is 

rapidly heated (T>400 C) in an inert atmosphere, the long-chain polymeric constituents – 

cellulose, hemicellulose, and lignin – depolymerize and react to form gases and char as 

well as volatile species, which can be condensed for further upgrading into fuels and 



 

 4 

chemicals. Current analytical pyrolysis techniques include single-shot drop furnaces and 

thermogravimetric analyzers (TGA), which are commonly coupled with a gas 

chromatograph and mass spectrometer for quantification and identification of gas and 

volatile products6,9. These techniques provide useful product compositions at 100% 

biomass conversion, but provide limited mechanistic insight into the kinetics of pyrolysis 

chemistry. Even with decades of research, the timescales for the hundreds of reactions 

that transform biomass to products have not been experimentally measured8. 

Numerous models have been developed for the conversion of cellulose, the major 

component of biomass, to gases, volatiles (tars), and char (solid residue)10-14. The Broido-

Shafizadeh mechanism, the most commonly cited model, is derived from experimental 

thermogravimertric analyzer (TGA) data, where the mass loss of a cellulose sample with 

time is related to the production of classes of “lumped” compounds – gases, vapors, and 

char15. This work suggested an unknown “intermediate cellulose” which proceeds to form 

the observed products. More recently, detailed mechanistic models have been postulated, 

including the identity of potential pyrolysis intermediate compounds16-18. These models 

achieve good agreement with experimental pyrolysis yield data by incorporating reaction 

barriers for elementary steps. A major limitation toward the continued development of 

microkinetic cellulose pyrolysis models has been the lack of suitable experimental kinetic 

data; models provide detailed, time-resolved kinetics that must be fit single data points 

representing the final product distributions from experiment. Moreover, the energetics 

used for elementary steps must be derived from non-pyrolytic systems or calculations due 
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to the difficulty of experimentally studying the high-temperature millisecond-scale 

reaction18. In order to fuel the continued development of pyrolysis models, new 

experimental techniques must be developed to capture the kinetics of high temperature 

biomass pyrolysis, as well as the presence of potential reaction intermediates. The 

primary goal of this work was to develop a technique to measure the rates of formation of 

individual cellulose pyrolysis intermediates and products in order to develop a 

mechanistic understanding of cellulose pyrolysis. 
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2 Thesis Objectives & Scope 

Current methods for studying cellulose pyrolysis on an analytical scale include 

thermogravimetric anlyzers (TGA), drop furnaces, flash bulb pyrolyzers, and resistively-

heated surface pyrolyzers6,15,19,20. In each of these systems, cellulose is heated to a desired 

temperature in an inert atmosphere, where it reacts to completion on a millisecond 

timescale. The resulting vapor and gas products are measured using analytical equipment, 

most commonly a gas chromatograph coupled with a mass spectrometer with programs 

that take hours6. The six order of magnitude difference in timescales between the reaction 

kinetics and subsequent analysis eliminates the ability to study the reaction in an 

operando fashion. Instead, the first major objective of this thesis is to decouple the 

reaction and analytical timescale entirely by controlling the reaction progression via rapid 

heating and cooling pulses. Despite having the capability to the rate at which the 

cellulose is heated, none of the available analytical pyrolyzers provide the capability to 

probe the cellulose pyrolysis reaction as it occurs.8 The lack of available experimental 

techniques motivates specific aim 1: design, manufacture, and test a new analytical 

reactor that is capable of measuring the kinetics of cellulose pyrolysis via rapid heating 

and cooling pulses in order to control the reaction progression, thereby providing the 

ability to sample the reaction as it progresses. 

A major technical challenge in the study of cellulose pyrolysis is the multi-scale 

multi-phase nature of the process.21 Previous work has shown that cellulose undergoes a 

solid-to-liquid transition as the crystalline feedstock depolymerizes into shorter chains, 
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after which hundreds of liquid and gas phase reactions form the observed volatiles, gases, 

and char.7 Moreover, the rate at which heat is transferred into cellulose can result in large 

temperature gradients and the length scale through which volatile products must diffuse 

can result in secondary reactions, affecting the chemical product distribution.21 In order to 

develop a technique for building a detailed mechanistic understanding of cellulose 

pyrolysis chemistry, the effects of heat and mass transfer must be entirely decoupled from 

the chemical reaction kinetics. Previous work in our research group has provided a 

dimensionless estimate of the length scales relevant to heat transfer, species diffusion, 

and chemical reaction, suggesting that the cellulose sample dimension must be smaller 

than 10 microns.6 However, other research has suggested that heat and mass transfer 

limitations are irrelevant up to a length scale of 200 microns.22 Disagreement over the 

length scales relevant to cellulose pyrolysis has resulted in large discrepancies in 

experimental data that is largely apparatus-specific. With the expanded capability to 

measure rates of formation of cellulose pyrolysis species, the next specific aim of this 

thesis was to determine the length scales at which heat and mass transfer begin to control 

the rate of cellulose pyrolysis. 

 Current research on cellulose pyrolysis is focused on the development of detailed 

mechanistic models describing the formation of major pyrolysis products.16,18 The lack of 

suitable experimental kinetic rate constant data in addition to lack of identification of 

pyrolysis intermediates makes identification of reaction pathways difficult. Due to the 

high temperatures required for cellulose pyrolysis (T > 400 °C), the available energy for 
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breaking chemical bonds is much greater than many of the proposed elementary reactions 

steps, making it difficult to narrow a list of potential reaction mechanisms. Experimental 

progress toward a molecular description of cellulose pyrolysis has focused on the 

identification and quantification of pyrolysis products, which can be grouped into five 

classes: anhydrosugars, pyrans, furans, light oxygenates, and permanent gases.6,23,24 

Recent kinetic modeling work has centered on the major reaction pathways to form these 

product classes. Some recent models suggest that cellulose decomposes through two 

primary pathways: anhydrosugar formation in competition with hydrolysis through a 

glucose intermediate to form all other observed product classes.16-18 Other work has 

suggested a direct mechanism, through which cellulose glucans react on the polymer 

chain through a ring-contraction step without the presence of a glucose intermediate.6,25 

Moreover, it remains unclear whether cellulose depolymerization proceeds via random 

glycosidic bond cleavage at any point on the chain, or whether only chain ends are 

available for cleavage, yielding a controlled piece-by-piece depolymerization.18 With the 

established method for measuring isothermal kinetics of cellulose pyrolysis in the 

absence of heat and mass transfer limitations from specific aim 2, the next specific aim of 

this thesis was to measure the rates of formation of individual pyrolysis products in order 

to determine apparent activation energies and reaction mechanisms and to identify 

reaction intermediates. 

 A major limitation in the development of reactor-level understanding of cellulose 

pyrolysis lies in the discrepancies observed with scale-up – analytical, bench, and pilot-
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scale systems show little agreement in product distributions.8 It has been hypothesized 

that this is largely due to differences in modes of heat transfer – analytical-scale systems, 

such as bench-scale furnace pyrolyzers, rely on conductive heat transfer from a stainless 

steel surface into pyrolyzing cellulose, while pilot-scale fluidized bed reactors transfer 

heat primarily through gas-to-solid convection.26 In order to apply the knowledge of 

pyrolysis chemistry and kinetics from analytical-scale reactor systems to pilot-scale 

systems, a particle-level understanding of heat transfer into pyrolyzing cellulose is 

necessary. Recent work has shown that long chain, crystalline cellulose reacts to a short-

lived liquid intermediate with millisecond lifetime comprised of molten oligomers before 

decomposing to vapors. Despite strong dependence on heat transfer, there is limited 

understanding of the multi-phase behavior of non-volatile molten cellulose on high 

temperature surfaces. As a result, specific aim 4 in this work was to measure the heat 

transfer properties of pyrolyzing cellulose to develop strategies for new thermal 

processing methods for biomass pyrolysis.   
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3 Design of PHASR Reactor and Technique 

3.1 Introduction 

The complex nature of biomass pyrolysis stems from the convolution of hundreds 

of chemical reactions coinciding with heat transfer and mass transfer on a millisecond 

timescale. As a result, previous efforts to elucidate reaction kinetics have been reactor 

specific and inconsistent. Previous development of a thin film pyrolysis technique 

enabled quantification of chemical product distributions in the absence of heat and mass 

transport limitations, providing valuable data at 100% cellulose conversion, but yielding 

limited insight into the relative rates or kinetics of the hundreds of chemical reactions 

occurring on a millisecond timescale. Measurement of chemical reaction kinetics of 

cellulose pyrolysis required invention of a new technique by which millisecond scale 

product formation could be measured. Here, we present the Pulse Heated Analysis of 

Solid Reactions (PHASR) technique and reactor, a bench-scale analytical tool based on 

seperando principles, which is capable of measuring the apparent kinetics of high 

temperature, millisecond-scale reactions as well as characterization of reaction 

intermediates. 

 The PHASR reactor provides millisecond-scale temperature control to heat a 

sample to pyrolysis conditions for a desired time period before rapidly quenching the 

reaction, thereby sectioning the pyrolysis reaction into smaller units. By performing 

PHASR reactions for variable lengths of time, the evolution of chemical products can be 

quantified. The PHASR reactor employs seperando principles such that the millisecond-
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scale pyrolysis reaction timescale is decoupled from the kilosecond-scale timescale for 

GC-MS analysis of products. 

In this chapter, the detailed design of the PHASR reactor is presented. PHASR 

design includes microreactor assembly, 1.0 kHz control system integration, cooling 

system design, and analytical instrument integration. Heating and cooling reactor 

performance targets were evaluated with a global kinetic model, and measurement of 

transport limitations within reacting cellulose was used to ensure collection of isothermal 

kinetic data. The PHASR microreactor is the first analytical tool for measuring high 

temperature millisecond-scale solid-state reactions, providing capability to elucidate 

kinetics of previously immeasurable reactions, such as cellulose decomposition.  

3.2 PHASR Reactor Design Overview 

The PHASR reactor assembly, shown in Figure 3-1 and 3-2, consisted of two 

stainless steel custom machined blocks – the upper heating block and a lower cooling 

block – which closed together to form the reaction chamber. The heating block contained 

two copper electrical feedthroughs that transfered uniform electrical current to heat the 

steel heating element, which held the cellulose sample. The cooling block consisted of a 

micro-machined heat exchanger through which a high velocity coolant was pumped to 

achieve sample cooling. The two reactor halves were sealed together with a custom-cut 

Teflon gasket, thereby forming a channel through which helium carrier gas flowed to 

rapidly inject products into the GC inlet. In order to prevent condensation of semi-volatile 

products, the entire reactor block was heated via five cartridge heaters. 
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Figure 3-1. The PHASR reactor is a laboratory-scale analytical device designed to rapidly heat and 

cool samples on a millisecond timescale via resistive heating and high-power cooling, thereby 

allowing for measurement of high temperature, sub-second reaction kinetics. 
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Figure 3-2. PHASR Microreactor Design A. An exploded diagram CAD model of the PHASR reactor 

shows an upper resistive heating section and a lower high velocity coolant section, both of which 

clamped together to form the helium sweep gas chamber. B. A side cross-sectional view of the 

PHASR reactor shows two electrical leads with copper brushes that clamped the heating element to 

maintain strong thermal contact between the sample film and the coolant (expanded view), while 

allowing for linear thermal expansion of the heating element. C. A top cross- sectional view of the 

PHASR reactor shows the heating element with a thin-film sample loaded on the center and helium 

sweep gas constantly flowing across the center  
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3.3 PHASR Sub-system Assembly 

The PHASR reactor was controlled via three sub-systems working in unison, 

shown in Figure 3-3: (1) power loop with millisecond PID feedback control, (2) cooling 

loop with high-flow booster pump, and (3) fully-integrated GC-MS analysis. After a 

sample was loaded, a PHASR reaction was initiated by the power supply system, which 

resistively heated the sample for the desired temperature and duration. The cooling loop 

flowed high velocity coolant through the heat exchanger such that sample was rapidly 

cooled when the power supply turned off. Finally, continuously flowing helium carrier 

gas transferred gas and volatile products from the reactor directly into the GC inlet.  

  
 

Figure 3-3. PHASR Systems Integration A. A schematic of the overall system shows the layout of the 

1000 Hz PID heating controller, high velocity coolant loop, and direct integration with analytical 

equipment. B. A photo of the PHASR systems assembly, with the reactor directly integrated with the 

gas chromatograph inlet. 

The power loop consisted of a power supply with integrated 2000 Hz controller 

(Miyachi- Unitek, P/N: HF-2) and a transformer (Miyachi-Unitek P/N: IT-1140-3), which 

converted 480-volt inlet power to 13-volt direct current up to 2000 amps. Feedback 
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temperature control was achieved with an optical pyrometer with optical light pipe probe 

(Impac IGA-50-LO Plus), which measured the sample temperature at 1000 Hz and output 

a 0-20 milliamp signal, which was converted to 0-10 volt for feedback to the power 

supply controller.  

The cooling loop consisted of a circulating chiller bath (Fisher Scientific, Isotemp 

R20) and a high-flow gear pump (ShurFlo/McMaster Carr, P/N: 4272K21), which acted 

as a booster to achieve high flow during a PHASR reaction. Due to the high temperatures 

present during a reaction, a high temperature silicon-based heat transfer fluid (DOW, 

Syltherm-800) was used to prevent film boiling, which would reduce heat transfer from 

the heating element. The closed-loop system was connected with 3/8-inch copper tubing 

and stainless steel fittings.  

 The PHASR system was integrated with an Agilent 7890A gas chromatograph 

with TCD, FID, and a switching valve similar to previous work as well as an Agilent 220 

ion trap mass spectrometer, which is outlined in Section 3.4. The PHASR reactor was 

spliced directly into the stainless steel lines between the helium inlet EPC and the inlet, 

such that the helium carrier gas flowed directly through the reactor channel and into the 

GC inlet.  

3.4 Detailed PHASR Design 

This section outlines the PHASR reactor design and includes assembly diagrams, 

manufacturing drawings, and detailed parts lists. The PHASR reactor consisted of a 

microreactor in Figure 3-4 and several sub-assemblies including: (a) syltherm coolant 
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cycle, (b) an optical pyrometer and signal converter, (c) a PID control system, and (d) a 

downstream analysis system.  

 

 

Figure 3-4 The PHASR system consisted of five main sub-assemblies (color coded), each of which are 

outlined in subsequent sections. 

 
The various sub-assemblies are color-coded in Figure 3-4 in the manner of Table 1. 

 
Table 1 Overview of PHASR system sub-assemblies. Each sub-assembly is color coded. 

Pulsed Film Kinetics Reactor Assembly 	  

Sub-Assembly Color	   Description  

1: PHASR Reactor �	   Machined Reactor Housing, integrates all sub-assemblies 

2: Heating Control �	   �	   PID feedback controlled power supply with transformer  

3: Cooling Loop �	   High Velocity coolant loop for sample cooling  

4: GC-MS �	   Analytical   
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3.4.1 Sub-Assembly 1: PHASR Reactor 

The PHASR reactor was a custom-machined housing, which integrated with all 

three sub-assemblies. Millisecond heating via PID temperature feedback control was 

achieved through two electrical leads and a pyrometer incorporated into the top housing. 

A micro-finned heat exchanger with silicone coolant provided rapid cooling. Two fittings 

defining the reactor inlet and outlet allowed for direct integration with analytical 

equipment. Finally, cartridge and nozzle heaters were used to uniformly heat the reactor 

housing to prevent product condensation. The following section outlines provides details 

for PHASR reactor design. 
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Figure 3-5 An exploded diagram shows all components of the PHASR reactor. Numbers are 

referenced in Table 2, which provides component details, as well as subsequent design sections. 

 
Table 2 lists all of the components shown in Figure 3-5 and includes vendors and 

manufacturers for relevant parts. Notes and drawing references are provided for parts that 

are custom machined or modified before assembly. 
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Table 2 Descriptions and product numbers for all components of Sub-Assembly 1: PHASR Reactor 

Part # Description Vendor/Manufacturer Part No. Modification/Notes 
1 Top Housing Custom - See Figure 3-7 
2 Bottom Housing Custom - See Figure 3-8 

3 Electrical Feed 
Through MPF Products Inc. A0106-1-W See Figure 3-10 

4 Pyrometer Feed 
Through Swagelok SS-4-UT-A-4 - 

5 Carrier Gas Inlet Swagelok SS-100-1-1 - 
6 Product Outlet Vici Valco ZLTA41 See Figure 3-9 
7 Coolant Fitting Swagelok SS-600-1-6 - 

8 Cooling Block MicroCooling 
Concepts SA-5A  

9 Cartridge Heater - 
Top Omega HDC00034 - 

10 Cartridge Heater - 
Bottom Omega HDC00034 - 

11 Electric Insulator Stellar Industries ALN 
2.0"X2.0"X.010" 

Cut to 1" x 0.35" 
rectangles using 

glass cutter 
12 Heating Element McMaster-Carr 655K84 See Figure 3-11 
13 Housing Fastener McMaster-Carr 91251A246 - 

14 Electrical Lead 
Fastener McMaster-Carr 92451A077 - 

15 Electrical Contact 
Brush Custom - Figure 3-11 

16 Band Heater Nexthermal Custom See Part Details 

17 Cartridge Heater - 
Back Omega CIR-1014/120V - 

 

Figures 3-7 and 3-8 show detailed CAD drawings of the custom-machined 

PHASR reactor housings. Each reactor housing was machined from a solid block of 316 

stainless steel. Careful attention was given to ensure a slide fit for all cartridge heaters as 

well as appropriate weld preps for the electrical feedthroughs, pyrometer feedthrough, 

and gas outlet fitting. An image of the final product is shown in Figure 3-6. Drawings of 

modified PHASR reactor components are shown in Figures 3-9 through 3-11. 
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Figure 3-6 A photo of the assembled top and bottom section of the PHASR reactor housing. 
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Figure 3-7 CAD drawing of the PHASR reactor top housing, with all dimensions shown in inches. 

