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Abstract 

Biomass fast pyrolysis has considerable potential for the production of renewable fuels 

and chemicals. Despite pyrolysis being studied for more than a hundred years, only a few 

commercial pyrolysis processes exist as the optimal feedstock composition and reaction 

conditions for this process remain unknown. The lack of process optimization can be 

attributed to the multiscale complexity of the process. During pyrolysis the constituents of 

biomass are fragmented in a matter of seconds through thousands of chemical reactions, 

that occur in multiple phases, and are simultaneously competing with various heat and mass 

transfer processes. All of these fundamental phenomena are understood poorly within 

pyrolysis literature. Pyrolysis is further complicated by alkali and alkaline earth metals that 

are naturally present in lignocellulosic biomass. These metals are known to alter pyrolysis 

chemistry and catalyze the initial breakdown of the polymer constituents of biomass. The 

main objective of this thesis was to investigate the mechanistic role of alkaline earth metals 

on the initial fragmentation of cellulose, the main component of biomass. 

Fundamental knowledge into pyrolysis chemistry has been limited previously due to 

an inability to obtain intrinsic kinetic, a critical tool used to validate reaction mechanisms. 

The requirements for proper measurement of high temperature (>400 °C) biomass 

pyrolysis kinetics are presented. Most importantly, these requirements mandate that for 

proper measurement of kinetic data, experimental techniques must heat and cool reaction 

samples sufficiently fast to elucidate the evolution of reaction products with time, while 

also eliminating substantial reaction during the heating and cooling phases. The ability of 

the PHASR (Pulse Heated Analysis of Solid Reactions) micro-reactor technique and other 
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common pyrolysis reactor techniques to satisfy these requirements was discussed. PHASR 

can thoroughly satisfy all the requirements for measuring pyrolysis kinetics unlike other 

conventional reactor techniques.  

The PHASR technique was then utilized to study the kinetics of calcium assisted 

activation of cellulose. Conversion of calcium doped films of α-cyclodextrin, a known 

cellulose surrogate, was measured over a range of reaction temperatures (370-430 °C) and 

calcium concentrations (0.1-0.5 mmol Ca2+/g CD). The rate of conversion of α-

cyclodextrin was significantly accelerated by the presence of calcium. Activation was 

shown to have a second order rate dependence on calcium concentration, suggesting the 

involvement of two calcium ions in the mechanism. First principle density functional 

theory calculations were performed on calcium catalyzed glycosidic bond cleavage and 

depict calcium as having two catalytic roles of disrupting hydrogen bonding in the cellulose 

matrix and stabilizing the transition state. The energetics from experiment and 

computations agree closely representing the first atomistic mechanism of metal catalyzed 

activation utilizing both experiments and computations.  

Kinetics of magnesium assisted activation were then measured with PHASR 

experiments to discern any effects from the size of the catalytic ion on activation chemistry. 

PHASR experiments were performed in identical temperature and metal concentrations to 

the calcium experiments. Magnesium assisted activation exhibited identical behavior to the 

calcium case with energetics of activation matching within experimental error.  
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Chapter 1: Introduction 

 

Rapid increases in the global population and the industrialization of non-developed 

nations have led to surging demands for energy. Worldwide energy usage is predicted to 

increase by about 50 % or 250 quadrillion British thermal units by the year 2050.1 Meeting 

this demand, combined with efforts to combat global climate change has promoted 

development of renewable and sustainable energy technologies. Lignocellulosic or 

nonedible biomass has received considerable attention as a potential renewable feedstock 

to help meet this demand.2 The main appeal of lignocellulosic biomass is that it is a cheap 

carbon based feedstock (~ $0.1 /lbm carbon) that can directly produce liquid transportation 

fuel without drawing from traditional food sources.3,4 Global interest and development in 

lignocellulosic biomass technologies is apparent with international governments such as 

the European Union proposing strategies where 25% of all transportation fuels are 

produced from biomass by the year 2030.5  

Biomass can be converted into fuels or chemicals through thermochemical processes 

such as pyrolysis or gasification, or through fermentation and enzymatic biological 

routes.6–8 Fast pyrolysis of lignocellulosic biomass is of considerable interest towards the 

production of liquid fuels. During pyrolysis, solid biomass is heated between 400 to 600 

°C in inert atmosphere and the constituents of biomass undergo rapid thermal 

decomposition to produce a wide array of organic volatile compounds, permanent gases 

and solid charcoal.9–11 Once the organic volatile compounds are condensed, they form bio-
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oil which can then undergo catalytic hydrotreatment to produce liquid fuel or other 

chemicals.12–14  

While pyrolysis has considerable appeal to directly produce renewable liquid fuels 

through a relatively low capital intensive process, there are currently only a few 

commercial pyrolysis processes. However, there is a considerable amount of engineering 

and optimization of pyrolysis processes that can be developed to improve the commercial 

appeal of this technology. In particular, the ideal process conditions (e.g. reactor type/ 

configuration, reaction temperature and pressure, etc.) to maximize the overall yield and 

stability of bio-oil have still yet to be determined, demonstrating the vast amount of 

engineering that can still be achieved. One major limitation towards complete process 

optimization for pyrolysis is a limited understanding of the fundamental processes 

occurring while deconstructing biomass.15,16 During pyrolysis there are a significant 

amount of competing physical and chemical processes transpiring; various heat and mass 

transfer processes occur along with thousands of simultaneous chemical reactions that are 

occurring within all three phases of solid, liquid and gas.17–19 Each of these fundamental 

processes has a significant effect of the final quality and yield of bio-oil but current process 

models are unable to account and understand how all of these fundamental processes affect 

the final product state.  

An additionally complexity is the variable composition of different lignocellulosic 

feedstocks. Lignocellulosic materials are generally composed of three strongly connected 

biopolymers; cellulose, hemicellulose and lignin. The structure and amount of these 

biopolymers varies with each feedstock.20,21 For example, softwoods are typically 
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composed of greater amounts of lignin than hardwoods and softwood lignin is mainly 

composed of only coniferyl alcohol units, while hardwood lignin contains a mix of 

coniferyl alcohol and sinapyl alcohol units.22,23 Similarly, the chemical structure and 

composition of hemicelluloses can vary significantly between different feedstocks.20 It is 

then evident that the chemistry and other fundamental processes during pyrolysis will be 

different for each feedstock due to the varying composition and chemical functionality 

within each biopolymer. Lignocellulosic feedstocks also contain significant amounts of  

inorganic elements such as; silicon, alkali and alkaline earth metals (e.g. calcium or 

potassium), and transition metals like iron or copper. These metals have a significant effect 

on pyrolysis chemistry, and are generally viewed to reduce the yield of bio-oil while 

increasing the amount of char formed during pyrolysis.24,25 Unfortunately, current process 

models do not sufficiently incorporate how the starting feedstock composition influences 

the chemistry and final result of pyrolysis. 

Moving forward, it is pertinent that pyrolysis models accurately describe these 

fundamental processes and incorporate how the starting feedstock composition influences 

these processes and the final process yields. To expand these models, new experimental 

and computational approaches are required. These approaches must be able to carefully 

examine each of these aspects without having experiments and results be convoluted by 

the other various factors and phenomena occurring during pyrolysis.  
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Chapter 2: Thesis Scope and Objectives 
 
 

Biomass pyrolysis has been a heavily studied process with publications dating back to 

as early as the 1850’s.26 Despite extensive studies into the fundamental chemistry of 

biomass pyrolysis there is no complete model to describe the full chemical reaction 

network. Studies looking to provide insight into the fundamental chemistry frequently 

focus on the cellulose component of lignocellulosic biomass.26–28 Cellulose is a long 

straight polymer of glucose monomers connected by β-1-4 glycosidic linkages. Cellulose 

is mainly studied since it is the most abundant component of lignocellulosic materials (40-

60 wt. %), and is chemically and structural consistent among all lignocellulosic materials, 

unlike the hemicellulose and lignin fractions of biomass.20,21 Thus, using cellulose as the 

starting reactant allows for probing the majority of the chemistry during biomass pyrolysis. 

The results from experiments pyrolyzing cellulose can then be applied to reaction network 

models for individual feedstocks and then the effects from the other components on the 

reaction chemistry can be accounted for in a more facile manner.  