Custom machined from 316 stainless steel. The electrical and pyrometer feedthroughs were welded 

into the top housing.  
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Figure 3-8 CAD drawing of the PHASR reactor bottom housing, with all dimensions shown in inches. 

Custom machined from 316 stainless steel. The gas outlet fitting was welded to the bottom housing. 
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The gas outlet fitting (Part #6) was shortened on a lathe according to the drawing 

shown in Figure 3-9. After modification, the fitting was welded into the bottom housing 

of the reactor such that the fitting sits flush with the bottom of the reactor housing. 

 

Figure 3-9 CAD drawing of the PHASR reactor with dimensions for modification of the VICI Valco 

fitting (Part #6), which was shortened to the designated dimensions on a CNC lathe. 

 
The electrical feed through (Part #3) was modified on a lathe on the internal side 

of the reactor according to the drawing in Figure 3-10 such that the copper conductor 

(shown in yellow) extends only a small amount past the fitting housing. The copper 

conductor was then threaded and counter-bored to fit a #2-56 flat head machine screw, 

which attaches the copper brush to the electrical feed through. 
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Figure 3-10 CAD drawing of the Electrical feed through. The copper conductor on the inside portion 

of the reactor was shortened to the shown dimensions, as well as tapped and counter-bored for a #2-

56 flat head machine screw (FHMS), which connects the feed through to the copper brush. 

 
In order to connect the electrical feed through to the heating element, a brush was 

manufactured out of 0.01” thick copper according to the dimensions shown in Figure 3-

11. The brush was screwed to the electrical feed through using a #2-56 fastener (Part 

#14). The brushes were bent such that, when the reactor is closed, the brushes press down 

on the heating element in order establish a strong electrical connection and press the 

heating element down to maintain good thermal contact with the aluminum nitride and 

cooling block to improve cooling times. The copper brushes were implemented in order 
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to allow for heating element movement due to thermal expansion during rapid thermal 

heating and cooling. By this method, the heating element does not warp or bend upward 

during heating, which would significantly reduce heat removal during cooling. 

Heating elements (Part #12) were manufactured from 1010 carbon steel foil due 

to its low coefficient of thermal expansion. The one-inch wide foil was cut on a sheet 

metal table shear to the final dimension of 0.35” x 1” (Figure 3-11). Due to the rapid 

heating and cooling, the heating elements quickly become brittle. Thus, each heating 

element is one-time use and hundreds of heating elements were manufactured at one 

time. 

 

Figure 3-11 A. CAD drawing of the copper brush, which is bolted to the electrical feedthrough. The 

brush is bent such that it contacts the heating element when the reactor is closed. Dimensions are 

displayed in inches. B. Dimensions for cutting disposable heating elements (Part #12) from 1010 steel 

foil using a sheet metal table shear.  

 
As discussed in Section 3.6, a substantial improvement in cooling was achieved 

by employing indium as a thermal interface material in between the heating element and 

aluminum nitride ceramic layers. Indium foil (Indium Corporation, Ribbonin-10101) was 

cut to the same dimensions as the heating element and gently pressed onto the aluminum 
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nitride ceramic before placing the heating element on the composite layer. As with 

heating elements, indium foil pieces were used only once. 

  The PHASR reactor is heated via five cartridge heaters and one band heater, each 

of which is controlled via PID feedback control using thermocouple measurements. The 

heaters are divided into four heated zones: (1) top housing, back heater, (2) top housing 

heaters, (3) bottom housing heaters, and (4) transfer line heater. A custom control box, 

shown in Figure 3-12, was built to accept four thermocouple inputs and provide current 

for controlling the temperature of each heated zone. Figure 3-13 depicts a wiring diagram 

for all four heating circuits. 
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Figure 3-12 A custom-built cartridge heater controller capable of controlling all four heated zones on 

the PHASR reactor.  
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Figure 3-13 A wiring diagram of the custom-build heater controllers shows four independently 

controlled heating circuits using a PID feedback controller with k-type thermocouple in line with a 

solid state relay. 

 

3.4.2 Sub-Assembly 2: Heating Control.  

Samples deposited on the steel heating elements used in the PHASR reactor were 

resistively heated to the set point temperature using a high frequency power supply and 

transformer with an optical pyrometer for feedback temperature control. An overall 

schematic of the heating control sub-assembly is shown in Figure 3-14.  
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Figure 3-14 A schematic of the heater control sub-assembly shows the 2000 Hz power supply and 

controller, which sent the desired electrical power profile through the transformer and the heating 

element. Temperature was measured using an optical pyrometer for feedback with the power supply 

controller. 

Table 3 lists all of the components shown in Figure 3-14 and includes vendors and 

manufacturers for relevant parts. Notes and drawing references are provided for parts that 

were custom machined or modified before assembly. 

 

  

2000 Hz PID 
Control Unit 

480 V 
30 A 

Transformer  
TR 1:72 

Resistive Heater 
13V, ~500 A 

1000 Hz 
Pyrometer 

Signal 
Converter 

24 V 

4-20 mA 

0-10 V 
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Table 3 Descriptions and product numbers for all components of Sub-Assembly 2: Heating Control 

Part # Description Vendor/Manufacturer Part No. Modification/Notes 
1 Power Supply Miyachi-Unitek Corp. HF-2 - 
2 Transformer Miyachi-Unitek Corp. IT1140-T - 

3 Optical Pyrometer Lumasense/Impac IGA-50-LO Plus  
LP2-18.5mm 

fiber optics & light 
pipe 

4 Signal Converter Phoenix Contact 2811284 - 
5 24V Power Supply Traco Power TCL24-124C - 
6 Electrical Lead Cable McMaster-Carr 6948K73 4 ft. length 

7 Bus Bar Interconnect Tyco Electronics 6648234-1 Silver solder to 
electrical lead cable 

8 Weld Ring Terminal McMaster-Carr 7106K94 Silver solder to 
electrical lead cable 

 

Heating of the PHASR reactor was controlled via a PID feedback loop using the 

optical pyrometer, signal converter, and power supply. The optical pyrometer interpreted 

the infrared emission of the heating element and converted it into an analog signal that 

was proportional to temperature. A sapphire light pipe aimed at the heating element 

inside the PHASR reactor transferred the infrared signal via a fiber optic cable to the 

pyrometer sensor. A signal converter accepted the milliamp signal from the pyrometer 

and converted the signal to a 0-10 volt signal, which was fed back to the power supply 

controller. The power supply, which is conventionally used for resistive welding 

applications, accepts a voltage input, which is normally measured across welding heads 

to monitor weld quality. In this application, the power supply accepted a voltage 

proportional to the heating element temperature instead of a weld voltage. Figure 3-15 

shows the integration of the optical pyrometer, fiber optic cable, and signal converter. 
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Figure 3-15 The optical pyrometer interpreted the infrared emission spectrum of the heating element 

and converted the optical signal to an analog milliamp signal, which was converted to a voltage using 

the signal converter for feedback to the power supply. 

A custom set of electrical leads was constructed, which connected the transformer 

to the PHASR reactor. Standard 2-gauge battery wire was terminated with a ring terminal 

and a 0.25” bus bar connector, which provided quick connection with electrical 

feedthroughs. Figure 3-16 shows the cable assembly with the bus bar connector and ring 

terminal silver soldered to the wire. 
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Figure 3-16 The custom-fabricated electrical leads connect the positive and negative terminals on the 

transformer to the PHASR reactor, allowing for quick connection and disconnection via bus-bar 

style connectors. 

 The optical pyrometer was designed to measure the temperature in one-

millisecond increments. As a result of the high sampling rate, the minimum readable 

temperature was 250 °C. In order to operate the power supply in PID feedback mode, the 

temperature of the heating element needed to be above 250 °C. This was accomplished 

by setting the power supply to a ‘dual weld’ mode, in which two consecutive programs 

could be carried out. The first program was set to provide a constant current of 500 amps 

through the heating element for a defined length of time to raise the temperature above 

250 °C. After this portion of the weld program was complete, a second program initiated 

PID feedback control, and the power supply controlled at a constant, pre-selected voltage 

that corresponded to the desired temperature. Selection of the voltage that corresponded 

to a desired temperature was accomplished via linear interpolation of the pyrometer 
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temperature measurement range (250 °C - 1350 °C) and the feedback signal to the power 

supply (0 – 10 V). 

3.4.3 Sub-Assembly 3: Cooling Loop 

After the power supply heated a sample to the desired temperature and maintained 

that temperature for a set period of time, the electric current to the heating element was 

stopped and the PHASR reactor relied on high-velocity coolant to rapidly cool the 

heating element, thereby quenching the reaction. The cooling loop sub-assembly pumped 

a temperature-controlled silicon-based coolant (Dow, SYLTHERM-800) through the 

cooling block in the PHASR reactor, thereby allowing for rapid quenching of the PHASR 

sample. The sub-assembly consisted of a refrigerated reservoir to maintain coolant 

temperature, a booster pump to increase fluid velocity, and tubing and fittings for 

integration with the PHASR reactor. Table 4 lists the part numbers and vendors of 

components used in the cooling loop sub-assembly. 

 

Table 4 Descriptions and product numbers for all components of Sub-Assembly 3: Cooling Loop 

Part # Description Vendor/Manufacturer Part No. Modification/Notes 

1 Refrigerated Bath Thermo-Fisher Isotemp 4100, 
R20 - 

2 Booster Pump McMaster-Carr/Shur-
Flo 4272K21 - 

3 3/8” Copper Tubing McMaster-Carr 8955K121 - 
4 Fitting, Pump in/out Swagelok SS-600-1-6 - 

5 Fitting, Refrigerated 
Bath in/out Thermo-Fisher Cat. # 13873884 - 

6 Coolant Fluid DOW Chemical Syltherm-800 - 
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Figure 3-17 depicts the cooling loop assembly, which is installed below the bench 

top. Copper coolant lines connect the refrigerated bath to the booster pump and the 

PHASR reactor. While the refrigerated bath circulates temperature-controlled coolant 

constantly, the booster pump is activated with a manual switch shortly before initiating a 

reaction. 

 

Figure 3-17 The cooling loop assembly consists of the refrigerated bath to maintain silicone coolant 

temperature at 3 °C and a booster pump to achieve a high linear coolant velocity across the cooling 

block in the PHASR reactor. 

 

3.4.4 Sub-Assembly 4: Analytical Integration 

The PHASR reactor was integrated directly with a gas chromatograph (Agilent 

7890A) for quantification and mass spectrometer (Agilent 220 Ion-Trap) for 
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identification of gas and volatile components. Shown in Figure 3-18, the customized GC-

MS setup incorporated a dual column setup with switching valve to separate gases and 

volatiles onto separate columns for tandem separation and detection. Gases were 

separated using a PLOT-Q column and quantified with a thermal conductivity detector 

(TCD). Volatiles were separated on the DB-5 column, after which a small portion was 

split to the mass spectrometer with electrical and chemical ionization capability for 

identification and the remainder was sent to a flame ionization detector (FID) for 

quantification. The electronic pressure controller (EPC) provided helium carrier gas at 

200 sccm through the PHASR reactor directly into the inlet of the gas chromatograph. A 

liquid nitrogen cryogenic focusing valve allowed for GC oven temperatures as low as -30 

°C for separation of gases.  
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Figure 3-18 Integration of the PHASR reactor with a dual column gas chromatography setup with 

thermal conductivity detector, flame ionization detector, and EI/CI ion-trap mass spectrometer. The 

helium EPC provided carrier gas through the PHASR reactor for rapid transfer of products directly 

into the GC inlet. 

For integration of the PHASR reactor with the inlet of the GC, a custom adapter 

was manufactured, shown in Figure 3-19. The adapter was made using a VICI Valco 

1/16” nut and ferrule, 1/16” wide bore tubing, and a modified Agilent inlet nut and 

weldment, which was drilled to accommodate 1/16” tubing. 
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Figure 3-19 The custom adapter for integration of the PHASR reactor with the gas chromatograph 

consisted of wide bore tubing, a VICI valco nut (left) for connection to the reactor, and a modified 

GC nut (green) and weldment for connection to the GC. 

 
Gas and volatile products were rapidly transferred from the PHASR reactor to the 

GC-MS via helium sweep gas, which was also used as a carrier gas for product 

separation. The gas chromatograph method used for separation, quantification, and 

identification is outlined in Table 5. 
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Table 5 Agilent GC-MS Method details for separation and identification of gas and volatile products 

from the PHASR reactor. 

Gas Chromatograph Method 
Inlet Temperature 300 °C 
Inlet He Pressure 30 psi for 2 min, then 14 psi 
Inlet Split Ratio 10:1 
Inlet Septum Purge 3 mL/min 
Oven Ramp -30 °C to 260 °C in 70 min, hold 20 min 
Valve Switch All products to FID/MS after 2 min 
Mass Spectrometer (EI mode) Scan range m/Z 44 to 320 

 

All products were identified by matching retention times with purchased 

calibration standards, as well as identification via EI mass spectrometry. Table 5 lists 

retention times and primary ion fragments for all eight furan-based compounds. 

Calibration of compounds was performed by matching FID peak areas with known 

quantities of calibration standard for every GC analyte.  
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Table 6 GC retention times and major ions from EI mass spectrometry for all eight furan-based 

products. 

Compound Structure Retention 
Time 

Molar 
Mass 

Major Ion Fragments 

Ion Relative 
Height Fragment Lost 

Furan 
 

10.73 68 82 999 - 

2-methylfuran 
 

18.3 82 
68 999 - 
53 905 -CHO 
81 854 - H 

2,5-dimethylfuran 

 

27.53 96 
96 999 - 
95 987 -H 
53 863 -C2H3O 

furfural 

 

37.51 96 

96 693 - 

95 999 -H 

2-furanmethanol 

 

39.68 98 

98 999 - 
97 619 -H 
81 53 -OH 
69 614 -CHO 
53 831 -45 

2(5H)Furanone 
 

44.75 84 
84 286 - 

55 999 -CHO 

5-methylfurfural 

 

48.7 110 

110 739 - 
109 747 -H 
53 999 -57 
51 503 -59 

5-hydroxymethyl 
furfural 

 

65.43 126 
126 279 - 
97 999 -CHO 
69 803 -57 
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acetic acid 

OH

O

 

29
 19.172 60 

Ion 
Relative 

Height 

Fragment 

Lost 

0.1 – 0.6 60 734 — 

45 999 -CH3 (-15) 

hydroxyaceto

ne OH
O

 

29
 23.143 74 

Ion 
Relative 

Height 

Fragment 

Lost 

0 – 2.9 74 999 — 

45 293 CHO (-29) 

glycoaldehyde OH
O

 

29
 53.334 60 

Ion 
Relative 

Height 

Fragment 

Lost 

0 – 11.5 

60 999 — 

58 290 
- H2 (-2) 

56 157 
- H4 (-4) 

Furans 

furan 

O

 

29
 10.355 68 

Ion 
Relative 

Height 

Fragm

ent 

Lost 0 – 0.6 

68 999 — 

2-methyl 

furan 

O

 

29
 17.929 82 

Ion 
Relative 

Height 

Fragm

ent 

Lost 

0.2 – 0.7 

82 999 — 

81 589 

- H (-

1) 

53 613 

-CHO 

(-29) 

2,5 dimethyl 

furan 

O

 

- 26.476 96 

Ion 
Relative 

Height 

Fragm

ent 

Lost 

0.2 – 1.1 

96 999 — 

95 946 

- H (-

1) 

81 326 

-CH3 (-

15) 

53 553 

-

C2H3O 

(-43) 
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furfural 

O
O

 

29 36.775 96 

Ion Relative 
Height 

Fragm
ent 

Lost 

0.7 – 2.4 96 999 — 

95 953 
- H (-

1) 

2-
furanmethanol 

OH
O

 

29 38.973 98 

Ion Relative 
Height 

Fragm
ent 

Lost 

0.5 – 1.3 

98 999 — 

97 614 
- H (-

1) 

81 747 
-OH (-

17) 

69 553 
-CHO 

(-29) 

53 796  (-45)β 

2(5H) 
furanone 

OO

 
 43.588 84 

Ion Relative 
Height 

Fragm
ent 

Lost 

0.1 – 0.7 

84 507 — 

55 999 
-CHO 

(-29) 

54 267 
-CH2O 

(-30) 

5-methyl 
furfural 

O
O

 

29 47.875 110 

Ion Relative 
Height 

Fragm
ent 

Lost 

0.3 – 0.7 

110 999 — 

109 814 
- H (-

1) 

57 470 (-53)β 

55 389 (-55) β 

53 608 (-57) β 
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3.5 Methods for Validation of PHASR Performance 

 A major design requirement for the PHASR reactor was that it needed to collect 

completely isothermal data – that is, the heating and cooling times were sufficiently short 

such that negligible reaction occured during these times. Heating and cooling time targets 

were developed using a model that combined global kinetics from Bradbury et al. and 

coworkers with a superimposed temperature profile containing a linear ramp heating 

profile, an isothermal hold at the set point temperature, and a linear ramp cooling 

profile15. By varying the heating and cooling times, a minimum heating a cooling rate 

was determined such that greater than 95 percent of the cellulose pyrolysis reaction 

occurred during the isothermal hold period, and only 5 percent occurred during heating or 

cooling. The design parameters from this model were used as benchmarks for testing of 

the PHASR system.  

During a PHASR reaction, a multitude of gas and volatile products were formed 

which needed be quenched and rapidly swept to the GC inlet in order to prevent 

continued reaction or condensation. A three-dimensional COMSOL Multiphysics flow 

simulation of the helium flow path through the reactor was used to optimize the geometry 

of the PHASR reactor such that minimal axial dispersion occurs. The CAD helium flow 

path dimensions of the PHASR reactor were set as no-slip boundaries in the simulation, 

with a constant velocity prescribed at the reactor inlet, and a constant pressure at the 

outlet. The COMSOL laminar flow module was used to simulate helium flow, based on 

the small Reynold’s number due to the narrow gas flow path.  
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To demonstrate the capability of the PHASR reactor to collect isothermal kinetic 

data, the experimental heating and cooling times were benchmarked with targets 

developed from the global kinetic model.  

3.6 PHASR Results and Discussion.  

The PHASR reactor system was designed to probe the kinetics of high temperature 

reactions on a millisecond scale. By employing resistive heating with 1000 Hz feedback 

control in tandem with a high velocity heat transfer fluid, the PHASR microreactor 

heated and cooled feedstocks in pulses on a millisecond timescale, thereby portioning the 

formation of products into segments for subsequent analysis via integrated GC-MS. 

Reactor geometry was optimized via three-dimensional fluid dynamics simulation to 

ensure rapid injection of gas and volatile products to the GC. Experimental validation 

demonstrates that the PHASR system is capable of heating from room temperature to 500 

°C in fewer than 35 ms and, after holding the temperature for a desired time period, 

subsequent cooling in fewer than 150 ms. When used to study cellulose pyrolysis, the 

PHASR system can effectively measure rates of formation of individual pyrolysis 

products in a reaction-dominant, isothermal system.  

The flow path measured via COMSOL fluid dynamics simulation, shown in 

Figure 3-21C, shows highly linear helium streamlines through the PHASR reactor 

channel. Due to the narrow height of the channel, helium flow remained laminar (low 

Re), thereby ensuring negligible loss in GC peak resolution. With a gas-phase residence 

time across the heating element fewer than 10 milliseconds, pyrolysis products were 
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rapidly quenched and injected onto the GC column. Rapid transfer of products from the 

PHASR to the gas chromatograph ensured negligible reaction of volatile products in the 

gas phase.  

A major design consideration for the PHASR reactor was to ensure collection of 

isothermal data. As such, heating and cooling of the reactant sample needed to be 

sufficiently fast such that minimal reaction of reaction occured during the heating or 

cooling phase. Targets for maximum allowable heating and cooling time were developed 

using a thermally resolved microkinetic model based on the lumped Broido-Shafizadeh 

kinetics, shown in Figure 3-2015. The total heating and cooling time, as shown in the 

temperature profile in Figure 3-20D, was varied and the resulting quantity of volatile 

products formed during heating and cooling was calculated. A target heating time of 50 

milliseconds and cooling time of 250 milliseconds yielded minimal formation of volatile 

products (<5%) during each phase at 500 °C, shown in Figure 3-20.  
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Figure 3-20. Lumped reaction kinetics (A) are combined with a superimposed temperature profile 

(D) to estimate the amount of volatile products formed for prescribed heating and cooling times. 

Minimum heating and cooling times of 50 ms and 250 ms at 500 °C, respectively, indicates minimal 

volatiles formation (<5%) during the heating and cooling stages, serving as targets for experimental 

validation of the PHASR reactor. 

 Primary experimental validation was conducted by measuring heating and cooling 

rates for comparison with the kinetic model benchmarks determined from the kinetic 

model. Shown in Figure 3-21A, the PHASR reactor was capable of heating to 500 °C in 

fewer than 35 ms (Goal: 50 ms) and cooling in fewer than 150 ms (Goal: 250 ms). A 

substantial improvement in cooling time was observed with an indium thermal interface 

foil used between the heating element and aluminum nitride layers as outlined in section 

3-21B. Indium, which is known to melt around 250 °C, formed a liquid layer between the 

aluminum nitride and heating element, allowing for rapid heat transfer across the 
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composite material. The resulting cooling times from 550 °C were nearly twice as fast as 

those without indium.  

  
Figure 3-21 PHASR Design Results A. Temperature-time profiles generated using the PHASR 

reactor show capability to heat in less than 35ms and cool in under 150ms. B. Comparison of 

characteristic cooling temperature profiles after power supply shutoff shows a factor of two decrease 

in cooling time from 550 °C to 250 °C with the indium layer present as a heat transfer medium. C. A 

COMSOL flow simulation with prescribed boundary conditions shows a highly linear helium flow 

path through the reactor, ensuring rapid transfer of gas and volatile products to the gas 

chromatograph. 
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The PHASR reactor is four orders of magnitude faster than conventional thermos-

gravimetric analysis (TGA). TGA achieves temperature changes of ~100 °C/min. 

PHASR achieves temperature changes of ~500 °C in 30 milliseconds; this corresponds to 

a temperature change of about one million (106) °C/min. The difference in these rates if 

LOG10(106/102) = 4. Reaction rates are defined as: 

    𝒓𝐢 =
(𝒎𝒐𝒍  𝒔𝒑𝒆𝒄  𝒊)

(𝑴𝒓𝒆𝒂𝒄𝒕𝒂𝒏𝒕∗𝑫𝑷𝒓𝒆𝒂𝒄𝒕𝒂𝒏𝒕𝑴𝑾𝒓𝒆𝒂𝒄𝒕𝒂𝒏𝒕
)∗(𝚫𝐭𝑯)

   Equation 1 

where the amount of species i is detected by flame ionization detection, ∆tH is the 

reaction hold time in seconds,  Mreactant is the mass of reactant used in each sample, 

MWreactant is the molecular weight of the reactant feedstock, and DPreactant is the degree of 

polymerization of the reactant feedstock (i.e. DP=6 for cellohexaose and DP=2 for 

cellobiose). For cellulose, the molecular weight was calculated using an average degree 

of polymerization of 133, as measured by Mettler et al.24.  

 

3.7 Sample Preparation 

Analysis of reacting thin films is shown for carbohydrate glucan molecules (β-1,4 

linked) of variable degree of polymerization as well as films of variable thickness. 

Samples were prepared using the thin film deposition method of Mettler et al, as outlined 

in this section6. 

All samples were used as-purchased and exceeded 90% purity. Cellobiose was 

purchased from Sigma-Aldrich, and larger glucan carbohydrate molecules (DP=3-6) were 
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purchased from Megazyme (P/N G6: O-CHE, G4: O-CTE, G3: O-CTR). 

Microcrystalline cellulose was purchased from Alfa Aesar (P/N A17730). Previous work 

has shown that the presence of trace amounts of inorganic impurities such as calcium and 

magnesium can have a strong effect on high temperature carbohydrate chemistry; 

however, ICP-MS analysis of cellulose samples used for experiments has shown 

negligible quantities of inorganic material27. 

Heating elements (Part #12, Sub-assembly 1) were cleaned using a handheld torch 

and an even back and forth motion until the metal turned blue, after which the heating 

elements were allowed to sit for 24 hours. A suspension or solution of the desired 

feedstock in HPLC grade water (1 wt/wt percent) was prepared and stirred for three hours 

to ensure proper suspension. Aliquots of the suspension or solution (5 µl, equivalent to 50 

µg sample) were carefully pipetted onto the center of torch-cleaned heating elements to 

form a bubble 3 mm in diameter. The suspension media was evaporated in a vacuum 

oven at 40 °C at 25 inHg vacuum. To generate samples with a larger mass than 50 µg, 

multiple deposition and drying procedures were performed in series, thereby forming a 

uniform film of constant diameter and tunable thickness. 

3.8 Characterization of quenched non-volatile samples 

 Quantification of the carbohydrate content within partially reacted films was 

accomplished via solvent extraction and liquid chromatography with light scattering 

detection. α-Cyclodextrin was used as a surrogate for cellulose as it exhibits identical 
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reaction kinetics and product distributions as cellulose, but it readily analyzed and 

quantified via liquid chromatography. 

 Heating elements with quenched, partially-reacted samples were cut to a smaller 

size with scissors such that they fit in 1.5 mL PTFE filter vials (Whatman, 

UN203NPEPP) and 300 µl of HPLC grade water was pipetted into each vial. Vials 

containing cut heating elements and water were sonicated for 5 minutes to ensure 

dissolution of soluble compounds, after which the steel heating element, now free of 

sample, was removed from the vial. The vial filter plunger was then depressed and 100 µl 

of sample was injected into an HPLC (Shimadzu Prominence) with a carbohydrate 

separation column (Agilent NA-HiPlex, PL1171-6140) and water mobile phase. α-

Cyclodextrin was identified via retention time analysis and quantified via calibration 

using identical sample preparation methods (i.e. heating element preparation and 

filtration). Calibrations were performed daily. Initial reaction rates of α-cyclodextrin at 

different temperatures was quantified by measuring the amount of remaining α-

cyclodextrin at early reaction times (Xα-cyclodextrin <20%) in partially reacted thin film 

samples, defined as: 

 𝒓𝛂!𝐜𝐲𝐜𝐥𝐨𝐝𝐞𝐱𝐭𝐫𝐢𝐧 =
(𝒎𝒐𝒍  𝛂!𝐜𝐲𝐜𝐥𝐨𝐝𝐞𝐱𝐭𝐫𝐢𝐧  𝐜𝐨𝐧𝐬𝐮𝐦𝐞𝐝)
(𝒎𝒐𝒍  𝛂!𝐜𝐲𝐜𝐥𝐨𝐝𝐞𝐱𝐭𝐫𝐢𝐧  𝐫𝐞𝐚𝐜𝐭𝐚𝐧𝐭)∗(𝐬)

   Equation 1 

Figure 3-22 depicts a sample LC chromatogram with a distinct α-cyclodextrin peak at 48 

minutes. 
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Figure 3-22 LC chromatogram from light scattering detection of an unreacted film of α-cyclodextrin 

that was dissolved in water and filtered. 

3.9 Evaluation of transport limitations within reacting cellulose 

In this section, the characteristic length/size of solid cellulose films is varied (20 

µm < L < 100 µm) under pyrolysis conditions and identified the transition between 

transport-limited and reaction-limited kinetics for cellulose pyrolysis at 400 °C. 

Cellulose films of tunable thickness were individually prepared and characterized, 

and the resulting reaction rates for variable film samples were evaluated to identify the 

transition from reaction-limited to transport-limited conditions. Differential kinetics at 

high temperature allowed for clear identification of the kinetic transition to transport-

limited conditions, visible as a distinct reduction in product formation rates with 

increasing cellulose film thickness.  
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3.9.1 Film preparation methods 

Films of cellulose were produced on the PHASR reactor resistive heating element 

with variable loading via solvent-entrained deposition and subsequent solvent 

evaporation outlined in Section 3.77. Multiple sequential depositions were performed to 

generate a film of a similar diameter with tunable thickness.  Cellulose film thickness 

shown in Figure 3-23A was spatially evaluated via optical profilometry (Keyence VHX-

5000 with VH-Z250R optics). Film thickness values were measured by averaging 

thickness from three linear profiles across the center of the films. As shown in Figure 3-

23B, three-dimensional representation of all cellulose film thicknesses indicates that the 

deposition method produced an even application of cellulose material.  Moreover, the 

film thickness was tunable between 20 and 200 µm, as shown in Figure 3-23A. 
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Figure 3-23 A. Optical profilometry of unreacted cellulose films of equal diameter but increasing mas 

loading (100-500 µg) shows uniform films with tunable thickness varying from 20 to 200 microns. 

B,C. Three dimensional optical profilometry of films shows uniform, circular films approximately 3 

mm in diameter. 

3.9.2 Effect of Sample Characteristic Length.  

Volatile compounds from reaction of cellulose films at 500 °C and 550 °C were 

quantified at short reaction times (conversion <20 %) to measure initial formation rates, ri 

[=] molproduct,i*molcellulose-monomer
-1*s-1. 

Evaluation of the reaction (formation) rates of four organic species reveals a 

distinct transition with variable sample thickness. The formation rate remains constant at 

500 °C for 2,3-butanedione, furfural, 2-furanmethanol, and 1,2-cyclopentanedione when 

the sample thickness is below about 70 µm. The complete data set with absolute kinetics 
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is depicted in Figure 3-24. For cellulose samples thicker than 70 µm, the formation rate 

of these four product compounds steadily decreased as the sample thickness increased 

indicating transport limitations. The same analysis conducted at 550 °C, shown in Figure 

3-25, indicates an onset of transport limitations above 20 microns. 

  

 

Figure 3-24 Initial kinetics of product formation for four different cellulose pyrolysis product species 

measured at 500 °C for films of increasing thickness, quantify the onset of transport limitations 

within reacting cellulose. Apparent reaction rates (moles product per mole cellulose monomer per 

second) stay constant with increasing cellulose film thickness up to 60 microns, after which the 

reaction rate decreases, indicating the onset of heat or mass transport limitations within reacting 

cellulose. 
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Figure 3-25 Initial kinetics of product formation for four different cellulose pyrolysis product species 

measured at 550 °C for films of increasing thickness. Apparent reaction rates (moles product per 

mole cellulose monomer per second) stay constant with increasing cellulose film thickness up to 20 

microns, after which the reaction rate decreases, indicating the onset of heat or mass transport 

limitations within reacting cellulose. 

 
Identification of the length scales relevant to transport limitations within reacting 

cellulose was relevant to ensure collection of isothermal, reaction-limited data. Across all 

temperatures, film thicknesses of reacting cellulose were chosen to be within the 

isothermal, reaction-limited regime as indicated in each experimental data set.  
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3.9.3 Elimination of Secondary Reactions.   

The thermal decomposition of cellulose undergoes primary reactions to produce 

volatile compounds. Volatile products produced do not undergo additional secondary 

reactions prior to detection via gas chromatograph – mass spectrometry.  To support this 

statement, two types of secondary reactions must be considered:  (a) ‘secondary 

reactions’ have been identified as the additional reactions of volatile products within 

molten cellulose prior to evaporation, and (b) other definitions of ‘secondary reactions’ 

have identified the reactions of the gas phase.  The first category of melt-phase secondary 

reactions were eliminated by the use of thin films of cellulose.  As depicted in the 

previous section in Figures 3-24 and 3-25, sufficiently thin films allow for volatile 

products to diffuse to the melt-gas interface and evaporate at least an order of magnitude 

faster than the rate of melt phase reactions; thus, the reaction rate becomes constant as all 

volatile products are produced only via the primary reaction pathways.  The secondary 

reactions in the gas phase were eliminated by use of rapid sweep and quench gas as 

described in the reactor design. The PHASR microreactor was designed to eliminate 

mixing, and gas flows and chamber design enabled laminar flow with low residence time 

(< 10 ms).  For the gas flow rates selected and the PHASR microreactor volume, the 

residence time of the flowing helium used to entrain volatile products across the heating 

element was fewer than 10 milliseconds. 
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4 Millisecond Pulsed Films Unify the Mechanisms of 

Cellulose Fragmentation 

4.1 Broader Context 

Decades of research on conversion of biomass to renewable fuels and chemicals 

has segmented into numerous research fields based on temperature. At low temperatures 

biomass is known to form large, char-like carbon on a timescale of minutes, while at high 

temperatures biomass forms primarily small molecule gases in milliseconds. At an 

intermediate temperature, heating of biomass forms medium-sized volatile components, 

which are readily converted into fuels and chemicals. We present a new technique called 

PHASR for measuring the rates of reactions of solid materials such as cellulose. Using 

this technique, we identify a transition, known as the reactive melting point, between low 

and high temperature depolymerization. The transition between two mechanisms of 

cellulose decompositions unifies the mechanisms that govern low temperature char 

formation, intermediate pyrolysis conditions, and high temperature gas formation. 