Over the last forty years, numerous studies have helped develop a general reaction 

sequence for how cellulose pyrolysis chemistry proceeds. Once cellulose is rapidly heated 

to typical reaction temperatures, the polymer chains breakdown to form a short lived (<100 

milliseconds) intermediate liquid phase that is a mixture of depolymerized cellulose, and 

dissolved gases (CO, CO2).17,29–31 From this intermediate liquid, char, permanent gases 

(CO, H2, CO2 etc.), and organic volatile compounds are formed. The organic volatile 

compounds, sometimes referred to as tars, are general group into product classes such as 
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anhydrosugars, furans, pyrans and light oxygenates. After formation, these organic volatile 

compounds can further react to produce additional amounts of char, light oxygenates and 

permanent gases. Conventionally, the formation of the intermediate liquid and the initial 

formation of products from this liquid are classified as primary reactions. Any subsequent 

reactions of the primary products are classified as secondary reactions.  

While many publications have detailed possible reaction pathways in cellulose 

pyrolysis, reaction models are still missing key pieces of information. In particular, the 

chemical mechanisms of important reaction steps; such as the initial fragmentation of the 

starting polymer chain or the formation of the main products such as levoglucosan and 

furans are not completely detailed, leading to numerous and conflicting reaction 

models.16,32–35 Complete mechanistic models have not been developed due to conventional 

experimental techniques inability to collect chemical kinetic data during typical process 

conditions. Insufficient kinetic data is problematic as kinetics are frequently used to support 

chemical mechanisms by constructing reaction rate expressions (i.e., reaction rate orders), 

comparing measured apparent activation energies with the energetics from 

computationally proposed mechanisms, and providing mechanistic explanations 

determined from kinetic isotope effect experiments.36–39 

Currently, most studies utilize techniques such as thermogravimetric analyzers, single-

shot drop furnaces, flash bulb pyrolyzers, and resistively heated surface pyrolyzers.15,40–44 

With each of these systems, cellulose is heated to a desired temperature in inert atmosphere, 

rapidly fragments and the resultant gaseous products are measured using analytical 

equipment, typically gas chromatographs couple to mass spectrometers.  The subsequent 
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cellulose weight loss or final product yield data is then retroactively fitted to solve for 

kinetic parameters and create overall kinetic models. This approach frequently results in 

lumped kinetic models, such as the Broido-Shafizadeh mechanism, where specific product 

classes are “lumped” (e.g. gases, tars, char) to fit kinetic parameters.45–47 Many models 

have been proposed with a variety of overall reaction schemes, but there is no consensus 

on a valid model as these models can have kinetic parameters differing by orders of 

magnitude.  

There are numerous factors hindering the ability to obtain kinetic data and elucidating 

pyrolysis chemistry. First, the high temperatures required for cellulose pyrolysis (> 400°C) 

provide a greater amount of energy to break chemical bonds than is required for many of 

the proposed elementary reaction steps, making it challenging to narrow a list of possible 

reaction mechanisms. Second, pyrolysis product mixtures are quite complex and contain 

hundreds of various organic compounds that have a variety of chemical functionality.6,48 

Complete quantification of these mixtures through gas chromatography is analytically 

intensive; where proper quantification requires each product in the mixture to be identified 

and calibrated individually compared to standards that must be purchased, isolated or 

synthesized. This analytical challenge often leads to erroneous quantification of some 

products and leads to errors when measuring kinetic parameters. Third, pyrolysis is a rapid 

process with the reaction going to completion within a couple seconds. Thermogravimetric 

analyzers are really only suitable for slow pyrolysis (< 200 °C) as they can only heat 

samples with maximum heating rates of 200 °C/min, and only reach desired reaction 

temperatures by the time significant amount of reaction has already occurred.49 
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Additionally, the quick reaction times challenges the other main techniques as the 

analytical equipment coupled to these reactors require hours to perform the methods that 

quantify products during an experiment.19 This mismatch of time-scales renders it 

impossible to obtain time resolved kinetic data, and thus intermediate chemical species 

cannot be identified or quantified with these techniques. The last challenge is experiments 

use cellulose powder samples whose thicknesses are on the order of millimeters. On these 

length scales, samples can exhibit large temperature gradients and induce additional 

secondary reactions when formed products diffuse from the sample, altering product 

distributions significantly.19,50 Thus, kinetic data is often convoluted by these physical 

processes and requires methods to decouple heat and mass transfer from the intrinsic 

chemistry. New experimental techniques that overcome all of these challenges are required.  

With improved experimental methods capable of measuring intrinsic kinetics, one of 

the more important reaction steps, the activation of cellulose, can be elucidated. Activation, 

sometimes referred to as initiation, has been heavily studied in the literature since 

comprehension of initial cellulose fragmentation will allow for some insight into the 

identity of the intermediate melt phase and how desired products are formed from this 

intermediate state.15 Activation has been proposed to occur via heterolytic or homolytic 

radical cleavage, water catalyzed hydrolysis, concerted transglycosylation and many 

others.28,39,51–53 Activation mechanisms have been proposed a wide range of kinetic 

parameters, with activation energies ranging from 10 – 240 kJ/mol and first-order kinetic 

frequency factors differing by orders of magnitude. This wide range of proposed kinetics 

clearly demonstrates how the complexity of pyrolysis hinders the ability to probe intrinsic 
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chemistry. The ability to properly elucidate this mechanism and others is dependent on 

obtaining proper intrinsic kinetic data.     

An additional complication while studying cellulose pyrolysis chemistry and the 

initiation mechanism is the presence of inorganic metals in lignocellulosic biomass. These 

metals, in particular alkali and alkaline earth metals like potassium, calcium, and 

magnesium, behave as catalysts and alter cellulose pyrolysis product distributions 

significantly.24,54–56 The majority of literature shows these metals increase the yield of char 

and light oxygenates and decrease the yield of anhydrosugars and furans. This result is 

undesirable for biofuels and chemicals production as bio-oil yield should be maximized. 

Studies examining weight loss data of cellulose impregnated with these metals observe 

catalytic effects on the initial decomposition of cellulose, where the temperature that 

maximum weight loss occurs at shifts to lower temperatures with the addition of metals.57,58  

Similar to non-catalyzed pyrolysis chemistry, catalytic chemical mechanisms are not 

accurately described and the role of these catalysts are solely based on differences in 

product yields. Useful intrinsic kinetic data would enable better understanding of the role 

of these metals, as any differences in the kinetics (e.g. activation energy or frequency 

factor) in the presence of these metals can be quantitatively discerned and changes in 

chemical mechanisms can be proposed. While most pundits believe these metals are an 

inhibitor on pyrolysis technologies and should be extracted from biomass before the 

process, only partial removal of these metals can be achieved with any economic chelating 

pre-treatment process and any removal is still an added cost to the process.59 The lack of 

knowledge of how these metals alter pyrolysis chemistry still leaves the possibility that 
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these metals could promote a more desirable (e.g. more deoxygenated) bio-oil product and 

additional studies into their effects are required. 

Therefore, this work will provide information of the effects that natural inorganic 

metals have on pyrolysis chemistry. The first part will focus on the recently developed 

reactor technique known as the Pulse Heated Analysis of Solid Reactions (PHASR), and 

its usefulness for studying cellulose pyrolysis chemistry. The next two sections will utilize 

this technique to study how calcium and magnesium, two naturally occurring alkaline earth 

metals in biomass, effect the initiation or thermal activation of cellulose during pyrolysis. 

This work will provide the first known mechanism that describes the role of these alkaline 

earth metals on activation, and will be supported by both experimental and computation 

evidence. 
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Chapter 3: Pulse Heated Analysis of Solid Reactions (PHASR) 

 

3.1: Introduction 
 
 

Previous attempts to elucidate the reaction kinetics of pyrolysis have led to inconsistent 

results that have been reactor and study specific. These inconsistencies are the direct result 

of the complexity of the fundamental processes involved in pyrolysis. The hundreds of 

chemical reactions occurring simultaneously with mass and heat transfer on a millisecond 

timescale convolutes the intrinsic reaction chemistry. Additionally, improper 

quantification of the products composing pyrolysis oils have led to further inconsistencies. 

Proper measurement of the reaction kinetics involved in cellulose pyrolysis requires new 

experimental techniques to overcome these challenges. 

The development of three experimental techniques over the past nine years has 

greatly impacted the ability to measure kinetics for this complex process. The first of 

these is the advent of thin-film pyrolysis by Mettler et al.19 In thin-film pyrolysis, 

cellulose samples are deposited inside the reactor as micron thick thin films as compared 

to the traditional powder samples that are on the order of millimeters. Micron thick 

samples increase the rate of heat and mass transfer by orders of magnitude allowing 

experimental results to only be controlled by the reaction chemistry. The second 

technique is the Quantitative Carbon Detector or Polyarc detector produced by Activated 

Research Company and is an add-on to flame ionization detector in gas 

chromatograms.60–62 The Polyarc operates by taking all the individual carbon containing 

compounds of the reaction mixture upon separation by the chromatography column and 
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completely converting them individually to methane before their individual responses are 

measured by the flame ionization detector. Each compound can then be easily quantified 

by normalizing the detector response to the number of carbons each chemical species 

contains. This technique allows for reaction mixtures to be analyzed quickly and with 

improved accuracy as the only compound that must be calibrated is methane and methane 

has the most ideal response in flame ionization detectors preventing typical analytical 

errors when analyzing reaction mixtures. Maduskar et al. demonstrated the usefulness of 

this technique on analyzing pyrolysis oils in 2014.60  

The third technique is the PHASR technique first demonstrated by Krumm et al. in 

2016.63 PHASR utilizes rapid thermal pulses of thin-film samples to control the reaction 

progress on a millisecond basis. This allows for the reaction to be sampled on the 

appropriate time scales, and temporally resolved kinetic data can be obtained. In this 

chapter, a more detailed assessment of the PHASR technique’s efficacy for studying 

cellulose pyrolysis chemistry is provided. Five criteria to properly measure biomass 

kinetics are outlined and the ability of PHASR to satisfy these criteria are detailed.  
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3.2: PHASR Design 
 
 

In the PHASR method, biomass samples are subjected to rapid thermal pulses of square 

waves with prescribed temperature and duration. The reactor incorporated millisecond 

heating and cooling of samples within a sealed vessel consisting of two parts as shown in 

Figure 3-1A: (i) an upper chamber with heating element, biomass sample, temperature 

measurement by optical pyrometry, and helium sweep gas flow, and (ii) a lower chamber 

with continuous flow of silicon-based coolant maintained at 3 ˚C. The reactor housing in 

the upper chamber includes electrical leads (pass-through copper wired) and a 1000 Hz 

optical temperature measurement, which form a control loop when integrated with a 2000 

Hz PID controller as shown in Figure 3-1A. The upper and lower chambers were thermally 

connected using a composite layer of: (a) 250 μm copper microstructured heat exchange 

surface, (b) 250 μm aluminum nitride ceramic, and (c) 100 μm passivated steel resistive 

heating element. The unique design of PHASR reactor allows heating, temperature control, 

and cooling of thin film samples in millisecond timescale at the required reaction 

temperatures. A complete description of the PHASR device is available in prior work.63 
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Figure 3-1. PHASR Reactor Design and Method. (A) Exploded diagram of the PHASR (pulse-

heated analysis of solid reactions) system. Biomass film samples on a heating element are attached 

to electrical leads within a helium-flow chamber; gas/vapor effluent flows into a gas 

chromatograph. The lower chamber contains continuously flowing silicon-based coolant. (B) Gas 

flow chamber contains curved metal contacts connecting copper electrical leads and the heating 

element. Multiple layers of heating element, indium foil, aluminum nitride and a copper micro-

channel cooling block transport heat between the gas and liquid chambers. Optical pyrometer in 

yellow measures the temperature at 1000 Hz. (C) Top-down view of the heating element and 

temperature map in the PHASR reactor. Vapor products are exposed to high temperature only 

above the heating element and lower temperatures downstream to minimize secondary reactions.  
Reused with permission from Maduskar, S.; Facas, G. G.; Papageorgiou, C.; Williams, C. L.; Dauenhauer, 

P. J. Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics 

of Lignocellulosic Biomass. ACS Sustain. Chem. Eng. 2018, 6 (1), 1387–1399. Copyright 2018 Americal 

Chemical Society. 50   
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3.3: PHASR Evaluation for Measuring Pyrolysis Reaction Kinetics† 
 

3.3.1: Small Biomass Length Scale 
 

Biomass pyrolysis consists of a multi-phase, complex reaction network. Solid- and 

liquid-phase chemistries are convoluted with transport phenomena (conductive and 

convective heat transfer as well as liquid-phase diffusion).64 It is necessary to conduct 

experiments with isothermal reacting samples devoid of heat and mass transport 

limitations. Mettler et al. illustrated this requirement by introducing reaction-transport 

diagrams, as shown in Figure 3-2, which compares the pyrolysis reaction rate with 

convective and conductive heat transfer rates via dimensionless quantities (pyrolysis 

numbers, PyI, PyII and Biot number, Bi). PyI is the ratio of reaction and conduction time 

scales, PyII compares of reaction and convection time scales, and Bi relates conduction and 

convection time scales. Pyrolysis experimental techniques traverse two reaction regimes 

by varying the characteristic length scale of the biomass samples at 500 ˚C.15 For biomass 

particles, larger than one millimeter, the hot external surface reacts while the inside of the 

particle remains cold (Py << 1, Bi >> 1). For experiments utilizing biomass samples with 

characteristic lengths in the range of 10 μm to 1.0 mm, convection, conduction, and 

reaction rates are all within two orders of magnitude of one another. Therefore, thin film 

samples with characteristic length scale (film thickness) smaller than 10 μm are needed for 

studying isothermal reaction chemistry at pyrolysis temperatures. 

 

                                                           
† The work in this section was performed alongside Dr. Saurabh Maduskar. 
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The requirement for short length scales on the order of tens of microns was 

demonstrated experimentally for cellulose pyrolysis chemistry. Long-chain cellulose 

polymer initially decomposes into shorter polymers and monomer products through 

primary reactions. These primary products further react in a liquid intermediate phase and 

Figure 3-2. Pyrolysis Transport Map. Relative rates of biomass reaction and heat transfer by 

conduction or convection at 500 ˚C are compared in terms of Pyrolysis number and Biot number; four 

pyrolysis regimes are identified (clockwise from top left): isothermal and reaction-limited, reaction-

limited, conduction-limited and convection-limited.  
Reused with permission from Maduskar, S.; Facas, G. G.; Papageorgiou, C.; Williams, C. L.; Dauenhauer, P. 

J. Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of 

Lignocellulosic Biomass. ACS Sustain. Chem. Eng. 2018, 6 (1), 1387–1399. Copyright 2018 Americal Chemical 

Society.50   
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vapor phase through secondary reactions. By comparing product yields for powder 

(millimeter-sized non-isothermal samples which are transport-limited) and thin-film 

(micrometer-scale films which are isothermal) pyrolysis, it was shown that sample 

dimension drastically affects reaction pathways. For example, levoglucosan (the most 

abundant product of cellulose pyrolysis) yield differs significantly between conventional 

powder pyrolysis and thin-film pyrolysis (49% for powder; 27% for thin-film at 500 

˚C)19,50. The effect of sample length scale on reaction kinetics was further demonstrated by 

measuring pyrolysis reaction rates for product formation using PHASR with varying 

sample thickness.63 For cellulose samples thicker than 70 μm, the formation rate of 

products at 500 ˚C was shown to steadily decrease as the sample thickness increased 

indicating heat transfer limitations. 

3.3.2: Temperature Measurement and Thermal Control  
 

Due to the significant variation in reaction rate due to small changes in temperature, 

measurement of biomass sample temperature and control is critical for kinetic analysis. 

For high temperature reactions, such as fast pyrolysis, sensitivity, response and location 

of temperature measurement must be appropriate to accurately capture reaction 

temperature. In addition, the method of temperature measurement should not impact 

reaction chemistry.  

In experimental studies using a thermogravimetric analyzer (TGA), the biomass 

sample temperature is assumed to be the same as the heating source temperature. In a 

recent review article, Lédé has demonstrated that assuming biomass sample temperature 

to be the same as the heat source temperature may lead to considerable errors in kinetics 
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experiments.65 In a conventional TGA, the temperature difference between the heat 

source and biomass sample significantly increases with heating rate and can theoretically 

be as large as 100 °K.65 In other commercial micro-reactor systems, such as a furnace 

pyrolyzer (Frontier Laboratories) and filament pyrolyzer (CDS analytical), sample 

temperature cannot be measured directly, and it is assumed that the biomass sample 

temperature matches the furnace/coil heating source temperature. The inability to directly 

monitor reaction temperature has led to several methods of approximation of effective 

reaction temperature which can lead to uncertainties in kinetic analysis.66  

The PHASR and wire-mesh reactors both use an optical pyrometer to monitor reaction 

temperature.44,63 This method is fast (response time 180 μs) and enables temperature 

measurement at a targeted spot of a biomass sample. In addition, this method was shown 

to be unaffected by the presence of pyrolysis vapors and aerosols generated during 

reaction.67 In the case of the wire-mesh reactor, the biomass sample distribution on the 

mesh was found to significantly affect temperature gradient in the sample. Even with a 

uniform distribution of biomass over the entire mesh surface, temperature was found to 

fluctuate as much as 35 ˚C.44 Given the temperature sensitivity of the pyrolysis reaction, 

this variation can induce significant error in kinetic measurements. In the PHASR reactor, 

uniform deposition of thin-film samples of biomass on smooth, highly conductive heating 

elements of carbon steel leads to negligible temperature variation across a sample; this 

design leads to an accurate temperature measurement within ± 3 ˚C. In addition, the 

PHASR reactor has a millisecond temperature control loop. A high frequency pyrometer 

(1000 Hz) coupled with high frequency PID controlled power supply (2000 Hz) can control 
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heating pulse and reaction progression at the millisecond time scale. By this design, the 

control system responds at least an order of magnitude faster than the reaction. 