 

4.2 Introduction 

Cellulose is the most abundant polymer in the world, comprising dietary fiber in 

prepared food, construction and fireproofing materials, and up to half of lignocellulosic 

biomass for conversion to biochemicals, fuels, and materials (e.g. biochar). Semi-

crystalline cellulose (Fig. 4-1A) is a linear homopolymer of glucose residues connected 
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by β-(1-4) linkages which thermally fragment above 300 °C28 to volatile organic 

compounds14,22,23,29-31 and aerosols32, forming fuel precursors, food products, and air 

pollutants in wildfires33,34. For more than six decades, efforts to optimize these 

applications based on controlled polysaccharide decomposition have debated two 

alternative global mechanisms of cellulose chemistry, shown in Fig. 4-1B. By the first 

mechanism, kinetic models of cellulose conversion developed via thermo-gravimetric 

analysis (TGA) proposed the existence of an undefined reaction intermediate called 

‘active cellulose,’ from which volatile species derive14,15,35-37.  The intermediate has also 

been referred to as ‘intermediate liquid cellulose’38, wherein cellulose forms partially 

depolymerized chains which melt.  The transformation of cellulose has been observed via 

photography7,19, with the melt appearing between 450 and 550 °C as depicted in 

sequential video frames of Fig. 4-1C and 4-1D.  Alternatively, a second set of cellulose 

models propose single-step chemical conversion direct to volatile compounds10,39-42.  

However, global lumped models of either type exhibit immense range in kinetic 

parameters (e.g. activation energy, Ea, of 10 to 63 kcal/mol)43 leading to uncertainty as to 

their relevance to cellulose chemistry. 
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Figure 4-1 Direct and Indirect Pathways of Cellulose Fragmentation. (A) Cellulose crystal structure 

(I-β polymorph) with linear glucan polymer chains (carbon atoms in green, inter-monomer oxygens 

in red). (B) Direct (chain-end cleavage) and indirect (intra-chain scission) pathways of cellulose 

decomposition to monomeric products. (C) Photography of a cellulose film (3.0 mm diameter, 

thickness of 50 µm) on a 550 °C surface forming a liquid intermediate before vaporizing. (D) 

Cellulose film on a 450 °C surface reacts without melting. 

The lack of clarity from two conflicting types of global models has led to a 

reinterpretation of direct versus indirect cellulose reaction pathways based on molecular 

mechanisms.  Research efforts have predominately focused on elucidating the primary 
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deconstructing unit of cellulose, which has been proposed as small molecules such as 

levoglucosan by transglycosylation or glucose by chain-end hydrolysis18,44,45 depicted in 

Fig. 4-1B.  Reformation of glucose monomers precedes traditional aqueous-phase 

carbohydrate chemistry to other sugars, furans and small (C1-C4) organic 

compounds17,42,46.  Alternatively, intra-chain (or ‘random’) scission produces short-chain 

oligomer intermediates by numerous mechanisms16,25,42,44,47-50, which further decompose 

to monomers and volatile compounds. Although the energetics of both pathways have 

been calculated, evidence confirming either one has been difficult to obtain due to the 

lack of experimental methods to discern hundreds of compounds simultaneously evolving 

above 500 °C within a few milliseconds.  

Difficulty in characterizing the evolution of hundreds of volatile compounds from 

cellulose results from the mismatch of experimental time scales; cellulose chemistry 

occurs in milliseconds (10-3 s) at 500 °C, while analysis of complex organic mixtures via 

chromatography requires kiloseconds (103 s). To address this temporal mismatch, we 

introduce an experimental microreactor for Pulse-Heated Analysis of Solid Reactions 

(PHASR) depicted in Fig. 4-2A. The PHASR reactor heats and cools solid reaction 

samples on a millisecond time scale in order to control reaction progression, allowing for 

quantification of vapor, gas, and intermediate products as a function of reaction time.  

Cellulose films (10-50 µm thick, 50-350 µg) are deposited on a passivated steel resistive 

heating element (red in Fig. 4-2B) connected to two copper electrodes protruding into the 

reactor within a thin channel (green) of flowing helium. The sample is continuously 
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cooled via flowing silicon-based coolant (3 °C), which absorbs heat through a composite 

layer (Fig. 2B) of a microstructured heat exchanger (250 µm), aluminum nitride (250 

µm), and heating element (100 µm). Current (13 V, <2000 A) is applied to the heating 

element for rapid heating (106 °C/min), and the resulting temperature is monitored with 

optical emission spectroscopy (1000 Hz). The temperature is maintained at a set point 

(350 – 600 °C) via a PID controller (2000 Hz) for reaction durations as short as 10 ms; 

the cellulose film is then quenched when the power is turned off and the sample rapidly 

cools to room temperature. 
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Figure 4-2 Design of Pulse-Heated Analysis of Solid Reactions (PHASR) Reactor. (A) Cut-away 

diagram of the PHASR reactor shows resistive heating electrical feedthroughs in mauve, an optical 

pyrometer for millisecond feedback temperature control in yellow, helium carrier gas flow in green, 

and coolant flow path in blue. (B) A magnified view of the PHASR reactor with layers which transfer 

heat to the liquid coolant. (C) Analysis of products from cellulose films heated for variable lengths of 

time to obtain time-resolved kinetics. (D) Three thermal profiles show rapid heating in fewer than 30 

milliseconds and cooling in fewer than 150 milliseconds. (E) Arranged GC-FID chromatograms show 

the formation of individual pyrolysis species with increasing pulse time. 
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 The PHASR reactor enables millisecond compositional analysis of cellulose 

solid/melt and gas phase products. Variation of the thermal pulse duration (Fig. 4-2D) 

produces both quenched intermediate and vapors/gases at tunable extents of cellulose 

conversion as depicted in Fig. 4-2C. Heating and cooling is sufficiently fast to achieve 

negligible conversion (<3%) during the heating/cooling phases. Gas and vapors are 

analyzed by GC/MS, and the quenched cellulose film is characterized by liquid 

chromatography. Sequential reactive pulses can then be arranged in order of pulse 

duration as depicted in Fig. 4-2E, and the evolution of any one of the numerous volatile 

products such as furfural, levoglucosan, or glycolaldehyde can be quantified individually 

(inset, Fig. 4-2E). 

 Measured reaction rates with thin cellulose films measured via the PHASR 

reactor are intrinsic chemical reaction rates devoid of heat and mass transfer artifacts or 

secondary/gas-phase reactions. As depicted in Fig. 4-3A, the thickness of cellulose films 

was varied from 20 µm to 100 µm (characterized by optical profilometry), and the 

formation rate of volatile product species was measured at 500 °C as shown in Fig. 4-3B.  

For samples of thickness of 20, 35, 45, and 60 µm, the formation rate of volatiles was 

constant, but measured rates decreased monotonically above 70 µm indicative of the 

onset of transport limitations in large (>70 µm) samples.   

4.3 PHASR for Cellulose Kinetics 

 Using thin, isothermal cellulose films (50 µm), the millisecond temporal 

evolution of eight major furans (furfural, 5-hydroxymethylfurfural, 2,5-dimethylfuran, 2-



 

 61 

methylfuran, 2-furanmethanol, 5-methylfurfural, furan, and 2(5H)-Furanone) was 

measured within one second. Furans were selected as a class of compounds indicative of 

volatile organic products; yield of furans in this work measured at complete conversion 

was in agreement with previous furan yields (7-9 C%) at high carbon balance14,49.  As 

depicted in Fig. 4-3C, furan formation (with normalized yield) at 500 °C exhibits 

apparent first order kinetics; the formation rate of furans from cellulose (i.e. slope of the 

fit line in Fig. 4-3C) decreases until cellulose is fully converted. However, furan 

formation at 450 °C exhibited apparent zero order kinetics; the rate of furan(s) formation 

was independent of the extent of cellulose conversion (Fig. 4-3E). 
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Figure 4-3 PHASR Kinetics: End-chain and intra-chain fragmentation mechanisms of cellulose.  (A) 

Variable cellulose film thickness characterized by optical profilometry. (B) Differential kinetics of 

product formation from cellulose at 500 °C for variable film thickness. (C) Time-resolved, 

normalized yield of eight furan products shows apparent first-order kinetics at high temperature 

with first-order (red line) and zero-order (black dashes) kinetic models. (D) Differential furans 

product formation rate per monomer (green bars) or per chain end (grey bars) from cellodextrins 

(G2-G6), cellulose (G133), and α-cyclodextrin indicates the mid-chain scission mechanism dominates 

at 550 °C. Reaction rates per chain end are defined as (mol. furans)/(mol. reactant*s) and reaction 

rates per mol monomer are defined as (mol. furans)/(mol. glucan monomer in reactant*s)  (E) Time-

resolved, normalized yield of eight furan products exhibits apparent zero-order kinetics at low 

temperature with zero-order (blue line) and first-order (black dashes) kinetic models.  (F) 

Differential furan product formation rate per monomer (green bars) or per chain end (gray bars) 

from cellodextrins (G2-G6), cellulose, and α-cyclodextrin indicates the chain-end mechanism 

dominates at 400 °C. 
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 The kinetic transition between 450 and 500 °C is amenable to simple cellulose 

decomposition mechanisms. A fixed product formation rate is consistent with a static 

concentration of cellulose active sites; as depicted in the inset of Fig. 4-3E, chain-end 

depolymerization retains a fixed quantity of chain ends as individual monomeric products 

dissociate. Alternatively, as the reaction proceeds at 500 °C, a reduction in the formation 

rate of volatile furan products (i.e. slope of the fit line in Fig. 4-3C) with time is 

consistent with consumption of the cellulose active sites; intra-chain ‘random’ scission 

breaks inter-monomer glycosidic bonds which are initially plentiful in cellulose.   

The mechanisms of intra-chain versus chain-end scission were readily verified by 

measuring the differential formation rate of furan products (conversion <20%) from 

varying length short-chain β-(1,4)-cellodextrin reactants (Fig. 4-3D and 4-3F). At 550 °C, 

all cellodextrins exhibit the same furan product formation rate per unit mass independent 

of chain size; cellulose/cyclodextrin exhibit similar furan formation rates only two or 

three times slower despite cellulose being longer than cellodextrins by about two orders 

of magnitude. However, at 400 °C, the rate of furan formation was the same from all 

cellodextrins only when normalized by the concentration of polymer chains, indicating 

that product formation occurs only at the cellulose chain end. 

The transition between two competing cellulose decomposition mechanisms is 

evident when comparing the relative rates of cellulose conversion and furan product 

evolution. As depicted in Fig. 4-4, the rate of furan formation from cellulose exhibits a 

distinct transition (i.e. change in slope) at 467 °C, consistent with a change in rate-
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controlling mechanism.  The rate of cellulose conversion (blue in Fig. 4-4) was 

determined using α-cyclodextrin as a surrogate, which has been shown to exhibit the 

same products6 and reaction rates (Section 4.4) as cellulose but is readily characterized 

via liquid chromatography. A similar transition was also observed at 467 °C with 

cyclodextrin, which dramatically increases in conversion rate at higher temperatures. 

 

Figure 4-4 Differential Kinetics of Cellulose Fragmentation Reveal the Reactive Melting Point, TRM. 

A plot of reaction rate versus inverse temperature for production of furans (black) and consumption 

of polymer (blue) exhibits a transition from chain-end cleavage to mid-chain scission at TRM of 467 

°C, identified by a shift in reaction rates. Above TRM, polymer decomposition is sufficiently fast such 

that short-chain fragments accumulate as a liquid intermediate, before eventually decomposing to 

furans. Reaction rates for furans are defined as (mol. furans)/(mol. glucan monomer in reactant*s), 

while reaction rates for α-cyclodextrin are defined as (mol. α-cyclodextrin consumed)/(mol. α-

cyclodextrin reactant*s). 
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The kinetic transition at 467 °C is interpreted as a ‘reactive melting point’ (TRM) 

which is the temperature above which the change in cellulose decomposition chemistry 

leads to the formation of a melt phase.  Below TRM, end-chain scission slowly produces 

monomer-sized species, which rapidly devolatilize; the overall rate limitation of cellulose 

chain-end scission is apparent in the absence of a melt phase intermediate and the similar 

change in rates (i.e. slope in Fig. 4-4) observed for both cellulose/cyclodextrin conversion 

and furans formation.  However, cyclodextrin decomposition above TRM exhibits first-

order kinetics consistent with intra-chain scission, indicating that cellulose and 

cyclodextrin decomposition accelerates with increasing temperature and diverges from 

the furan formation rate as all inter-monomer linkages break. Rapid formation of chain 

fragment intermediates small enough to melt then accumulate before eventually reacting 

to volatile species such as furans.   

 Molecular-level insight gained from millisecond film kinetics unifies two global 

philosophies of cellulose chemistry. Intra-chain mechanisms above 467 °C lead to the 

intermediate-controlled mechanisms first proposed by Shafizadeh15, while chain-end 

mechanisms at low temperature lead to direct mechanisms of Broido39. While the precise 

chemistry of both polymer mechanisms have yet to be determined, the reaction rates and 

apparent energetics of Fig. 4-4 measured via PHASR provide verification for the 

complex mechanisms of cellulose and eventually other polymers such as lignin and 

hemicellulose at high temperature. From a broader perspective, the two mechanisms of 

cellulose chemistry above and below TRM have unknowingly directed the development of 
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thermochemical biomass technologies.  Cellulose gasification/combustion conducted well 

above TRM ensures decomposition to small molecules, while formation of solid, 

carbonaceous solids via biocharring or torrefaction occurs below TRM.  Numerous studies 

of cellulose pyrolysis have identified the moderate temperature of 500 °C as optimal for 

maximum liquid product yield20,51; reactions just above TRM ensure rapid breakdown of 

cellulose to volatile organic compounds without promoting further decomposition to 

gases.   

4.4 Cyclodextrin as a Surrogate for Cellulose  

 The kinetics of cellulose polymer conversion presented in Figure 4-4 are 

measured using α-cyclodextrin as a surrogate, because small changes in cellulose upon 

reaction cannot be readily quantified via common analytical techniques such as liquid 

chromatography. Methods such as gel permeation chromatography (size exclusion 

chromatography) only provide a determination of polymer size distribution. 

In contrast, cyclodextrins comprised of six (α), seven (β), or eight (γ) monomers 

are readily quantified by liquid chromatography. Moreover, α-cyclodextrin has been 

previously shown to exhibit identical product distributions compared with cellulose. The 

cyclic six-membered glucan structure effectively mimics the high degree of 

polymerization of cellulose with negligible presence of chain ends. Additionally, 

previous work has shown that there exists no quantifiable difference between alpha-

linkages as observed in α-cyclodextrin and beta-linkages in cellulose. 
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In this work, comparison of the initial product formation rates of furan-class 

compounds between α-cyclodextrin and cellulose is shown in the plot of Figure 4-5. 

Cellulose and α-cyclodextrin exhibit identical product formation kinetics, indicating that 

cyclodextrin is a good surrogate for cellulose kinetics (400-500 °C) which is in both the 

chain-end and intra-chain kinetic regimes (i.e. above and below TRM). 

 

Figure 4-5 Arrhenius plot of initial kinetics of furfural production from cellulose (black) and α-

cyclodextrin (blue) shows that the two polymers exhibit identical kinetics. 

4.5 Transition from Zero to First Order Apparent Kinetics 

A major conclusion is the transition from zero-order apparent kinetics at low 

temperature to first-order apparent kinetics at high temperature.  The interpretation 

described was a shift at low temperature of chain-end chemistry to mid-chain glycosidic 

bonds being rapidly cleaved above the reactive melting point (TRM = 467 °C). Evidence 
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supporting this shift in mechanism is shown in Figure 4-3D and 4-3F, where the reaction 

rate scales directly with the number of chain ends below TRM, and with the number of 

monomers above TRM.  

 
Figure 4-6  Definition of cellulose chain components. 

 
An interpretation of the apparent kinetics of Figure 4-3 is proposed to consist of 

chain end versus intra-chain glycosidic cleavage.  As shown in Figure 4-6, the cellulose 

chain is comprised of internal monomers, a ‘reducing end’ identified in blue, and a non-

reducing end (grey).  Each monomer is connected with an ether linkage between C1 and 

C4 of connecting monomers with β stereochemistry; it is thus called β-(1,4)-glycosidic 

bond. 

As depicted in Figure 4-7, the mechanisms of chain-end cleavage versus intra-

chain cleavage result in distinct differences in apparent kinetics of cellulose conversion 

and product formation.  If the chain end(s) are the active site for polymer chemistry, then 

the depiction of extent of reaction in Figure 4-7A indicates that the chain ends 

(highlighted in blue) will remain constant with extent of reaction; conversion of a chain 

Cellulose Monomer

Cellulose Reducing End

Glycosidic Bond
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end results in a monomeric product as well as a new chain end.  Thus, as depicted in 

Figure 4-7B, the concentration of chain ends remains constant until the reaction is 

completed. The cellulose decomposition rate by this mechanism will then be proportional 

to the concentration of chain ends; the end result is that the cellulose conversion rate is 

constant, yielding the apparent zero-order dependence on reactant concentration.  This 

behavior was observed below TRM in Fig. 4-3E. 

 
Figure 4-7 Kinetics of chain-end (A/B) and intra-chain (C/D) cellulose cleavage. 