 

3.3.3 Temperature Ramp during Heating  
 

To develop an accurate measurement of pyrolysis reaction kinetics, the extent of 

conversion of the biomass sample during the heating and cooling time should be negligible 

as compared to the extent of reaction during the isothermal reaction time period.  

For a given chemical reaction with known kinetic parameters, the minimum 

temperature ramp required (H [=] K·sec-1) can be calculated at a specific reaction 

temperature such that total conversion during heating and cooling is minimal (<5 %). 

Differential conversion dx during heating for a first order reaction can be defined as,  

dx
(1 − x) = Aexp �−

Ea
R(To + Ht)�dt                                                     (3-1) 

 

where A is the Arrhenius pre-exponential factor; Ea is activation energy; R is universal gas 

constant; To is initial temperature (room temperature); H is temperature ramp in (K/sec), 

and t is time in seconds. Integrating equation (1) from 𝑡𝑡 = 0  to t = (Treaction-To)
H

 , the required 

value of H for a given Treaction such that conversion 𝑥𝑥 ≤ 5% can be obtained. Using the 

kinetics of conversion of α-cyclodextrin, a known cellulose surrogate as shown in Figure 

3-3, the linear thermal ramp during heating required for limited conversion is calculated 

from Figure 3-4A for relevant target reaction temperatures (410 < T < 530 ˚C).68 To study 

biomass reactions occurring at 500 ̊ C, the linear temperature ramp of a solid lignocellulose 

sample must be faster than 7250 ˚C/sec. 
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Figure 3-3. Kinetics of Cellulose Activation.  Data points indicate the first order rate coefficient 

of the conversion of cellulose surrogate α-cyclodextrin at varying temperature. The conversion of 

α-cyclodextrin exhibits two kinetic regimes with a transition point around 467 ˚C, indicative of a 

change in the mechanism of glycosidic bond cleavage. Error in the apparent activation energy 

represents a 90% confidence interval.  
Reused with permission from Maduskar, S.; Facas, G. G.; Papageorgiou, C.; Williams, C. L.; Dauenhauer, 

P. J. Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics 

of Lignocellulosic Biomass. ACS Sustain. Chem. Eng. 2018, 6 (1), 1387–1399. Copyright 2018 Americal 

Chemical Society.50   
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Figure 3-4B compares heating temperature profile of various biomass pyrolysis 

reactors from To = 25 ̊ C to Treaction = 500˚C. Thermogravimetric analyzers (TGA) can attain 

a maximum heating ramp (in red) of 200 ˚C/min, which is three order of magnitude lower 

than the required heating rate (in black). To characterize the Frontier micropyrolyzer, 

thermal measurement combined with computational fluid dynamics modeling of the gas 

flows within the reactor drop-tube furnace was used to determine a maximum temperature 

Figure 3-4. Required Heating Rate for Biomass Sample Pyrolysis. (A) Required temperature 

ramp during heating at a given reaction temperature with negligible conversion (𝑥𝑥 ≤ 5%) 

calculated by equation 3-1. (B) Comparison of biomass sample temperature profile during heating 

in different pyrolysis reactors.  
Reused with permission from Maduskar, S.; Facas, G. G.; Papageorgiou, C.; Williams, C. L.; Dauenhauer, 

P. J. Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics 

of Lignocellulosic Biomass. ACS Sustain. Chem. Eng. 2018, 6 (1), 1387–1399. Copyright 2018 Americal 

Chemical Society. 50   
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ramp of the reactor cup of 200 ̊ C/sec.69 In a similar study evaluating the filament pyrolyzer 

CDS Pyroprobe 5000, which allows the user to set the nominal heating rate to 20 ˚C/ms 

(20,000 ˚C/s) on the platinum coil, it was found that the heating rate does not represent the 

heating rate on the sample itself. For a heating rate set point of 20,000 ˚C/s (in the coil), 

the fastest measured heating rate at sample center was 216.4 ˚C/s and the average heating 

rate was around 131.1 ˚C/s at atmospheric pressure.70,71 As depicted in Figure 3-4B, these 

effective sample thermal ramping rates for Frontier micropyrolyzer (in blue) and CDS 

pyroprobe (in green) are significantly lower than the required temperature ramp and 

heating rates. The effective heating rates in resistively-heated wire-mesh (in yellow) and 

PHASR (in violet) reactor systems are comparable to the required heating rates. 

Table 3-1 lists experimental reactors used to study biomass pyrolysis and the measured 

thermal ramp during heating. The maximum operating temperatures meeting this 

requirement for different systems are well below the pyrolysis temperature, which suggests 

that at high temperatures significant portion of the overall conversion occurs at a lower 

temperature than the final desired temperature. 
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Table 3-1. Pyrolysis Reactor Performance and Thermal Limitations. Four fast pyrolysis 

reactors (TGA - thermogravimetric analysis, the Frontier Micropyrolyzer, Pyroprobe, and PHASR 

- Pulse-Heated Analysis of Solid Reactions) expose a sample to a heating ramp rate. The “suitable 

temperature” is the maximum temperature below which negligible reaction of the biomass sample 

occurs during the heating phase. 

Technique Heating Ramp Rate  
[˚C/sec] 

Suitable Temperature  
[˚C] 

TGA 3.34 <212 

Frontier 180 <351 

Pyroprobe 216.4 <359 

PHASR 15,800 <521 
 
 
3.3.4 Online Detection and Temperature Ramp during Cooling  
 

Measurement of the reaction kinetics of solid particles requires the ability to track the 

progression of reaction with time. While most experimental reactor systems conducting 

pyrolysis chemistry only allow reactions to progress to temporally characterize gas and 

vapor pyrolysis products. By the first method of ‘online detection,’ a pyrolysis reactor is 

coupled with an online analytical technique such as mass spectrometry; the evolving 

distribution of chemical species is then quantified in real time. An alternative method 

quenches the reacting solid sample, thereby limiting the extent of conversion to a pre-set 

time interval.  

For either experimental method, the integrity of the experimental data relies on the 

ability to effectively measure the time-resolved composition of evolving product species. 

For the online detection method, the complex evolution of organic vapors and gases must 

be transferred from the pyrolysis reactor to the detector without significant mixing. 
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Alternatively, experimental methods that quench a reacting solid must cool sufficiently fast 

to prevent significant low temperature chemistry. Due to the existence of two different 

experimental methods, the fourth requirement is split into two alternative restrictions, 4A 

and 4B.  

Requirement #4A: Online detection. The challenge associated with online pyrolysis 

characterization arises from the combination of a pyrolysis reactor with an analytical 

system capable of quantifying the evolving chemical mixtures. As depicted in Figure 3-5, 

the time scales of reaction and chemical analysis can be compared for common techniques. 

While many changes occur on the order of seconds or kiloseconds with conventional 

heterogeneous catalytic systems, the transient nature of particle pyrolysis occurs in 

milliseconds. With regards to chemical analysis, gas and liquid chromatography are 

capable of separating, identifying, and quantifying complex mixtures arising from 

pyrolysis, but they are too slow (τGC ~ ks) to couple with reacting biopolymers. 

Spectroscopic techniques such as infrared, UV/visible, or nuclear magnetic resonance are 

faster (τspec ~  s), but they are incapable of resolving and quantifying 10-100 simultaneous 

organic compounds. Mass spectrometry techniques such as TOF-MS approaches the time 

scales of pyrolysis (τMS ~ 50 ms), but it is incapable of scanning a sufficient mass-to-charge 

(m/z) range at this rate to quantify 50+ organic compounds evolving over 10-50 

milliseconds. 