In contrast, the mechanism of intra-chain scission via glycosidic cleavage 

depicted in Fig. 4-7C will deplete the number of glycosidic bonds (red in Fig. 4-7C) with 

increasing extent of reaction. Thus, if the reaction rate of cellulose decomposition is 

proportional to the concentration of glycosidic bonds, then the rate of cellulose 

decomposition will decrease with time as depicted in Fig. 4-7D.  The end result is that 

cellulose conversion exhibits apparent first order rate dependence.   
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The formation of volatile furan products was shown to exhibit first order apparent 

kinetics in Fig. 4-3 above TRM at T=500 °C.  However, the rate of cellulose conversion 

and product formation are decoupled at high temperature where intermediate products 

form rapidly.   

𝑇 > 467  °𝐶,            𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒  
!"#$  

  𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒  𝐿𝑖𝑞𝑢𝑖𝑑    
!"#$

    𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

For this reason, additional experiments were conducted to also examine the kinetics of 

cellulose conversion above TRM.  As shown in Figure 4-8, cellulose conversion kinetics at 

500 °C were examined using the cyclodextrin surrogate; α-cyclodextrin consumption was 

measured with time. Polymer conversion was observed to exhibit first-order apparent 

kinetics, in which the rate of conversion (i.e. the slope of the line) decreases with reaction 

time. This result supports the shift in mechanism from end-chain chemistry below TRM to 

rapid intra-chain scission at temperatures exceeding TRM. 

 

Figure 4-8 Conversion of α-cyclodextrin with time at 500 °C (black) with a first-order fit line (red) 

shows that polymer conversion above the reactive melting point (TRM = 467 °C) exhibits first order 

behavior, supporting the shift in mechanism from end-chain chemistry below TRM to rapid intra-

chain scission above TRM. 
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4.6 Interpretation of Arrhenius Data 

Analysis of the initial rates in Figure 4-4 identifies the kinetic transition at 467 °C 

observed for both furan product formation as well as cyclodextrin conversion.  As shown 

in Figure 4-9, the two regimes result in four apparent activation energies when fitted to 

straight lines above and below TRM. Cyclodextrin conversion and furan formation below 

TRM both exhibit a slope consistent with an apparent activation energy of ~18 kcal/mole.  

Above TRM, furan formation exhibits an apparent activation energy of 11 kcal/mol, while 

cyclodextrin conversion exhibits an apparent activation energy of 77 kcal/mol. 

 The apparent activation energies of Figure 4-4 and Figure 4-9 cannot be readily 

interpreted without the development of a complex kinetic model. It is possible – though 

misleading39 – to simplify the overall chemistry to a single reaction or a few reactions as 

has been done with numerous lumped kinetic models with data obtained with 

thermogravimetric analysis. The range of these models varies from 10 to 63 kcal/mol23.  

Interpretation of a complex depolymerization mechanism as a simple reaction (e.g. 

AàB) oversimplifies the chemistry and leads to misinterpretation of the measured data.  

For example, the apparent energies of Figure 4 are both very low (Ea = 11, 18 kcal/mol) 

and very high (Ea=77 kcal/mol). For the temperature range of 400-550 °C, the low 

activation energies interpreted as simple (AàB) mechanisms would convert almost 

instantaneously with any reasonable pre-exponential factor. Additionally, the high 

activation energy (Ea = 77 kcal/mol) interpreted as a simple (AàB) mechanism would 



 

 72 

require a pre-exponential factor that is unreasonably high (>1024 s-1) for a single reaction 

to achieve a reasonable rate of conversion which completes in less than a second.   

Broadbelt and co-workers23 have stated correctly that an activation energy for a 

simplified rate expression corresponding to a simple lumped model of cellulose 

conversion (e.g. AàB) must be in the range of ~50 kcal/mol to achieve the appropriate 

rate of conversion, which they estimated as a cellulose reaction completing with a few 

seconds at 500 °C. However, it has been demonstrated many times over that polymer 

decomposition mechanisms requiring numerous steps for either homolytic or heterolytic 

chemistry result in complex rate expressions comprised of numerous terms. Apparent 

activation energies in complex rate expressions can result from a combination of 

initiation, propagation, and termination steps40, 41, thus resulting in activation energies 

lower or higher than those of any of the individual steps. Alternatively, the rate 

expression of a polymer reaction can reduce to just the activation energy of the initiation 

step42, which can exhibit very high activation energies43, 44 in the range observed for 

cyclodextrin/cellulose above TRM.   

Thus, while the range of measured activation energies of Fig. 4-9 are potentially 

viable for certain reaction mechanisms and associated models, it is impossible to evaluate 

the apparent activation energies of Figure 4-4 at first glance without a complex kinetic 

model, which will be developed in the coming decade to interpret the new data.  

Moreover, interpretation of the activation energies for the specific chemistry of chain 
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decomposition is not an integral part of understanding the transition between general 

chain-end scission versus intra-chain scission. 

 

 

Figure 4-9 A Different Version of Figure 4-4 with Measured Apparent Activation Energies. 

4.7 Cellulose Visualization 

 Expanded frames from visualization of reacting cellulose films shown in Figure 

4-1C and 4-1D is presented in this section. 
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4.7.1 PHASR Visualization Methods 

Visualization was performed using the top portion of the PHASR reactor held 

upside down in a ring stand. A custom fabricated helium diffuser ring made from ¼ inch 

stainless steel tubing was used to generate an inert environment around the cellulose film. 

Lighting was provided from an angle using a high power directional light source (Prior 

Lumen 200). High speed videos were collected at 1000 frames per second using a high 

speed camera (Phantom eX-2) with a macro lens. Figure 4-10 shows a diagram of the 

setup used to collect high speed video frames. 

 

Figure 4-10 Experimental setup for PHASR Visualization A. A side view of the top section of the 

PHASR reactor with a high speed camera, optical pyrometer, and light source aimed at the cellulose 

film. B. A helium diffuser ring around the cellulose film provides an inert environment for 

visualization of PHASR reactions. 

4.7.2 PHASR Cellulose Visualization Expanded Frames 

The following section contains expanded frames from the videos shown in Figures 4-1C 

and 4-1D. 
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Figure 4-11 Expanded frames of a reacting cellulose film (20 µm thickness) at 550 °C. 
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Figure 4-12 Expanded frames of a reacting cellulose film (20 µm thickness) at 450 °C. 

 

4.8 Tabulated PHASR Data 

The following tables contain raw data, including time resolved data and Arrhenius 

plots for furans formation and α-cyclodextrin consumption.  
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Table 7 Time resolved yields of furan products from cellulose at three temperatures. Yield is 

reported in units of (mol. product i)/(mol. reactant cellulose). ND (not detected) indicates no product 

was detected at that temperature and pulse time. 

Furan 
    

2-Methylfuran 
  Pulse 

Length 
[ms] 400 °C 450 °C 500 °C 

 

Pulse 
Length 

[ms] 400 °C 450 °C 500 °C 
20 ND 1.58E-02 2.73E-02 

 
20 2.61E-03 3.91E-03 5.27E-03 

50 6.76E-03 2.08E-02 8.53E-02 
 

50 3.85E-03 6.01E-03 1.20E-02 
75 1.27E-02 2.22E-02 6.23E-02 

 
75 4.14E-03 6.35E-03 2.05E-02 

100 9.92E-03 7.99E-02 7.69E-02 
 

100 6.29E-03 1.48E-02 2.77E-02 
200 3.43E-02 4.24E-02 9.53E-02 

 
200 9.88E-03 2.35E-02 3.06E-02 

300 3.61E-02 5.50E-02 1.06E-01 
 

300 2.05E-02 2.64E-02 4.04E-02 
400 4.32E-02 6.96E-02 - 

 
400 2.92E-02 4.30E-02 - 

500 3.94E-02 8.90E-02 1.20E-01 
 

500 3.05E-02 4.21E-02 5.01E-02 
700 5.16E-02 - 1.19E-01 

 
700 3.67E-02 - 5.44E-02 

1000 5.30E-02 1.05E-01 1.14E-01 
 

1000 4.18E-02 4.48E-02 5.28E-02 
1500 5.09E-02 - - 

 
1500 5.20E-02 - - 

2000 1.22E-01 2.01E-01 4.19E-01 
 

2000 4.56E-02 4.80E-02 5.20E-02 

         Dimethylfuran 
   

Furfural 
  Pulse 

Length 
[ms] 400 °C 450 °C 500 °C 

 

Pulse 
Length 

[ms] 400 °C 450 °C 500 °C 
20 ND 2.33E-02 4.03E-02 

 
20 6.02E-03 4.34E-02 1.01E-01 

50 6.94E-03 2.31E-02 7.84E-02 
 

50 1.18E-02 9.23E-02 2.61E-01 
75 1.55E-02 2.49E-02 1.19E-01 

 
75 1.94E-02 1.35E-01 3.89E-01 

100 1.03E-02 4.67E-02 1.61E-01 
 

100 3.67E-02 1.42E-01 5.13E-01 
200 1.81E-02 7.37E-02 1.77E-01 

 
200 6.54E-02 3.56E-01 6.56E-01 

300 3.54E-02 1.00E-01 2.44E-01 
 

300 1.59E-01 4.74E-01 8.23E-01 
400 4.11E-02 1.45E-01 - 

 
400 1.88E-01 5.97E-01 - 

500 4.99E-02 1.73E-01 2.51E-01 
 

500 2.23E-01 6.49E-01 8.96E-01 
700 7.54E-02 - 2.48E-01 

 
700 2.52E-01 6.58E-01 8.88E-01 

1000 6.73E-02 1.84E-01 2.31E-01 
 

1000 2.89E-01 3.50E-01 8.81E-01 
1500 5.99E-02 - - 

 
1500 3.02E-01 - - 

2000 8.59E-02 1.66E-01 2.98E-01 
 

2000 3.71E-01 6.56E-01 1.00E+00 

         2-Furanmethanol 
   

2(5H)-Furanone 
  Pulse 

Length 
[ms] 400 °C 450 °C 500 °C 

 

Pulse 
Length 

[ms] 400 °C 450 °C 500 °C 
20 5.80E-03 6.33E-02 1.23E-01 

 
20 ND 5.15E-02 7.19E-02 

50 1.40E-02 7.54E-02 2.28E-01 
 

50 2.76E-02 6.92E-02 3.13E-01 
75 2.83E-02 6.33E-02 2.94E-01 

 
75 3.82E-02 8.57E-02 5.70E-01 

100 2.74E-02 1.68E-01 3.67E-01 
 

100 3.69E-02 2.02E-01 7.51E-01 
200 8.63E-02 2.84E-01 3.92E-01 

 
200 5.97E-02 3.46E-01 7.97E-01 

300 2.11E-01 3.71E-01 4.41E-01 
 

300 1.68E-01 4.18E-01 1.11E+00 
400 2.64E-01 4.79E-01 - 

 
400 1.95E-01 6.80E-01 - 
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500 2.73E-01 5.63E-01 4.82E-01 
 

500 2.73E-01 8.45E-01 1.14E+00 
700 3.53E-01 - 4.57E-01 

 
700 4.01E-01 - 1.13E+00 

1000 3.85E-01 5.21E-01 5.20E-01 
 

1000 3.51E-01 8.34E-01 1.04E+00 
1500 3.04E-01 - - 

 
1500 1.24E-01 - - 

2000 3.92E-01 5.48E-01 7.65E-01 
 

2000 4.01E-01 7.27E-01 1.18E+00 

         5-Methylfurfural 
   

HMF 
   Pulse 

Length 
[ms] 400 °C 450 °C 500 °C 

 

Pulse 
Length 

[ms] 400 °C 450 °C 500 °C 
20 4.23E-03 1.97E-02 3.58E-02 

 
20 1.46E-02 3.78E-02 3.03E-02 

50 4.08E-03 3.05E-02 1.07E-01 
 

50 2.79E-02 3.30E-02 2.77E-01 
75 3.82E-02 3.57E-02 1.32E-01 

 
75 2.68E-02 3.51E-02 2.33E-01 

100 1.28E-02 6.20E-02 1.52E-01 
 

100 2.64E-02 4.59E-02 3.34E-01 
200 2.24E-02 8.31E-02 1.52E-01 

 
200 3.48E-02 7.27E-02 3.59E-01 

300 2.68E-02 1.12E-01 2.07E-01 
 

300 4.77E-02 8.41E-02 2.60E-01 
400 5.55E-02 1.43E-01 - 

 
400 4.24E-02 1.08E-01 - 

500 4.48E-02 1.67E-01 2.25E-01 
 

500 6.09E-02 1.13E-01 4.59E-01 
700 4.91E-02 - 2.22E-01 

 
700 1.05E-01 - - 

1000 7.73E-02 2.24E-11 2.18E-01 
 

1000 4.48E-02 1.45E-01 5.60E-01 
1500 6.53E-02 - - 

 
1500 5.78E-02 - - 

2000 7.95E-02 1.56E-01 2.62E-01 
 

2000 1.08E-01 2.91E-01 5.62E-01 

         Total Furans 
       Pulse 

Length 
[ms] 400 °C 450 °C 500 °C 

     20 3.33E-02 2.59E-01 4.35E-01 
     50 1.03E-01 3.50E-01 1.36E+00 
     75 1.83E-01 4.08E-01 1.82E+00 
     100 1.67E-01 7.61E-01 2.38E+00 
     200 3.31E-01 1.28E+00 2.66E+00 
     300 7.04E-01 1.64E+00 3.23E+00 
     400 8.59E-01 2.27E+00 - 
     500 9.95E-01 2.64E+00 3.62E+00 
     700 1.32E+00 - - 
     1000 1.31E+00 2.18E+00 3.62E+00 
     2000 1.60E+00 2.79E+00 4.54E+00 
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Table 8 Arrhenius data for production of furans from cellulose. Reaction rates are reported as (mol. 

product i)/(mol. cellulose reactant)*(second). 

Furan 
    

2-Methylfuran 
  T (C) Pulse Length [ms] Rate Error 

 
T (C) Pulse Length Rate Error 

375 500 0.09 - 
 

375 500 0.03 - 
400 200 0.17 0.015 

 
400 200 0.05 0.002 

425 150 0.24 0.014 
 

425 150 0.06 0.002 
450 100 0.58 0.042 

 
450 100 0.10 0.009 

467 83 0.79 0.015 
 

467 83 0.11 0.002 
483 67 1.33 0.002 

 
483 67 0.18 0.002 

500 50 1.73 0.007 
 

500 50 0.24 0.001 
517 20 2.46 0.044 

 
517 20 0.26 0.016 

534 20 2.89 0.233 
 

534 20 0.32 0.014 
550 20 3.65 0.111 

 
550 20 0.42 0.014 

         Dimethylfuran 
   

Furfural 
   T (C) Pulse Length [ms] Rate Error 

 
T (C) Pulse Length Rate Error 

375 500 0.08 - 
 

375 500 0.36 - 
400 200 0.06 0.008 

 
400 200 0.33 0.046 

425 150 0.13 0.006 
 

425 150 0.55 0.009 
450 100 0.25 0.023 

 
450 100 1.17 0.035 

467 83 0.35 0.023 
 

467 83 2.27 0.101 
483 67 1.00 0.042 

 
483 67 3.88 0.093 

500 50 1.07 0.039 
 

500 50 5.49 0.216 
517 20 1.72 0.069 

 
517 20 6.99 0.228 

534 20 1.90 0.254 
 

534 20 7.36 0.480 
550 20 2.39 0.248 

 
550 20 8.50 0.197 

         2-Furanmethanol 
   

2(5H)-Furanone 
  T (C) Pulse Length [ms] Rate Error 

 
T (C) Pulse Length Rate Error 

375 500 0.39 - 
 

375 500 0.39 - 
400 200 0.43 0.033 

 
400 200 0.30 0.011 

425 150 0.59 0.006 
 

425 150 0.58 0.034 
450 100 1.37 0.072 

 
450 100 1.33 0.140 

467 83 2.64 0.153 
 

467 83 1.91 0.130 
483 67 4.66 0.140 

 
483 67 5.18 0.147 

500 50 4.68 0.173 
 

500 50 6.23 0.114 
517 20 5.31 0.217 

 
517 20 6.75 0.355 

534 20 6.39 0.657 
 

534 20 5.56 0.266 
550 20 7.23 0.665 

 
550 20 7.76 0.635 

         5-Methylfurfural 
   

HMF 
   T (C) Pulse Length [ms] Rate Error 

 
T (C) Pulse Length [ms] Rate Error 

375 500 0.08 - 
 

375 
 

0.12 - 
400 200 0.11 0.002 

 
400 200 0.17 0.015 

425 150 0.32 0.001 
 

425 
 

0.47 0.009 
450 100 0.60 0.014 

 
450 100 0.57 0.040 

467 83 0.98 0.040 
 

467 83 1.66 0.153 
483 67 2.01 0.011 

 
483 67 6.45 0.116 
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500 50 2.06 0.046 
 

500 50 6.17 0.319 
517 20 3.70 0.184 

 
517 20 5.31 0.611 

534 20 3.72 0.244 
 

534 20 8.97 0.215 
550 20 4.43 0.067 

 
550 20 7.09 0.428 

         Total Furans 
       T (C) Pulse Length [ms] Rate Error 

     375 500 1.53 - 
     400 200 1.65 0.657 
     425 150 3.00 0.408 
     450 100 6.09 1.871 
     467 83 10.85 3.088 
     483 67 25.09 2.767 
     500 50 28.10 4.580 
     517 20 33.20 8.614 
     534 20 37.87 11.804 
     550 20 42.44 11.821 
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Table 9 Arrhenius data for production of furans from cellulose. Reaction rates are reported as (mol. 

α-cyclodextrin consumed)/(mol. α-cyclodextrin reactant)*(second). 

PHASR α-cyclodextrin T=375 °C 

Sample Name 
Pulse 

Length 
(ms) 

Peak 
Area 

Calc. 
Mass 
(µg) 

Reaction 
Rate 

Conversi
on 

151030_100ug_cyclodextrin_375C_500ms_01 500 439891 82 37 18.5% 
151030_100ug_cyclodextrin_375C_500ms_02 500 430893 80 40 20.1% 
151030_100ug_cyclodextrin_375C_500ms_03 500 421624 78 44 21.8% 
151030_100ug_cyclodextrin_375C_500ms_04 500 385615 71 57 28.5% 
151030_100ug_cyclodextrin_375C_500ms_05 500 416515 77 46 22.8% 

   Avg. 
Rate 45  

PHASR α-cyclodextrin T=400 °C 
151012_100ug_cyclodextrin_400C_200ms_07 200 337064 90 48 9.6% 
151012_100ug_cyclodextrin_400C_200ms_08 200 216274 58 210 42.0% 
151012_100ug_cyclodextrin_400C_200ms_09 200 330538 89 57 11.3% 
151025_100ug_cyclodextrin_400C_200ms_02 200 470959 91 43 8.6% 
151025_100ug_cyclodextrin_400C_200ms_03 200 459358 89 54 10.8% 
151025_100ug_cyclodextrin_400C_200ms_04 200 479251 93 35 7.0% 
151025_100ug_cyclodextrin_400C_200ms_05 200 451667 88 62 12.3% 

   
Avg. 
Rate 73  

PHASR α-cyclodextrin T=425 °C 
151016_100ug_cyclodextrin_425C_150ms_01 150 330538 89 75 11.3% 
151016_100ug_cyclodextrin_425C_150ms_02 150 240681 65 236 35.4% 
151016_100ug_cyclodextrin_425C_150ms_03 150 350085 94 40 6.1% 
151025_100ug_cyclodextrin_425C_150ms_01 150 380221 74 175 26.2% 
151025_100ug_cyclodextrin_425C_150ms_02 150 451852 88 82 12.3% 
151025_100ug_cyclodextrin_425C_150ms_03 150 423025 82 119 18.0% 
151025_100ug_cyclodextrin_425C_150ms_04 150 402055 78 146 22.0% 
151025_100ug_cyclodextrin_425C_150ms_05 150 463345 90 67 10.1% 

   
Avg. 
Rate 118  

PHASR α-cyclodextrin T=450 °C 
151012_100ug_cyclodextrin_450C_100ms_04 100 212946 57 429 42.9% 
151012_100ug_cyclodextrin_450C_100ms_05 100 274600 74 263 26.3% 
151016_100ug_cyclodextrin_450C_100ms_04 100 262442 70 296 29.6% 
151024_100ug_cyclodextrin_450C_100ms_01 100 428683 79 208 20.8% 
151024_100ug_cyclodextrin_450C_100ms_02 100 379883 70 298 29.8% 
151025_100ug_cyclodextrin_450C_100ms_01 100 402499 74 257 25.7% 
151103_100ug_cyclodextrin_450C_100ms_01 100 451924 84 162 16.2% 
151103_100ug_cyclodextrin_450C_100ms_02 100 418644 78 224 22.4% 
151103_100ug_cyclodextrin_450C_100ms_03 100 469035 87 131 13.1% 

   Avg. 
Rate 252  
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PHASR α-cyclodextrin T=467 °C 
151028_100ug_cyclodextrin_467C_70ms_02 70 418299 82 260 18.2% 
151028_100ug_cyclodextrin_467C_70ms_03 70 389177 76 341 23.9% 
151030_100ug_cyclodextrin_467C_70ms_01 70 473832 88 174 12.2% 
151030_100ug_cyclodextrin_467C_70ms_02 70 438908 81 266 18.6% 
151030_100ug_cyclodextrin_467C_70ms_03 70 498123 92 109 7.7% 

   Avg. Rate 230  PHASR α-cyclodextrin T=475 °C 
151019_100ug_cyclodextrin_475C_50ms_01 50 329898 77 453 22.7% 
151019_100ug_cyclodextrin_475C_50ms_02 50 365293 86 287 14.4% 
151019_100ug_cyclodextrin_475C_50ms_03 50 371144 87 260 13.0% 
151025_100ug_cyclodextrin_475C_50ms_01 50 310630 60 794 39.7% 
151025_100ug_cyclodextrin_475C_50ms_02 50 298749 58 840 42.0% 
151025_100ug_cyclodextrin_475C_50ms_03 50 372839 72 553 27.6% 

   Avg. Rate 531  PHASR α-cyclodextrin T=483 °C 
151025_100ug_cyclodextrin_483C_20ms_01 20 424175 78 1082 21.7% 
151025_100ug_cyclodextrin_483C_20ms_02 20 358828 70 1518 30.4% 
151025_100ug_cyclodextrin_483C_20ms_03 20 443762 86 693 13.9% 
151025_100ug_cyclodextrin_483C_20ms_04 20 457795 89 557 11.2% 
151025_100ug_cyclodextrin_483C_20ms_05 20 431316 84 814 16.3% 

   Avg. Rate 933  PHASR α-cyclodextrin T=492 °C 
151028_100ug_cyclodextrin_492C_20ms_01 20 307290 60 2018 40.4% 
151028_100ug_cyclodextrin_492C_20ms_02 20 360280 70 1504 30.1% 
151028_100ug_cyclodextrin_492C_20ms_03 20 350196 68 1602 32.0% 
151028_100ug_cyclodextrin_492C_20ms_04 20 350793 68 1596 31.9% 
151028_100ug_cyclodextrin_492C_20ms_05 20 383138 74 1282 25.6% 

   Avg. Rate 1600  PHASR α-cyclodextrin T=500 °C 
151104_100ug_cyclodextrin_500C_10ms_01 10 526100 77 2307 23.1% 
151104_100ug_cyclodextrin_500C_10ms_02 10 452393 66 3385 33.9% 
151104_100ug_cyclodextrin_500C_10ms_03 10 479824 70 2984 29.8% 

   Avg. Rate 2892  
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5 Quantifying Heat Transfer in Pyrolyzing Cellulose 

In this section, we aim to understand how heat is transferred into cellulose on a 

particle level, quantifying the effects of reactive vapor and gas production on heat 

transfer as a result of the Leidenfrost effect. 

The condition of heat transfer to lignocellulosic biomass particles during thermal 

processing at high temperature (>400 °C) dramatically alters the yield and quality of 

renewable energy and fuels.  In this work, crystalline cellulose particles were discovered 

to lift off heated surfaces by high speed photography similar to the Leidenfrost effect in 

hot, volatile liquids. Order of magnitude variation in heat transfer rates and cellulose 

particle lifetimes was observed as intermediate liquid cellulose droplets transitioned from 

low temperature wetting (500-600 °C) to fully de-wetted, skittering droplets on polished 

surfaces (>700 °C).  Introduction of macroporosity to the heated surface was shown to 

completely inhibit the cellulose Leidenfrost effect, providing a tunable design parameter 

to control particle heat transfer rates in industrial biomass reactors. 

5.1 Leidenfrost Effect Background 

A microcrystalline cellulose particle can be analogous to a boiling water droplet 

on a heated surface. When subjected to high temperatures (>400 °C), long chain 

biopolymers such as cellulose decompose into smaller, more valuable products used for 

renewable fuels and chemicals. The chemistry of cellulose decomposition is the subject 

of ongoing investigation;9,18,23,52 promotion of the desirable reaction pathways and/or 

variation of the heating rate can strongly alter product distribution consisting of hundreds 
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of chemicals.6,21 Recent work has shown that long chain, crystalline cellulose reacts to a 

short-lived liquid intermediate with millisecond lifetime comprised of molten oligomers 

before decomposing to vapors.7,19,32 Despite strong dependence on heat transfer, there is 

limited understanding of the multi-phase behavior of non-volatile molten cellulose on 

high temperature surfaces.7 Here, we show that surface structure and temperature strongly 

alter the dynamics of pyrolyzing cellulose. The microcrystalline particle evolves into a 

liquid intermediate droplet and transitions through heat transfer regimes, including the 

film-boiling Leidenfrost effect, where complete particle liftoff is observed. The resulting 

heat transfer rates vary by nearly an order of magnitude across a temperature range 

commonly used for pyrolysis. Surface macropores, such as those found on catalysts, 

suppress cellulose droplet liftoff and enhance heat transfer to the intermediate liquid. 

Discovery of the cellulose Leidenfrost effect as a result of reactive vapor production from 

an initially crystalline solid helps contextualize the importance of heat transfer to solid 

biopolymers and reveals the capability of structured surfaces for controlling reacting 

particles. 

Design of inorganic surfaces for enhanced heat transfer aims to control the droplet 

interface, with increased wetting and surface area providing greater contact and transfer 

of thermal energy. At higher surface temperatures, liquids such as water undergo a 

transition to Leidenfrost film boiling, where vapor production reaches a critical rate such 

that a vapor/gas layer forms between the heated surface and the liquid.53-57 The transition 
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to a completely de-wetted state is accompanied by a dramatic reduction in heat transfer 

into the liquid, greatly increasing the lifetime of the droplet.57 

 In contrast, macromolecules such as cellulose are not known to lift off of high 

temperature surfaces. Comprised of long chains of six-carbon sugars (102-103 units long), 

cellulose forms microcrystalline domains in solid particles with sharp edges and 

macropores. It has previously been shown that, under pyrolytic conditions, cellulose 

chain size reduction via intra-chain (glycosidic) cleavage forms short-chain oligomers, 

which melt and form liquid droplets for 100-200 ms before further reacting to volatile 

species (at most six carbons in size) and evaporating.6,22 However, intermediate liquid 

cellulose has previously been shown to wet surfaces such as alumina at temperatures as 

high as 700 °C.7 

 In this work, it is shown through high-speed visualization that crystalline cellulose 

exhibits the Leidenfrost film boiling effect as a result of reactive gas and vapor 

production during the millisecond-scale liquid intermediate lifetime. Molten cellulose 

droplets are observed to lift off of high temperature surfaces (driven by off gas flow) and 

move erratically. With the introduction of macroporous heated surfaces, complete 

suppression of the Leidenfrost effect is observed, with product vapors flowing through 

surface pores. Collapse of the vapor layer suppresses droplet motion due to improved 

droplet/surface contact and increases the rate of heat transfer from the surface into the 

particle.   
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5.2 Leidenfrost Methods 

 Imaging of reacting particles was performed using combined high-speed 

photography and microscopy with a temperature-controlled reaction stage. A 90-degree 

mirror was used for profile visualization, allowing for determination of wetting behavior 

and contact angles of droplets. Microcrystalline cellulose with a 220 µm average particle 

diameter was impinged upon the hot stage, and the resulting liquid intermediate 

evaporation rate was measured for temperatures between 500 °C and 775 °C. 

Experiments were performed on a silicon surface polished to 5 µm surface roughness as 

well as silica and alumina particles that were pressed at 15 kpsi and calcined, creating a 

macroporous surface.  

Cellulose impinged on polished and porous heated surfaces was imaged via 

integrated high-speed photography and microscopy. Cellulose liquid intermediate 

lifetimes were quantified and particle-surface interactions, such as wetting/de-wetting, 

contact angle, and surface spreading were measured via imaging. Particle motion was 

characterized during Leidenfrost film boiling via individual particle tracking. 

Microcrystalline cellulose (Lattice NT-200, FMC-Biopolymer) was sieved to 200-

250 microns. Silicon surfaces (1 cm x 1 cm x 500 µm, Valley Design Corp.) polished to 

<0.1 µ-inch were used as pyrolysis surfaces. Porous surfaces were pressed at 15 kpsi 

using γ-alumina particles (Strem Chemicals, P/N: 13-2525) and silica particles (Sigma 

Aldrich, P/N: S5505) to form cylindrical discs, which were calcined at 1000 °C for 5 
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hours. Grade 5.0 nitrogen (99.999% purity) was purchased from Middlesex Gases & 

Technologies.  

For all experiments, a high-speed camera integrated with a microscope was used 

to image cellulose pyrolyzing on a temperature-controlled reactor stage. The Phantom 

eX2 high-speed camera was used to image particles at 1000 frames per second with an 

exposure time of ~100 µs. The camera was integrated with Olympus BX51 microscope 

5x and 10x objective lenses (Olympus MPLN5x, MPLN10x). Lighting was provided 

from a mercury light source (Prior Lumen 200). The reactor stage was constructed using 

a cylindrical steel block with two integrated cartridge heaters and an optical pyrometer 

(Impac IGA-50-LO Plus) to form a feedback control loop with a PID temperature 

controller. The pyrometer was focused on each of the pyrolysis surfaces placed directly 

on the heated steel block to ensure accurate surface temperature measurement. Particles 

were imaged from above, at an angle by tilting optics, and from a 90-degree profile view 

using an aluminum-coated optical grade mirror (Edmund Optics, 49-405). Nitrogen flow 

was provided from all sides at 30 sccm using a ring-shaped diffuser.  

The reactor stage and microscope setup was used in multiple configurations in 

order to visualize cellulose from the top, side, and at a 45-degree angle. The 

configuration presented in Figure 6-1 Awas used for the majority of experiments, 

including lifetime measurements, as well as overhead and 45-degree visualization. The 

angle of the microscope optics was altered in order to obtain the desired visualization 

angle. The configuration presented Figure 6-1B shows the experimental setup for 
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measuring and visualizing the surface-cellulose interactions. The setup was backlit for 

contact angle measurements. Nitrogen flow to ensure an inert environment for pyrolysis 

was provided using a ring diffuser with holes along the inside, as shown in Figure 6-1C. 

 

Figure 5-1 Cellulose pyrolysis visualization experimental setup. A. The experimental setup for 

overhead visualization included a heated surface controlled via PID feedback with an optical 

pyrometer as well as a high power light source to illuminate the cellulose particles on the surface. B. 

Profile imaging of cellulose for visualization and contact angle measurements was performed with 

the same setup pictured in panel A, but offset to direct optics through a 45 degree mirror, with light 

provided from behind the particle. C. A top view of the reactor stage shows a diffuser ring for 

providing uniform nitrogen flow from all sides surrounding the heated surface and cellulose. 
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To measure particle lifetime, cellulose particles were imaged from above as they 

pyrolyzed on each surface. A surface was placed on the reactor stage and allowed to 

reach thermal equilibrium, with the optical pyrometer aimed directly at the surface. 

Temperature measurements were performed without high-intensity lighting to reduce 

interference of microscope lighting on infrared temperature measurement. 5x microscope 

optics and high-intensity lighting focused at a 45-degree angle were used during cellulose 

pyrolysis imaging experiments. Between each particle experiment, nitrogen flow was 

turned off and residual char was burned off using a butane torch. The NIH program, 

ImageJ, was used to analyze image sequences by tracking apparent particle diameter as 

viewed from above with time. Evaporation rate was measured by manually tracing the 

area of the particle at which it was fully liquid and dividing this area by the time it took 

for the liquid to fully react. Cross-sectional area of pyrolyzing cellulose particles with 

time was measured with time by performing uniform contrast and brightness adjustment 

and applying ImageJ particle counting feature. Particle movement was quantified using 

the NIH ImageJ Manual Tracking plugin to trace particle motion with time.  

  In order to visualize pyrolyzing droplets from the side, 10x microscope optics 

were focused through a 45-degree mirror positioned adjacent to the heated surface. 

Images were backlit using the high-intensity light source. For angled visualization shown 

in Figure 1b, 1c, and 3b, 10x microscope optics were tilted to ~45 degrees and lighting 

was provided from a side angle.  
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Porous surfaces were characterized using optical surface profilometry and SEM 

(scanning electron microscopy). Surface profiles were obtained using a Keyence VHX-

5000 digital microscope with 200x optics. SEM images were obtained using a JEOL 

JSM-6500F under 100x and 1000x magnification and 5 kV accelerator voltage. 

Characterization of the surface roughness of porous samples was conducted in 

addition to optical profilometry and SEM. For the porous alumina surface, the primary 

average surface roughness was 1.71 µm and the waviness corrected average surface was 

0.84 µm. Measurements were performed using a Veeco VCM optical profilometer with 

20x optics and a scan distance of 243 µm. Waviness correction was performed using the 

algorithm provided by the Precision Engineering Division of NIST. 