24 
 

Temporal characterization of the pyrolysis of biomass can potentially be implemented 

by combining a high temperature flow reactor with online mass spectrometry (τMS ~ 10 

ms) as shown in Figure 3-6A, provided the time-resolved reactor effluent stream does not 

mix prior to characterization. This system exhibits three rates relevant to the 

characterization process: (a) the rate of volatile product formation, (b) the rate of sample 

mixing, and (c) the rate of transfer between the reactor and the detector. If the rate of 

volatile product formation and the rate of transfer between reactor and detector is 

significantly greater than the rate of mixing, the detector will temporally-resolve a 

Figure 3-5. Disparity in time scales of polymer reactions (in milliseconds) and conventional 

analytical techniques (in seconds and kiloseconds) underscores the need of reaction quench at the 

millisecond time scale.  
Reused with permission from Maduskar, S.; Facas, G. G.; Papageorgiou, C.; Williams, C. L.; Dauenhauer, 

P. J. Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics 

of Lignocellulosic Biomass. ACS Sustain. Chem. Eng. 2018, 6 (1), 1387–1399. Copyright 2018 Americal 

Chemical Society.50   
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composition stream comparable to the rate of reaction. Integrity of the temporal 

composition stream from the reactor to the detector can be characterized via dimensional 

analysis. Figure 3-6B compares relative rates of the three processes in terms of ratios of 

characteristic time constants of reaction to diffusion (x-axis) versus transfer to diffusion 

(y-axis). The relative rates of the system will depend on reaction characteristics (k, D), and 

design parameters (l, u), where k is the pyrolysis reaction rate coefficient, D is the axial 

diffusion coefficient, l is the length of the transfer tube, and u is the velocity of the fluid in 

the transfer tube. The time scale of reaction, τrxn, is characterized by the inverse of the rate 

coefficient, k [=] s-1. Solid reactions exhibit complex kinetics which can be approximated 

as zero, first, or second order systems. Cellulose has been shown to exhibit both first and 

zero order of furan formation kinetics, with measured rate parameters for initiation reaction 

as 0.3 < k < 20 s-1 for 380 < T < 500 ºC corresponding to 0.05 < τrxn < 3.3.  

The residence time of the transfer between the reactor and detector, τres =l·u-1, is 

calculated as the transfer line length, l, divided by the transfer fluid (e.g. helium) velocity, 

u.  
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Mixing of the temporally-evolving sample of organic products from pyrolysis can 

occur within the reactor, at the reactor exit, within a tubular transfer line, and at the inlet to 

the detector. The extent of mixing can be estimated as axial diffusion of vapors within inert 

gases transferred between the reactor and the detector using diffusion coefficient D ~ 1·10-

Figure 3-6.  Design Requirement for a Reaction-Detector Coupled System. (A) Schematic of 

high temperature pyrolysis reactor with online mass spectrometry. (B) Comparison of relative time 

scales of diffusion and residence time within the transfer line (τres/τdiff) versus diffusion in the 

transfer line and reaction rate in the reactor (τrxn/τdiff). The viable region corresponds to the operating 

conditions such that the rate of diffusion is at least two orders of magnitude lower than both rate of 

reaction and rate of product transfer between the reactor and detector. Operating points are selected 

for different reaction and design parameters as described in the supporting information (Table 3-

2). (C) Simulated detector signal for a non-viable operating point C for a zero-order reaction profile. 

(D) Simulated detector signal for a non-viable operating point D for a first-order reaction profile 

(E) Simulated detector signal for a viable operating point E for a first-order reaction profile. 
Reused with permission from Maduskar, S.; Facas, G. G.; Papageorgiou, C.; Williams, C. L.; Dauenhauer, 

P. J. Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics 

of Lignocellulosic Biomass. ACS Sustain. Chem. Eng. 2018, 6 (1), 1387–1399. Copyright 2018 Americal 

Chemical Society.50   
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5 m2sec-1. The time constant of mixing, τdiff = Lc
2·D-1, can then be calculated as the ratio of 

the square of the characteristic length, Lc, divided by the diffusivity, D. The characteristic 

length of the evolving organic sample is calculated as Lc  = u·k -1  (for a first order reaction), 

such that the time constant of mixing is calculated as τdiff = u2·D-1·k-2. A zero order reaction 

has a characteristic length of the evolving organic sample calculated as Lc = u·k-1·C0
-1.  

The region of viable operation was identified in Figure 3-6B such that rate of diffusion 

is at least two orders of magnitude lower than both rate of reaction and rate of product 

transfer. 

A set of experimental and reaction conditions (D, u, l, k) correspond to an operating 

point on Figure 3-6B with coordinates of corresponding relative rates. It is evident from 

the trend in Figure 3-6B that the operating point can traverse from ‘non-viable’ to ‘viable’ 

region by decreasing transfer line length (l) and increasing velocity (u). Each of the 

operating points on Figure 3-6B can be calculated from the values of experimental 

operating conditions (u,l) and reaction parameters (k, D). It should be noted that D also 

depends on temperature and pressure in the transfer line. 

 Red series of operating points was generated using following conditions: D = 

1·10-5 m2
·sec-1, k = 12 sec-1, l = 1·10-1, and u = 0.02 to 2 m/sec (For example, 10-

100 ml/min flow in 1/8” tube).  

 Blue series of operating points was generated using following conditions: D = 

1·10-5 m2
·sec-1, k = 12 sec-1, l = 1·10-2, and u = 0.02 to 2 m/sec (For example, 10-

100 ml/min flow in 1/8” tube).  
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 Green series of operating points was generated using following conditions: D = 

1·10-5 m2
·sec-1, k = 0.3 sec-1, l = 1·10-1, and u = 0.02 to 2 m/sec (For example, 10-

100 ml/min flow in 1/8” tube).  

Three different operating points (C, D, and E) were chosen with the conditions in Table 

3-2 for simulating the observed response of the detector. Simulated response was calculated 

by solving the diffusion equation for plug flow in a pipe with axial diffusion, D, for the 

given initial conditions (e.g. first order, zero order at time zero). 

Table 3-2. Experimental Conditions and Reaction Parameters used to Calculate Operating Points. 

          * Assumes C0 = 1 

Figure 3-6C, D, and E depict a simulated response of an online mass spectrometer 

corresponding to different experimental conditions. Experimental condition points C and 

D fall in the ‘non-viable’ region and lead to a corrupted compositional profile. For the 

experimental conditions of point E with viable operating parameters, the reaction profile is 

retained. 

Mixing of the temporally-produced composition profile can derive from many sources 

and limit the capability of online chemical detection techniques. Composition profiles mix 

within the reactor, upon the entrance to a sample transfer line, within a transfer line, and at 

the exit of the transfer line. As depicted in Figure 3-6C and D, even minimal mixing can 

Point 
Diffusion 

Coefficient, D 
m2·sec-1 

Velocity, u 
 m·sec-1 

Transfer line 
length, l  

m 

First order reaction 
rate constant, sec-1 

C 1 · 10-5 2 · 10-2 1 · 10-1 12* 
D 5 · 10-5 2 · 10-2 1 · 10-1 12 
E 1 · 10-5 1 · 10-2 1 · 10-1 0.3 
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significantly corrupt a kinetic measurement. In particular, sharp transitions in concentration 

resulting from either zero order (3-6C) or first order (3-6D) pyrolysis kinetics rapidly mix 

with the carrier gas (e.g. helium) and reduce the value of the initial reaction rate. Due to 

the challenge associated with mixing combined with the requirement of fast chemical 

characterization, direct coupling of fast pyrolysis at 500 ˚C (τrxn ~ 10 ms) with online 

chemical analysis is not well suited for the analysis of complex chemical mixtures that 

evolve faster than the current detection rate.  

Requirement #4B: Temperature ramp during cooling (cooling rate). Temporal analysis 

of pyrolysis products becomes feasible with analytical pyrolysis reactors that have an 

additional reaction quench process. By stopping the solid chemistry at short time scales, 

the resulting product gases, vapors, and solid residue (i.e. char) can be characterized with 

extent of reaction (i.e. time), provided the quench is sufficiently fast. This approach 

decouples the time scale of reaction (millisecond) from the time scale of analysis 

(kiloseconds for chromatography).  

The required temperature ramp during cooling (i.e. cooling rate) can be identified as 

the rate that results in negligible feedstock conversion during the quench process. This rate 

is calculated for a given solid pyrolysis reaction using the method of equation 1. Figure 3-

7A shows the required thermal ramp rates during cooling for cellulose pyrolysis at relevant 

reaction temperatures (400-530 ˚C). Calculations used kinetic parameters previously 

measured with cellulose conversion kinetics.68 It should be noted that the minimum 

required cooling rate decreases as the reaction progresses due to a decrease in reaction rate 

with increase in conversion. From Figure 3-7A, it is apparent that the required cooling rate 
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for cellulose that has already achieved 30% conversion is higher than that of cellulose that 

has already achieved 40% conversion. Also, at 0% conversion, the required cooling rate is 

identical to the required heating rate at a given reaction temperature. 

Figure 3-7B compares temperature profiles during cooling for different reactors from 

Treaction = 500˚C to To = 25 ˚C. The convective cooling rate achieved with carrier gas in 

TGA (not shown) and wire-mesh reactors (in red) are extremely low as compared to the 

required cooling rate for Treaction = 500 ˚C at 30% conversion (in black). In a Frontier 

micropyrolyzer, the reaction mixture can be cooled using compressed air or Nitrogen 

circulating through a metallic tube around the furnace tube. The reported cooling rate of 

30 minutes from 600 ˚C to 50 ˚C (in red) is four orders of magnitude lower as compared to 

required cooling rate.72 The PHASR system uses high velocity Syltherm heat transfer fluid 

circulating through a micro-heat exchanger directly in contact with the sample. This unique 

feature of PHASR enables rapid cooling rates (in violet) which are comparable to the 

required cooling rate (in black).  

 

 

 

 



31 
 

 

3.3.5 Sweep Gas Flow Rate  
 

In the complex reaction network of cellulose thermal degradation primary products 

formed by glycosidic bond cleavage can evaporate or undergo secondary reactions in the 

intermediate liquid phase to new volatile vapor products. Additionally, the volatile 

products can further undergo degradation in the vapor phase through gas-phase reactions. 

Secondary reactions in the intermediate liquid phase can be eliminated by using thin film 

Figure 3-7. Cooling Rate Requirement of Kinetic Biomass Pyrolysis Reactor. (A) Required 

temperature ramp during cooling, at a given reaction temperature and conversion, to achieve 

negligible conversion during cooling (𝑥𝑥 ≤ 5%) calculated by equation 3-1. (B) Comparison of 

biomass sample temperature profile during cooling in different pyrolysis reactors.       
Reused with permission from Maduskar, S.; Facas, G. G.; Papageorgiou, C.; Williams, C. L.; Dauenhauer, 

P. J. Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics 

of Lignocellulosic Biomass. ACS Sustain. Chem. Eng. 2018, 6 (1), 1387–1399. Copyright 2018 Americal 

Chemical Society.50   
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samples. Thin film samples (< 70 microns) 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.  

To minimize the vapor phase reactions, the reactor sweep gas flow rate should be 

sufficiently high to reduce residence time of vapor products. Residence time of vapors in 

the furnace-type Frontier micropyrolyzer was experimentally measured using iodine 

crystal volatilization.69 Based on visual observation, it was found that vapor residence time 

can be as high as 85 seconds, which will lead to vapor phase reactions during pyrolysis 

experiments. The residence time was found to be dependent on geometry and type of 

sample cup holder.  

The PHASR microreactor was designed to eliminate mixing, and gas flows and 

chamber design enable laminar flow with low residence times. For the selected sweep gas 

flow rates 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. 

Laminar flow ensures that entrained volatile organic products only flow to the reactor exit. 

Additionally, the use of a heating element distinct from the reactor body ensures that the 

sweep gases and entrained vapors are not exposed to the maximum reaction temperature. 

As depicted in the temperature map of PHASR in Figure 3-1C, vapor products are exposed 

to high temperature only above heating elements and are exposed to lower temperatures 

downstream which minimizes secondary reactions. At the same time the downstream 

temperature is high enough to avoid condensation of high molecular weight products.  
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In this chapter, five requirements for measuring biomass pyrolysis kinetics were 

identified as: a short sample length scale, fast heating and cooling rates (or minimal sample 

mixing for online detection), direct thermal measurement and control, and high product 

sweep gas flow rate. Performance of five different analytical pyrolysis reactors was 

compared with respect to the required criteria for each of the identified parameters. As 

depicted in Table 3-3, the PHASR technique demonstrated capability for achieving all five 

design criteria relative to other conventional reactors and is the most suitable for reaction 

kinetic measurements of biomass pyrolysis. 

Table 3-3. Characteristics of High Temperature Biomass Pyrolysis Reactors. 

Pyrolysis Reactors Sample Length Heating Rate 
(˚C /sec) 

Cooling 
Rate 

(˚C /sec) 

Temperature 
Measurement 

Gas-Phase 
Residence 

Time 
Requirement 10-100 microns 7250 5236 Rapid, Direct Milliseconds 

Thermogravimetric 
Analyzer 

millimeter 3.34 - Slow, Indirect Seconds 

Frontier 
Micropyrolyzer 

millimeter 180 0.31 Slow, Indirect Seconds 
 

Pyroprobe millimeter 216.4 - Slow, Indirect Seconds 
 

PHASR < 70 microns 11875 3167 Fast, Direct 10 ms 

Wire-Mesh 
Reactor 

millimeter 6600 0.52 Fast, Direct milliseconds 
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Chapter 4: Calcium Assisted Activation of Cellulose 

4.1: Introduction 

Thermochemical conversion of biopolymers such as cellulose, composed of long linear 

chains of D-glucose units connected by β-(1,4)-glycosidic linkages, is a promising route to 

renewably produce an array of C5-C6 oxygenates that can be catalytically upgraded to 

fuels and chemicals.6,10,27 Fast pyrolysis is one such thermochemical conversion 

technology, wherein cellulose rapidly fragments into gases, monomers (such as 

levoglucosan), char, and light oxygenates at temperature between 400-600 °C.2,14,26,73 

While fundamental insight into the molecular transformations of lignocellulose is critical 

towards further optimization of pyrolysis, detailed chemical insight remains in its nascent 

stages. The lack of sufficient progress in fundamental insight can be attributed to the dual-

challenge of: (1) describing the transformation over the short time scales (milliseconds) 

over which pyrolytic reactions occur, and (2) the complex macromolecular structure of the 

feedstock and resulting mixture of products.15,49,74 This complexity not only makes it 

particularly difficult to quantify the conversion of cellulose but also presents problems in 

building realistic computational models to probe proposed mechanisms.  

Challenging lignocellulosic feedstocks also have varying amounts of alkaline earth and 

alkali metals, such as calcium, magnesium & sodium, which chemically influence the 

composition of the final product yields and the overall rate of cellulose breakdown.24,55,75,76 

Little is known of the mechanisms by which these natural metal catalysts interact and 

accelerate chemical pathways in cellulose decomposition. Existing studies focusing on 

catalyzed breakdown use thermal analysis techniques such as TGA and DSC to show that 
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these metals reduce the onset temperature where cellulose degradation occurs in addition 

to reducing the temperature where maximum degradation occurs.57,77 There remains a clear 

need for a deeper understanding into the mechanisms and catalytic roles of these metals. 

While the techniques discussed herein can be applied to studying any part of the 

cellulose reaction network, the initial step of glycosidic bond activation is the focus of this 

this chapter due to its key role in determining the overall rate of conversion and the final 

product speciation.45,78 Moving towards a more detailed, molecular-level understanding of 

activation kinetics requires a combination of experimental and computational techniques 

that are capable of addressing the dual challenges of short reaction timescales and complex 

macrostructures. Previous experimental studies use product yield data from heat-transfer-

limited experiments at complete conversion to fit kinetic parameters for a proposed 

chemical mechanism.32,46,79 However, this approach does not include information on 

individual reaction pathways in addition to the kinetics of cellulose conversion and product 

evolution, thereby requiring complex reaction models to rely entirely on a large number of 

computed kinetic parameters that cannot be experimentally validated.47 Alternatively, the 

microreactor Pulse Heated Analysis of Solid Reactions (PHASR) was developed by 

Krumm et al. using a combination of thin film techniques and rapid pulse heating/cooling 

to start and stop reactions with a temporal resolution as small as 20 milliseconds.63  As 

shown by previous experiments, PHASR provides temporally-resolved reaction kinetic 

data absent heat and diffusion transport artefacts, thereby permitting direct comparison 

between experimentally-measured reaction rates and computed mechanisms.49,50,63 
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Accounting for complex structures of the feedstock is an issue receiving increased 

attention with the advent of increased computational resources to perform quantum 

chemical calculations.80 Hosoya et al. were one of the first to show that accounting for 

complex H-bonding networks that arise out of the crystalline structure of cellulose Iβ can 

lead to increases in activation barriers by almost 10 kcal/mol.39 Seshadri et al. have also 

shown that small alcohols and water could potentially interact with these complex 

feedstocks during pyrolysis and aid in reaction.81 In addition to these penalties to the 

activation barrier, recent studies have also shown that new catalyzed pathways for cellulose 

activation can exist at lower temperatures (<467 C) due to the unique catalytic role of 

vicinal hydroxyl groups in the cellulose matrix.68,82 These features of pyrolytic chemistry 

are not accounted for with simple reaction models and can only be probed via the use of 

explicit modeling of the environment surrounding the reacting cellulose chains. More 

specifically, if one considers the binding of metal ions to different parts of the cellulose 

matrix, the degree of complexity in the models will not only dictate the location of stable 

binding sites, and hence influence catalysis, but also secondary effects such as re-

organization of H-bonding networks. These metal-driven phenomena and their effect on 

the surrounding reaction environment can be modeled using explicit cellulose sheets. 