 

5.3 Results & Discussion 

For cellulose impinging on a polished silicon surface, the solid particle transitions 

to a liquid droplet, after which the liquid droplet reacts to primarily form gases and 

vapors. The reactive evaporation rate, which correlates with the rate of heat transfer into 

the droplet,57 is defined as the change in mass of the cellulose droplet from the time it is 

completely liquid until it fully reacts divided by that time interval. For low temperatures 

(500-650 °C), intermediate liquid evaporation rate increases nearly linearly with 

temperature (Figure 5-2A). In this regime, liquid intermediate cellulose wets the surface, 

providing rapid solid-liquid heat transfer (Figure 5-2B). Receding contact angles for 

wetting intermediate liquid cellulose were 56-62 degrees. However, between 675 °C and 
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750 °C, the evaporation rate decreases with increasing temperature. At these 

temperatures, the rate of vapor and gas production is sufficient such that film boiling was 

observed, with a gas layer greatly reducing heat transfer between the surface and the 

particle. Above 750 °C, the intermediate liquid fully de-wets the surface and evaporation 

rate increases with further increases in temperature. For these conditions, intermediate 

cellulose liquid moved erratically on polished silicon surfaces. 
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Figure 5-2 Reactive Liftoff of Crystalline Cellulose Particles on Polished Silicon.  A. The rate of 

evaporation of initially crystalline cellulose particles (average 220 µm) varies by an order of 

magnitude as the intermediate droplet transitions from low temperature wetting (blue) to film 

boiling (black) and into the Leidenfrost regime (green). Error bars represent 95% confidence. B. 

Initially microcrystalline cellulose forms a melt (160 ms), wets polished silicon at 625 °C, and 

completely evaporates by 250 ms. See extended data for video.   C. Microcrystalline cellulose 

particles form a melt on polished silicon at 750 °C which lifts off the surface and moves out of frame 

(179 ms).  Scale bars = 100 µm. 

Additional experiments were conducted in order to identify the interactions 

between the cellulose droplets and each surface, shown in Figure 5-3. Room temperature 

contact angles were measured using water and ethylene glycol. The water contact angle 

measured for the polished silicon was greater than those for the porous surfaces, 
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suggesting that surface pores and roughness increase the wetting behavior. This trend was 

not present for reacting cellulose droplets, as all contact angles were approximately 60 

degrees, except for that of cellulose on a polished surface at 750 °C, which fully de-wet. 

Despite large differences in heat transfer into the cellulose droplet between polished and 

porous surfaces at temperatures between 600-700 °C, the contact angles remained 

relatively constant. 

 

Figure 5-3 Contact angle measurements for surfaces used in experiments.  Contact angle 

measurements vary between surfaces for water and ethylene glycol at room temperature, but remain 

relatively constant for cellulose reacting at various temperatures. Contact angles for particles in the 

Leidenfrost regime are reported as 180°, as they fully de-wet the surface. 

 The heat transfer curve measured in Figure 5-2A closely resembles those 

measured in conventional liquid evaporation Leidenfrost curves.58 Observed heat transfer 
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rates vary by nearly an order of magnitude as the particle is subject to transitioning 

modes of heat transfer. At low temperatures, solid-liquid conduction via wetting provides 

rapid thermal flux into the particle. With the onset of film boiling, convection through the 

gas layer becomes the dominant mode of heat transfer. This result indicates that, above 

650 °C, the lifetime of a reacting cellulose particle is determined by the rate of heat 

transfer into the particle. Reacting cellulose intermediate liquid differs from conventional 

Leidenfrost droplet volatile liquids in that the heat flux supplied to the droplet is balanced 

by both heat of vaporization as well as heat of reaction for cellulose.31  

 The uniqueness of a Leidenfrost cellulose particle undergoing reaction derives 

from the balance of surface heat transfer and biopolymer reaction rates.  Comparison of 

the timescale for reaction, based on cellulose pyrolysis kinetics,14,15 with the timescale for 

heat transfer to the droplet via a dimensionless ‘Reacting Leidenfrost” quantity, ϕRL = 

τconv/τrxn = ρCpLckrxn/h, provides two extreme conditions.  At small ϕRL, negligible 

reaction implies the heating of solid unreacting particles, whereas at large ϕRL, the particle 

fully reacts to a slowly evaporating liquid and may exhibit Leidenfrost behavior 

consistent with conventional liquids (e.g. methanol or water).  However, cellulose in the 

range of 500-700 °C as depicted in Figure 5-2 exhibits comparable heat transfer and 

reaction rates, 10-1 < ϕRL < 10+1, such that reaction, evaporation, and particle liftoff occur 

simultaneously. 

In the dimensionless equations, ρ is the cellulose density (ρ = 1000 kg/m3), Cp is 

the cellulose heat capacity (Cp = 2300 J/Kg-K), h is the convective heat transfer 
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coefficient between the surface and the cellulose particle (h = 104 W/m2-K), and krxn is 

the temperature dependent reaction rate. Lc is the critical length scale taken to be R/3, the 

ratio of the sphere volume (V = 4/3πR3) divided by the sphere surface area (A = 4πR2). 

Comparison of τconv and τrxn reveals that kinetics are rate determining at temperatures 

below 500 °C. At temperatures between 500-700 °C, the kinetic and convective time 

constants are of similar magnitude, indicating competing rate determining phenomena. At 

high temperatures (T > 700 °C), the reaction rate is sufficiently high such that the particle 

evaporation rate is determined by convective heat transfer from the surface to the particle. 

The evaporation rate shown in Figure 5-2A has units of milligrams of cellulose 

per second. This value is converted from the measured quantity of apparent change in 

area (mm2/s) by multiplying by the cellulose particle density (ρ = 1000 kg/m3) and the 

ratio of sphere volume divided by sphere cross-sectional area (Vsphere/CAsphere = 

(4/3)πR3/πR2). Although this assumes that the initial particle is spherical, this is not a 

requirement for the entire particle lifetime because the particle area was not tracked with 

time – the evaporation rate is represented by the change from initial to final cross 

sectional area (CAF = 0) over a measured lifetime. 

 The complexity of particle conversion results in dramatic variation in surface 

interaction. The apparent cross-sectional cellulose particle area as viewed from above and 

normalized to the original particle area was traced with time between 500 °C and 800 °C 

and plotted in Figure 5-4A. At 500 °C and 600 °C, the particle area first increases, as the 

intermediate liquid cellulose spreads to wet the polished silicon surface. This is followed 
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by rapid decrease in area as the intermediate liquid reacts, evaporates and shrinks. At 800 

°C – in the Leidenfrost regime – the particle does not spread to wet the surface and shows 

significantly reduced heat transfer as the particle slowly reacts. Even at 800 °C, the 

particle exhibits an overall lifetime similar to that observed below 600 °C. Figures 5-4B 

and 5-4C depict cellulose on a polished surface at 625 °C and 750 °C respectively, 

showing the qualitative differences between droplet spreading and wetting at lower 

temperatures and de-wetting in the Leidenfrost regime above 750 °C. Previous studies 

have shown that the vapor layer underneath a Leidenfrost droplet is very thin (particle 

radius >> vapor film height) for the majority of the droplet lifetime.59,60 As observed in 

figure 10c, the droplet height is on the same order of magnitude as droplet radius, 

indicating a substantial rate of gas and vapor production.  
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Figure 5-4 Individual Cellulose Particles on Polished Silicon.  A. Cross sectional area of cellulose 

particles (initially ~300 µm) normalized to initial values with reaction time (0-800 ms) for 500-800 °C 

on polished silicon. B. Profile images of particles at lower temperature (625 °C), which liquefy and 

wet with increased contact area before rapidly evaporating. See extended data for full video.  C. 

Profile images of particles at higher temperatures (750 °C), where crystalline cellulose liquefies and 

off gases at sufficient rate to lift molten cellulose droplets above the surface. 

 

 Expanded frames of cellulose particles on a polished surface at 500 °C and 625 

°C are provided in Figures 5-5 and 5-6. 
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Figure 5-5 Cellulose particle on polished silicon surface at 500 °C.  Frames show an angled view of 

cellulose pyrolyzing on a polished silicon surface at 500 °C. Scale bars = 100 µm. 
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Figure 5-6 Cellulose particle on polished silicon surface at 625 °C.  Expanded frames of images 

shown in Figure 5-2B show an angled view of cellulose pyrolyzing on a polished silicon surface at 625 

°C. Scale bars = 100 µm. 
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Deviation from the Leidenfrost curve in Figure 5-2A was observed when 

cellulose was pyrolyzed on porous pressed silica and alumina surfaces. Under these 

conditions, there was no observable transition to Leidenfrost behavior with increased 

temperature. As a result, the rate shown in Figure 11a is nearly linear with temperature 

across the measured range (500-750 °C). 

Additionally, at temperatures below 675 °C, the observed heat transfer rates are 

lower compared with those from the polished silicon surface, indicating a lower solid-

liquid heat transfer coefficient. However, at 775 °C, the heat transfer rate for the porous 

surfaces is higher than that observed for the polished surface. These results indicate that 

particle liftoff from vapor generation is completely inhibited across this temperature 

range, which agrees with previous work that suggests that vapors and gases from an 

evaporating liquid droplet penetrate into surface features, such as channels and 

macropores, thereby suppressing the Leidenfrost effect.54,55,61-65 In Figure 11b, a snapshot 

of a pyrolyzing cellulose particle on porous alumina at 750 °C, an expected Leidenfrost 

regime, shows no particle liftoff. 



 

 101 

 

 

Figure 5-7 Structured Surfaces for Suppression of Cellulose Particle Liftoff.  A. Cellulose particles 

(~220 µm) liquefy and evaporate at increasing rate as temperature increases on porous silica and 

alumina, with no measurable transition to film boiling. Error bars represent 95% confidence.   B-C. 

Droplet of molten cellulose on porous alumina (image and diagram). See extended data for full video.  

D. Position of cellulose particles on polished silicon (green) and porous alumina (blue) indicate 

suppressed liftoff and motion (skittering) on porous materials.  E. 3D profilometry of porous alumina 

indicates minimal surface roughness. F. Scanning electron micrograph reveals 1-5 µm macropores 

for sweeping product vapors away from particles. 
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Expanded frames of cellulose particles on a porous alumina and ZSM-5 surfaces 

at 625 °C and 750 °C are provided in Figures 5-8 through 5-11. 

 

Figure 5-8 Cellulose particle on pressed alumina porous surface at 625 °C.  Frames show an angled 

view of cellulose pyrolyzing on a porous alumina surface at 625 °C. Scale bars = 100 µm. 
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Figure 5-9. Cellulose particle on pressed alumina porous surface at 750 °C.  Expanded frames of the 

image shown in Figure 5-7B show an angled view of cellulose pyrolyzing on a polished silicon surface 

at 750 °C. Scale bars = 100 µm. 
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Figure 5-10. Cellulose particle on pressed ZSM-5 porous surface at 625 °C.  Frames show an angled 

view of cellulose pyrolyzing on a porous ZSM-5 surface at 625 °C. Scale bars = 100 µm. 
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Figure 5-11 Cellulose particle on pressed ZSM-5 porous surface at 750 °C.  Frames show an angled 

view of cellulose pyrolyzing on a porous ZSM-5 surface at 750 °C. Scale bars = 100 µm. 
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A common characteristic of droplets exhibiting the Leidenfrost effect is the 

‘skittering’ or dancing motion across the surface, as is commonly observed with a 

superheated water droplet on metal surfaces. Traces of individual particle motion from 

high speed imaging for cellulose and polished and porous alumina surfaces are shown in 

figure 5-7D, with each trace starting at the plot origin. Significant particle motion was 

observed for the polished surface, with droplets moving in a generally consistent 

direction once initiated. However, in the case of the porous surfaces, almost no particle 

motion was observed. Optical surface profilometry shown in 2D in Figure 5-7E and 3D 

in Figure 5-12 depicts flat surface topography, with peak to valley height of only 10-20 

µm, indicating that the surface of porous alumina was relatively flat compared to the 

length scale of cellulose particles.  

 
Figure 5-12. Two-dimensional profilometry of porous alumina. Three linear profiles of the surface of 

a porous alumina disc used as a pyrolysis surface show a peak to valley height of approximately 10 

µm, with a waviness corrected surface roughness of 0.84 µm. 

Dramatic difference in biopolymer behavior on heated, structured surfaces is 

integral to reactor design for utilization of natural resources such as biomass.  Industrial 

scale pyrolysis reactions are commonly carried out in the presence of pressed silica and 

x-coordinate [mm] 

z-
co

or
di

na
te

 [µ
m

] 



 

 107 

alumina based catalysts with macropores,20,66 while the majority of fundamental pyrolysis 

studies are carried out on smooth metal surfaces.6,52 The impact of porous structures and 

dramatic role of temperature on the de-wetting liftoff behavior of cellulose at high 

temperature allows for tuning to increase heat transfer and dramatically alter the 

throughput of biomass reactors, which are overall heat transfer limited systems.   

Alternatively, surface design to enhance cellulose particle liftoff has potential for 

separating biomass from product vapors, which could be used to separate inorganic 

material (ash such as SiO2) within biomass during reaction. Enhancement of biomass 

particle liftoff could reduce contact with solid surfaces, which serve as heterogeneous 

nucleation sites and lead to increased formation of molten cellulose aerosols. Design of 

structured surfaces and micro-ratchets for directing particle motion could also enable 

control of agglomeration for increased particle size, thereby controlling intermediate 

liquid lifetimes.67 Further research into cellulose liftoff will allow for design of structured 

surfaces for control of the Leidenfrost phenomenon. 
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6 Micro-Ratcheted Surfaces for a Heat Engine 

Biomass Conveyor 

6.1 Introduction 

Lignocellulosic biomass grows in sufficient quantities to impact fuel and chemical 

production68,69, but converting solid, low-density feedstocks to energy-rich liquids 

remains one of the major challenges of the 21st century. Implementation of 

thermochemical biofuels via pyrolysis, gasification, and torrefaction utilizes high 

temperature catalytic reactors to rapidly break down biomass within a few seconds for 

further upgrading and refining9,70. At temperatures exceeding 400 °C, thermolytic 

scission of biopolymers, achieved primarily through cleavage of ether linkages that 

connect biomass monomers, produces a volatile mixture of hundreds of organic 

compounds referred as ‘bio-oil’6,18,52. Optimization of pyrolytic chemistry can potentially 

occur through integration of catalysts and/or control of the reacting environment (e.g. 

rapid heat transfer)21,71, but limited understanding of the reactions, particles, and 

processing equipment has prevented significant improvements in thermochemical 

technologies for biofuels23,31. 

Advances in thermochemical biomass reactors will likely come from higher 

throughput and improved chemical control of reacting lignocellulosic particles, such as 

fibers and wood chips, via direct particle ablation. While fluid/bubbling bed reactors 

provide even, gas-to-solid heating of particles, ablative-type reactors utilize direct contact 
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between biomass particles and surfaces in a variety of methods such as screw and auger 

conveyors. Reacting particles in contact with engineered surfaces exhibit at least an order 

of magnitude faster heat transfer relative to hot gases72, allowing for rapid thermal 

pyrolysis to organic vapors and the potential for dramatically higher reactor space 

velocities. 

Despite the potential of new ablative reactor technologies, little is known regarding 

the behavior of lignocellulosic materials in contact with high temperature surfaces (>500 

°C). Woody fibers and grasses rich in carbohydrates, such as cellulose and hemicellulose, 

are known to thermally degrade to short-lived liquid intermediates with millisecond 

lifetime before evaporating to bio-oil7,19. Comprised of oligomers of the parent 

biopolymer, molten cellulose droplets have been observed to wet ceramic surfaces at 

moderate temperatures, coalesce, bubble, and spontaneously eject aerosols32. More 

recently, intermediate cellulose liquids were revealed to exhibit a ‘reactive Leidenfrost 

effect,’ whereby the droplet of molten cellulose levitates above polished silicon surfaces 

at temperatures exceeding 750 °C26. 

In this work, we demonstrate the first capability to control the behavior and motion 

of microcrystalline cellulosic particles using engineered surfaces at the conditions 

common to thermochemical reactors. As depicted in the photograph of Figure 6-1, a 

particle of cellulose about one millimeter in size is self-propelled on a hot surface (800 

°C) consisting of micrometer-scale ratchets67,73,74. Using backlit photography within an 

inert environment (nitrogen atmosphere), Figure 6-1 image depicts the heated ratchet 
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surface, the cellulose particle, and the particle’s orientation above the surface. 

Additionally, as the particle spontaneously moves from left to right, evolved organic 

chemicals form a vapor cloud contrail indicating the motion of the particle.   

 

Figure 6-1. Self-propelled crystalline cellulose particle on an 800 °C micro-ratcheted steel surface 

with back lighting.  The vapor contrail extending from the particle results from motion of the solid 

particle from left to right. 