In this work, the conversion kinetics of α-cyclodextrin (CD), a known cellulose kinetic 

surrogate, were measured using PHASR in the presence of calcium, one of the natural 

metal cations known to accelerate cellulose decomposition kinetics.19 The PHASR 

microreactor allowed for the generation of time-resolved conversion data of α-cyclodextrin 

at varying temperatures (370-430 °C) and calcium concentrations (0.1-0.5 mmol/g CD). 
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Using the time resolved conversion data, the kinetics for calcium catalyzed cellulose 

activation were fit to reveal the energetics for metal-catalyzed cleavage of glycosidic 

bonds. In conjunction with these experimental studies, first principles density functional 

theory (DFT) calculations were performed to identify favorable metal binding positions as 

well as nature of the active sites. Various mechanisms were evaluated where up to two 

calcium ions can participate in the cleaving of glycosidic bonds. This allowed for the 

elucidation of the primary catalytic role of calcium as well as a secondary role that calcium 

contributes in disrupting H-bonding networks and thus influencing kinetics. This chapter 

presents the first such study on intrinsic cellulose activation kinetics in the presence of 

metal salts and sheds light on the unique roles that metal ions can play in enhancing 

reactivity. 
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4.2: α-Cyclodextrin as a Kinetic Surrogate for Cellulose 

Measuring the kinetics of activation of cellulose requires the capability to monitor the 

conversion of cellulose during reaction. This is an experimental challenge as cellulose 

cannot be quantified with traditional analytical techniques due to cellulose’s poor solubility 

in water and other common organic solvents. Previous works studying cellulose activation 

use the change in sample mass during the experiment to probe the conversion of cellulose 

and model the kinetics of activation.45,47 This approach is inadequate since solid char is 

produced during pyrolysis. During reaction, the measured mass will have contributions 

from the remaining reactant, char, and non-volatile intermediate chains; which causes 

underestimation of reactant conversion in these studies. To overcome this challenge, a 

kinetic surrogate for cellulose is required; where the surrogate molecule should exhibit 

similar chemistry to cellulose during pyrolysis and can be quantified easily with common 

analytical techniques. The first molecule intuitively to test as a possible surrogate for 

cellulose would be its monomer unit or glucose. However, glucose is not a suitable 

surrogate for cellulose since glucose is not produced during cellulose pyrolysis and glucose 

pyrolysis has a vastly different product distribution than cellulose pyrolysis.19,83 

Additionally, cellodextrins with a low degree of polymerization like cellobiose, 

cellotetraose, and cellohexaose are not suitable surrogates either as their product 

distributions also vary significantly from cellulose.  

In contrast, cyclodextrins or cyclic oligosaccharides comprised of 6 (α), 7 (β), or 8 (γ) 

glucose monomers can be used as surrogate molecules for cellulose. Cyclodextrins have 

been previously shown to exhibit identical pyrolysis product distribution compared to 
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cellulose.19,84 Zhu et al. also measured initial formation kinetics of various products from 

cellulose and α-cyclodextrin using the PHASR technique and observed all the products 

exhibited identical initial formation kinetics.68 Since the overall product distributions and 

the initial product formation rates are identical, conversion of cyclodextrins and cellulose 

should also be kinetically similar. Lastly, cyclodextrins have high solubility in water, can 

be easily quantified using liquid chromatography, and satisfy both requirements to be a 

kinetic surrogate for cellulose. All subsequent work shown in this thesis measuring 

activation kinetics of cellulose will utilize α-cyclodextrin as a surrogate molecule for 

cellulose.   
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4.3: Experimental and Computational Methods 

4.3.1: Preparation of Calcium Doped α-Cyclodextrin Thin-Film Samples 

α-Cyclodextrin thin film samples were prepared via evaporative deposition on carbon 

steel heating elements. The heating elements were cleaned using a butane torch until they 

turned blue and afterwards were allowed to sit for 24 hours in ambient conditions. A 1.0 

wt.% solution of α-cyclodextrin in HPLC water was prepared and the corresponding 

amount of Ca(NO3)2 ⋅ 4H2O (0.1-0.5 mmol Ca(NO3)2/g α-CD) was added to the solution 

and thoroughly mixed to dope α-cyclodextrin with calcium. A 5.0 μL aliquot of the solution 

was pipetted onto the center of the cleaned heating element, corresponding to 50 μg of α-

cyclodextrin. Samples were then placed under vacuum at 25 in. Hg and held at 40 °C until 

all the water had been evaporated and the film was completely formed. This deposition and 

drying technique was performed twice to generate 100 μg samples that were uniform 

circular films, <20 μm in thickness and 3mm in diameter. 

4.3.2: PHASR Experiments 

Reaction of α-cyclodextrin films were performed using the PHASR technique 

described in chapter 3. A prepared thin-film of α-cyclodextrin on the resistive heating 

element was inserted into the upper chamber of the PHASR reactor and then both chambers 

were sealed such that the copper electrodes contacted the resistive heating element. Inert 

helium sweep gas was then turned on and flowed through the upper chamber, over the 

sample and out of the reactor to prevent secondary reactions from affecting measured 

initiation kinetics. Thin-films were subjected to thermal pulses varying from 20 to 2000 

milliseconds and temperatures between 370 and 430 °C. Once the thermal pulse was 
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applied to the sample, the resistive heating power supply turned off, and the sample was 

rapidly quenched via the high velocity Syltherm coolant. 

4.3.3: Quantification of α-Cyclodextrin Conversion 

Quantification of remaining α-cyclodextrin reactant after a pulse was performed via 

solvent extraction and liquid chromatography with light scattering detection. Heating 

elements containing partially reacted samples were removed from the PHASR reactor and 

cut into a small circle that only contained the sample film. The cut heating element was 

placed into a 1.5 mL PTFE filter vial. 350 μL of HPLC grade water was pipetted into each 

vial containing a heating element and vials were shaken for 1 minute to ensure complete 

dissolution of α-cyclodextrin. After complete dissolution, the remaining heating element 

was removed from the vial and the filter plunger was depressed to remove any remaining 

particulate. 100 μL of filtered sample was injected into a high-performance liquid 

chromatograph (HPLC, Shimadzu Prominence) with a carbohydrate separation column, 

(Agilent Na Hi-Plex, PN: 1171-6140) light scattering detector, (ELSD-LTII) and water 

mobile phase. Quantification of the α-cyclodextrin peak from the ELSD for PHASR pulses 

of increasing length yielded the consumption of reactant with time. 

4.3.4: Computational Methods† 

Calculations were performed using periodic plane-wave density functional theory 

which has been implemented using the Vienna Ab-initio Simulation Package (VASP).85–87 

The exchange and correlation energies were calculated using a form of generalized gradient 

                                                           
† The computational work in this chapter was performed by Vineet Maliekkal 
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approximation(GGA) functional developed by Perdew, Burke and Ernzerhof (PBE).88 

Most implementations of DFT fail to account for dispersion effects. To make up for this 

shortfall, the D2 method developed by Grimme, which can account for two-body 

interactions, was applied in all the calculations.89,90 Plane waves were constructed using an 

energy cutoff of 396 eV along with projector augmented wave potentials (PAW) to model 

interactions between core and valence electrons.91 A 1×1×1 k-points grid was found to be 

sufficient for the system based on energy convergence calculations.92 The calculations 

were performed until self-consistent field calculations and geometric optimization 

converged to 10-6 eV & force of 0.05 eV/Å. The convergence criterion for force was 

considered optimal, because going to a tighter convergence criterion of 0.04 eV/Å changed 

the electronic energy only by around 2 kJ mol-1, which is significantly lower than typical 

thermal energy (kBT) of around 7 kJ mol-1. To evaluate barriers for a mechanism, the 

climbing NEB method was used to generate intermediate images for the pathway and 

subsequently optimize the pathway with a force tolerance of 0.2 eV/Å.93,94 The transition 

state was then obtained by using the highest energy images and the dimer method, as 

developed by the Henkelman group, with a force tolerance of 0.05 eV/Å.95 
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4.4: Kinetics of Calcium Catalyzed Activation  

The conversion of α-cyclodextrin was measured for thermal pulses of 20-2000 

milliseconds (ms), temperatures of 370-430 °C, and calcium concentrations of 0.1-0.5 

mmol Ca2+/g α-CD as depicted in Figure 4-1. Each data point is comprised of at least three 

independent experimental trials, and the error bars associated with each point represent a 

95% confidence interval. From the data, it is evident that conversion of α-cyclodextrin 

exhibits apparent first order kinetic behavior with respect to α-cyclodextrin concentrations 

among all temperatures and calcium concentrations. For each temperature/concentration 

series, a first order kinetic model was fit to the experimental data and found to pass through 

a majority of the experimental confidence intervals. At 415 °C, pure α-cyclodextrin only 

achieved ~75% conversion after 2000 ms of reaction duration. In contrast, when α-

cyclodextrin was doped with 0.5 mmol Ca2+/g α-CD at 415 °C, a similar conversion was 

achieved within 100 ms and exceeded a conversion of 90% within 200 ms. 