6.2 Ratchet Reactor Design & Measurement Methods 

The motion of self-propelled cellulose particles was examined via high-speed 

photography conducted within a closed container filled with nitrogen gas to eliminate 

high temperature oxidation of organic vapors. A glass window above the surface allowed 
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for photography of the heated, ratcheted surface at either an angle (~45°) or from the side 

(0-5°). The microstructured surface was comprised of a stainless steel block (10.2 by 3.8 

by 1.9 cm), which was micro-machined with the ratchet pattern depicted in Fig. 6-2B; 

ratchets consisted of aligned rows of 400 µm by 100 µm triangles visible in the 

photograph of Fig. 6-2C. Two 500 watt heating cartridges were inserted into the stainless 

steel block, and the temperature was controlled by a PID control loop measuring the 

temperature of the middle of the block via a thermocouple within a thermowell. Spatial 

mapping of the heated surface via emission spectroscopy indicated even heating to the set 

point temperature +5 °C within the surface region used for experiments as depicted in 

Fig. 6-2D. Particles of cellulose were comprised of 1.0-2.0 mg of microcrystalline 

cellulose pressed into approximately one millimeter cubes.  

Experiments were conducted within a plastic container with flowing nitrogen gas 

to suppress oxidation reactions of cellulose pyrolysis vapors.  Nitrogen gas entering the 

experimental system flowed through a diffuser to eliminate gas currents within the 

system.  Independent experiments were conducted with water droplets on the ratcheted 

surface at 750 °C with and without nitrogen gas flow; the observed behavior of the 

droplets and the measured water droplet velocity was the same within experimental error 

with and without nitrogen gas flow.  A glass window on the top of the plastic box 

permitted high speed photography of the ratcheted surface.   
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The particles were dropped onto the surface from 0-1 cm above the reactor 

surface using tweezers. If the particle stuck to the tweezers, the tweezers were gently 

tapped together and pulled apart until the particle fell onto the surface.  

Videos were captured using a Phantom Miro eX2 high speed camera at 200 

frames per second. A Carl Zeiss Makro-Planar 2/100 ZF.2 lens was connected to the 

camera, and the camera was aimed down onto the reactor surface at a 45o or 0-5o angle. 

The sawtooth surface was machined to have a 1:4 aspect ratio with a 400 µm 

period and a 100 µm height. The reactor was a rectangular prism with dimensions 4 x 1.5 

x 0.75 inches (10.2 cm x 3.8 cm x 1.9 cm) and was made of stainless steel. Two holes 

were cut through the side (Figure 6-3) to insert two 500W CIR-20402/120V cartridge 

heaters.  The thermocouple measured temperature through the bottom face of the reactor 

in the center hole (Figure 6-3, right frame) for the PID system. The surface temperatures 

were calibrated for multiple temperatures using an infrared pyrometer (Impac IGA 50-LO 

Plus with optical head and light pipe) and the heat maps (Fig. 6-2D).  
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Figure 6-2. Self-Propelled Cellulose Particles on a Hot Ratcheted Surface.  A. Solid cellulose particles 

on a ratcheted surface move orthogonal to surface grooves with gas flow (red) along the grooves. B. 

Ratchets are comprised of micro-scale asymmetric triangles. C. Microscope image of the surface 

ratchets.  Scale bar = 1.0 mm. D. Spatial mapping of the ratchet reactor surface temperature shows 

temperature uniformity across the surface used for experiments. 

Position, X

A

CB

D 800 °C

750 °C

700 °C

650 °C

Nominal Temp. 800 °C 

Nominal Temp. 750 °C 

Nominal Temp. 700 °C 

Area used for experiments



 

 114 

The stainless steel reactor was insulated with calcium silicate and placed in a 

plastic container covered in mostly steel and some glass above the reactor to allow video 

recording. A nitrogen stream was plumbed into the side of the container with a valve and 

the gas flow is diffused by partially blocking the inlet with insulation, allowing many 

small openings to avoid any gas flow influence on the particle motion.  

  

Figure 6-3 Left. Stainless steel block with heating cartridge bore holes and micro-machined ratcheted 

surface for experimental study of self-propelled cellulose particles. Right. The bottom of the 

experimental steel block had five thermowells used for temperature control in a PID control loop. 

Particles of cellulose were prepared by pressing microcrystalline cellulose powder 

(FMC Bipolymer, Lattice: NT-200) between two metal plates. 900 mg of 425 - 500 µm 

diameter cellulose particles were pressed into a 1.0 mm thick, circular disk using a 1.0-

inch diameter steel mold. The particles were initially pressed with 20,000 lbs of force; 

these remained in the press for five minutes as the force slowly decreased to about 15,000 

lbs. After 5 minutes the disk was removed from the press and steel mold, and the 

thickness was measured to be 1.0 +/- 0.03 mm. Using a sharp blade knife, the cellulose 

disk was cut into 1.0 mm wide strips and the strips were then cut into approximately 1.0 
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cubic millimeter cubes. Each particle was weighed and found to be 1.0-2.0 mg (Figure 6-

4). The approximately 1.0 mm side length covers about 2-3 saw teeth, which is desirable 

for directed motion on a ratchet75. 

 

Figure 6-4 Histogram of Cellulose Particle Mass. 

6.3 Results & Discussion 

In the experiments depicted in Fig. 6-5, cellulose particles were dropped using 

tweezers (visible in the first frame) to impact the ratcheted surface (800 °C) with minimal 

horizontal momentum; this moment was identified as time zero in panels A and B. In Fig. 

6-5A, sequential image frames in increments of 250 milliseconds obtained from low-

angle photography with backlighting clearly show that the particle accelerates; the 

particle is farther apart in each subsequent frame. Additionally, the particle becomes 

increasingly blurry in sequential frames as it accelerates, and in some images, the vapor 
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contrail following the particle is visible as a result of the back lighting. While the solid 

cellulose particle is moderately translucent, the bottom of the particle appears dark, 

consistent with formation of intermediate liquid cellulose. In all frames, the particle 

appears to sit on top of the ratchet points; insufficient resolution exists to determine the 

spacing between the ratchet point and the liquid at the bottom of the particle. 
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Figure 6-5 Photography of Self-Propelled Cellulose Particles on 800 °C Surface. A. A particle of 

cellulose moves across a ratcheted surface viewed from a low angle (0-3°) with backlighting. B. View 

from higher angle (~45°) with front lighting. The ratchets are visible as dark, vertical stripes. C. A 

particle of cellulose is propelled up the ratcheted surface inclined 5°.  Image scale is provided by the 

visible ratchets. 
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The full motion of cellulose particles is visible when viewed from above with front 

lighting as depicted in Fig. 6-5B. As shown in sequential frames, cellulose particles move 

orthogonal to the ratchet wells with only minimal movement parallel to the wells. When 

viewing the complete set of sequential images in the video, more complex behavior is 

observed such as particle rotation. Moderate rotation is visible in the frames of Fig. 6-5B. 

Additionally, particles will undergo periods of aggressive acceleration, followed by a 

collision between the solid cellulose particle and the solid ratchet. After the surface 

collision, particles will either slow or stop before undergoing a second period of 

aggressive acceleration. In Fig. 6-5B, a surface collision occurred between 150 ms and 

300 ms; continuous acceleration was observed from 300 ms to 400 ms. 

The periods of rapid, smooth particle acceleration were characterized by measuring 

particle positions with time. As shown in Fig. 6-6A, the position of four different 

particles at 760, 770, 780 and 800 °C indicate that increasing temperature produces 

increased particle acceleration. For each data set, a simple model depicted as a parabolic 

line assumes continuous particle acceleration. Comparison between the model and the 

fine structure of the experimental data reveals the complex behavior of vibrating and 

rotating of the solid particle while maintaining overall approximately constant 

acceleration. The position and acceleration of about ten particles was characterized at 

each temperature, and the resulting particle force was determined by Newton’s law as 

shown in Fig. 6-6B. Between 760 and 800 °C, particles exhibited accelerations of 0.05-

0.20 m/s2, and the force applied to the particle due to the ratchet surface more than 
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doubled from about 80 nN to 200 nN. Particles were never observed to achieve a terminal 

velocity. 
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Figure 6-6  Cellulose Particle Acceleration and Measured Surface Forces. A. Particles of cellulose 

exhibited increasing rates of acceleration as the surface temperature increased from 760 °C (red), 

770 °C (blue), 780 °C (green), and 800 °C (black).  B. Variation of ratchet surface temperature (760-

800 °C) resulted in a two-fold increase in the net force (propelling force, FP, minus resistive force, FR) 

applied to cellulose particles (75 < FP - FR < 200 nN). Additional force is gravity, FG.  Error bars 

represent a 90% confidence interval. 
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The behavior of self-propelled cellulose can be interpreted from similar motion of 

liquid water on ratcheted surfaces74. Volatile liquids exhibiting the Leidenfrost effect are 

known to exhibit levitation above non-porous surfaces with gas/vapor production rates 

sufficient to propel droplets in random directions76. However, Link et al. have discovered 

that ratcheted surfaces directly control droplet motion in the direction across the long face 

of the asymmetric ratchet as depicted in Figure 6-2A74,77. It has since been concluded that 

vapor production and flow over the ratchet is the primary cause of motion. Heat 

conducted within the thin film layer from the surface leads to vapor generation, which 

supports the droplet.  The ratchet serves to rectify the vapor, such that it flows along the 

longer ratchet surface and exhibits viscous stress on the levitating droplet propelling it 

forward56,74,77. This mechanism was further supported with vapor flow tracking by high 

speed photography and flow simulation78,79. 

The mechanism by which cellulose particles are propelled is likely similar to that 

proposed by Linke et al. with the additional complexity of the reaction chemistry 

associated with conversion of solid cellulose to intermediate liquid cellulose and 

subsequent vapor generation below the particle. In a similar analysis by Dupeux, et al.78, 

the Reynold’s number characterizing the vapor flow below the particle is obtained from 

the ratio of inertia (of order ρU2/λ) with viscous resistance (of order ηU/h2), where ρ is 

the vapor density, U is the average vapor velocity, h is the thickness of the vapor film, η 

is the dynamic viscosity, and λ is the long ratchet dimension of 400 µm. The Reynolds 

number Re=ρUh2/ηλ is then calculated from estimated parameters pertaining to the 
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cellulose pyrolysis vapor within the film between the particle and ratchet surfaces. Using 

the measured particle velocities of ~3 cm/sec as the approximate characteristic velocity 

and the film thickness of ~50 µm above the ratchet surface, the resulting Reynolds 

number is 0.01 < Re < 0.1, indicating the importance of viscous stress on the particle 

from organic vapor flow. 

The viscous fluid beneath the solid/liquid cellulose particle propels it forward via 

shear force. As shown previously74,78, Poiseuille flow resulting from a pressure 

differential between the top and the bottom of the ratchet applies viscous stress to the 

bottom of the particle.  Using the method of Linke et al.74, the horizontal propelling force, 

FP, force is estimated as,  

   𝑭𝑷 =   𝟎.𝟓𝑨eff  𝒉
𝒅𝑷
𝒅𝒙

𝐜𝐨𝐬   𝜽     Equation 2 

where Aeff is the total area of the particle above multiple ratchets (~1-5 mm2), h is the 

thickness of the vapor layer between the particle and ratchet surface (~10-50 µm), θ is the 

angle of the ratchet incline (14°), and (dP/dx) is the pressure drop along the long face of 

the ratchet surface with length, λ=400 µm, as depicted in Fig. 6-2B. Quéré and co-

workers have shown that the pressure gradient below the particle results from opposing 

the particle weight, and (dP/dx) can be estimated as Mg/R2λ, where M is the mass of the 

particle (~1.0 mg), and g is the acceleration due to gravity. When combined with 

equation (1), the propelling force is estimated as, 

  𝑭𝑷 =
𝝅
𝟐
𝒉𝑴𝒈
𝝀
𝒄𝒐𝒔 𝜽      Equation 3 
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For the considered range of estimated parameters, the propelling force is of the 

order of 100 nN to about 1.0 µN, which encompasses the range of the observed forces 

determined from the measured particle accelerations in Fig. 6-6. The particle will also be 

subjected to both a resistive viscous vapor drag force as well as aerodynamic drag with 

the surrounding nitrogen gas as depicted in Fig. 6-7. Both resistive forces are expected to 

be small relative to FP
77,consistent with the experimental observation that the particles 

were not observed to achieve terminal velocity. 
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Figure 6-7 Viscous mechanism of self-propelled cellulose.  A. Heat conducted across the thin vapor 

region between the particle and ratcheted surface thermally pyrolyzes solid cellulose to form 

intermediate liquid cellulose, which eventually reacts to form organic vapors.  Vapor flow below the 

particle is directed forward by the ratchet, and viscous stress between the ratchet surface and liquid 

cellulose propels the droplet.  B. Microscope images of pressed cellulose particles.  Scale bar = 500 

µm. 

The hot, ratcheted surface could potentially be utilized with lignocellulosic 

biomass by increasing either the mass of applied particles or their applied force to the 

Solid-to-Liquid Reaction Front

Particle Motion

Liquid

Heated Surface, 800 °C

h

λ

A

B

Stagnant Nitrogen



 

 125 

ratcheted surface.  Lignin and lignocellulose particles have also been shown to liquefy at 

pyrolysis/gasification conditions and aggressively produce gases and vapors necessary 

for the reactive Leidenfrost effect7,80.  While the apparent force of particles measured in 

this work appears low (~80-200 nN for ~1 mg cellulose particles), this range of forces is 

in accordance with previously studied systems of liquid droplets on hot ratchets when 

scaling for the droplet size and applied droplet/particle pressure to the surface. As 

previously described, an increase in the force normal to the ratchet surface has been 

shown to increase the propelling force by two orders of magnitude from 1 µN to 100 

µN78. Heavier particles will exhibit greater propelling force as predicted in equation (2). 

Water droplets on ratcheted surfaces examined by Linke et al. exhibited propelling forces 

of ~1-10 µN, but the droplets of 2-8 mm diameter weighed considerably more (~10-100 

mg) than the cellulose particles examined here. Similarly, an increase in weight of larger 

biomass fibers (1-2 mm diameter, 1-2 cm length), stalks, and wood chips as well as the 

aggregate weight of a mixture of particles as exists within an auger/conveyor or reactor 

will increase the normal force to the ratchet surface and further enhance the viscous 

propelling force. 

Applying the ratcheted surface to industrial biomass systems could enable a high 

temperature biomass conveyor with no moving parts. For example, application of ratchets 

to the inside surface of heated tubes oriented such that particles on the surface are 

propelled forward could allow for continuous flow of wood fibers lubricated by reactant 

gases. With a mixture of biomass fibers, the bulk of the mass can serve to push the 



 

 126 

external layer of fibers against the ratchets, thus enhancing the propelling viscous force.  

As shown in Fig. 6-5C, cellulose fibers will flow up an incline, indicating that the viscous 

propelling force can overcome the resistive force as well as the resistive component of 

the gravitational force. The ability to inject a complex mixture of solid particles with poor 

flow characteristics could improve the design of auger reactors or even eliminate the need 

for solid injectors in high temperature reactors such as pyrolyzers or gasifiers. However, 

it remains to be explored how more complex biopolymer mixtures behave on a ratcheted 

surface or if the insight gained from simple ratcheted topologies examined here can be 

translated to real biomass systems such as tubular geometries. 

6.4 Particle Tracking 

As depicted in Figure 6-5, particles of cellulose were observed to move left to right 

in videos.  Approximately 10 videos were collected at each temperature in 10 °C 

increments (760-800 °C).  Examples of frames from six videos (Figure 6-5) are depicted 

with approximately equal temporal spacing.  In each video, the cellulose particle is 

visible as a white, reflective solid about 1-2 mm in diameter. The ratchets are visible as 

vertical stripes.  In all videos, negligible particle movement is observed vertically along 

the ratchet well.  Particle position with time was obtained via Phantom Camera Control 

particle tracking software. 
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Figure 6-8 Self-Propelled Cellulose on Ratcheted Surfaces.  Six videos of cellulose on hot ratcheted 

surfaces (760 – 800 °C) were selected to show the movement of cellulose particles.   
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7 Conclusions 

This thesis investigated the millisecond-scale reaction kinetics, heat transfer, and 

particle interactions that govern biomass pyrolysis. Design of new techniques such as 

PHASR and particle visualization enabled accurate measurement of millisecond-scale 

phenomena, leading to enhanced understanding of biomass pyrolysis. 

Design of the PHASR reactor enabled the first-ever experimental measurement of 

cellulose pyrolysis kinetics and transport limitations within reacting cellulose. Validation 

of PHASR design was performed to ensure effective collection of reaction-limited 

chemical kinetics, free of heat or mass transfer limitations. 

Implementation of the PHASR technique employing seperando principles enabled 

decoupling of reaction kinetics from chemical analysis. Application of the PHASR 

technique for the study of cellulose pyrolysis revealed a reactive melting point for 

cellulose, demonstrating for the first time a shift in the mechanism by which cellulose 

reacts. 

Visualization of reacting cellulose particles was performed to measure heat 

transfer properties into reacting cellulose and identified the onset of Leidenfrost film 

boiling in reacting cellulose particles. Modification of surface properties, including 

surface type and porosity, was performed in order to control film-boiling, showing that 

the phenomenon could be suppressed completely. 

The Leidenfrost behavior of cellulose particles on asymmetric ratchets was 

visualized to show that rectified pyrolysis vapors propelled cellulose particles 
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orthogonally to surface ratchets, motivating design of new ablative reactor technologies 

with no moving parts. Measurement of propelling forces provided a baseline for 

continued development toward a heat-engine style Leidenfrost ratchet reactor.  
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