To characterize the effect of calcium catalyst, the experimental conversion data of 

Figure 4-1 were fit to a first-order kinetic model with apparent rate parameters, kapp, at each 

temperature and calcium concentration. The first order rate parameters were then plotted 

against the varying integer powers of calcium concentration. Figure 4-2 depicts this 

comparison for the data collected at 415 °C. It is evident that comparison with the square 

of calcium concentration exhibits the best linear fit and is the only integer power that 

successfully models the non-zero rate coefficient at zero calcium concentrations.68 A 

similar trend is seen with the data collected at the other temperatures. Plots of the first order 
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rate parameters against the square of calcium concentration for all 6 temperatures is 

depicted in Figured 4-3. 

 

 

 

 

Figure 4-1. Kinetics of α-Cyclodextrin Conversion in the Presence of a Calcium Catalyst.   

Thermal activation of cyclodextrin was measured by determining conversion of cyclodextrin with 

varying loadings of Ca2+ catalyst (0-0.50 mmol Ca2+ g-CD-1) and varying temperature (370 - 430 °C) 

with the PHASR technique.  All experimental conditions exhibited first order kinetics in cyclodextrin 

conversion (●) fit to a first order model (-). Error bars represent 95% confidence intervals based on 

triplicate runs. 
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Figure 4-3. Comparison of First Order Rate Parameters to the Square of Calcium 

Concentration. Dashed Red lines represent line of best fit for a simple linear 

regression. Error bars represent 95% confidence interval.   

Figure 4-2. Comparison of First Order Rate Parameters Measured at 415 °C to Integer 

Powers of Calcium Concentration. (A) 1st, (B) 2nd, and (C) 3rd . The dashed red line represents 

the line of best fit for a simple linear regression and the coefficient of determination (R2) is shown 

for each one. Comparison with calcium concentration squared gives the best linear fit. Similar 

behavior was seen with the 5 other temperatures.  Error bars represent 95% confidence intervals.     

A B C 
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From a mechanistic standpoint, this suggests a possible catalytic mechanism that 

proceeds through two calcium ions in the elementary steps. The rate of activation can 

simply be modeled as, 

𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑜𝑜𝑟𝑟 = (𝑘𝑘𝐻𝐻 + 𝑘𝑘𝐶𝐶[𝐶𝐶𝑟𝑟2+]2) ∗ 𝑀𝑀𝐶𝐶𝐶𝐶        (4-1) 

where kH is a homogeneous or non-catalyzed rate constant, kC is a catalyzed rate constant, 

and MCD is the mass of α-cyclodextrin. This model was selected to incorporate the first 

order kinetic behavior with respect to α-cyclodextrin mass at all calcium concentrations, 

the second order dependence on calcium, and that the rate of reaction is non-zero when 

calcium is not present with the homogenous rate constant term. The catalyzed rate constant, 

kC, can be extracted at each temperature by subtracting the total apparent rate constant by 

the known value of the homogenous rate constant at each temperature, before conducting 

a linear regression of these values versus the square of the calcium concentration. The 

catalyzed rate coefficients are presented in Arrhenius form in Figure 4-4. The first-order 

kinetic catalytic rate constant exhibits a high activation energy (Ea = 48.7 ± 2.8 kcal/mol) 

and a high pre-exponential factor (k0 = 1.28 x 1017 (mmol Ca
g CD

)
-2

∙ s-1).  
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Previous work utilizing PHASR studied activation of pure cellulose by measuring the 

conversion of α-cyclodextrin between 385-505 °C in the absence of any inorganic 

species.68 The results indicate that activation exhibits two distinct kinetics regimes with a 

transition occurring at 467 °C, and exhibits a mechanism with high activation energy (~54 

kcal/mol) and pre-exponential factor (~1016 s-1) in the higher temperature regime.  The 

similarity in value of activation energy of the metal-catalyzed rate constant and that of the 

non-catalyzed rate constant (~49 vs 54 kcal/mol) at higher temperatures motivated plotting 

of the total reaction rate constant (colored points) at different calcium concentrations along 

with the non-catalyzed rate constant (black points) on an Arrhenius plot, shown in Figure 

4-5. The dashed color lines in Figure 4-5 represent a fit line for the rate constants by using 

Figure 4-4. Calcium Catalyzed Activation Rate Constants Plotted in Arrhenius Form. Error 

bars represent 95% confidence interval.  
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the expression for the total rate constant from equation 4-1 to combine contributions from 

the homogenous and catalyzed activation using the measured activation energies and 

Arrhenius pre-exponential factors from each.  The data appear to fit a smooth curve as 

opposed to a plot with a sharp regime change such as with the non-catalyzed data points. 

A previous work proposed that this transition of kinetic regimes in neat cellulose is likely 

due to two underlying modes of activation – site specific, hydroxyl catalyzed 

transglycosylation which is dominant at lower temperatures and concerted thermal 

transglycosylation which is dominant at higher temperatures.82 The lack of any such sharp 

transition in presence of calcium seems to indicate that the calcium catalyzed mechanism 

is unique and undergoes no such transition at similar temperatures. Also, it is evident that 

at increased calcium concentrations, catalyzed activation is significantly greater than non-

catalyzed activation, further validating previous experimental results showing that the 

onset temperature is lowered in the presence of inorganic metals such as calcium.  
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Figure 4-5.  Global Interpretation of Calcium-Catalyzed Cellulose Activation. Arrhenius plot 

of uncatalyzed (black) and catalyzed cellulose activation (colored). Dashed color lines represent a 

fit for the activation rate constant with contributions from both catalyzed and noncatalyzed 

activation. Error bars represent 95% confidence intervals. 
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4.5: Investigating the Role of the Anion on Activation 

All the experiments performed in this work incorporated various amounts of Ca(NO3)2 

with the calcium cation assumed to be the catalyst for cellulose activation and the nitrate 

anion having negligible effects. While most studies also attribute the cationic species as 

the main catalyst, the anionic species has been shown to slightly alter pyrolysis product 

distributions.55,57 Additionally, Ca(NO3)2 does not thermally decompose until 500 °C, so 

would be stable at the temperatures used in this work (370-430 °C).96 Thus, it is important 

to investigate what effect the nitrate anion has on the kinetics of activation. 

 To test the effect of the counter anion, additional experiments with thin-films of α-

cyclodextrin with CaCl2 were performed. Time resolved conversion data of CaCl2 doped 

α-cyclodextrin was obtained at three experimental conditions (0.3 and 0.5 mmol Ca2+/g-

CD at 400 °C and 0.5 mmol Ca2+/g-CD at 430 °C) shown in Figure 4-6. The three test 

conditions were chosen to get appreciable catalytic reaction rates to easily discern if either 

anion has a significant effect on activation. Conversion of α-cyclodextrin still exhibits first-

order kinetic behavior and first-order kinetic rate constants were extracted out. In all three 

conditions, the activation kinetics are similar between Ca(NO3)2 and CaCl2 doped films 

with all the experimental points falling within experimental error, seeming to indicate the 

anion does not have significant effect on the kinetics. 
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One hypothesis for this result can follow from the finding of a prior study by Jensen et 

al.  looking at the effects of KCl on straw pyrolysis. In their findings, Jensen et al. report 

that 60% of the chloride ions are released as HCl between 200 and 400 °C.97 It is then 

reasonable to hypothesize that the anions have little effect on activation kinetics because 

the anions extract protons from the hydroxyl groups in cellulose, form the corresponding 

acid and volatilize out of the cellulose melt at temperatures much lower than reaction.  

To test this hypothesis, an online mass spectrometer (MKS Cirrus 2) was attached to 

the outlet of TGA (TA Instruments Q500) to analyze pyrolysis vapors of calcium salt doped 

cellulose and monitor if HCl or HNO3, depending on whether cellulose is doped with CaCl2 

or Ca(NO3)2, evolves before reaction occurs. This experimental setup was used instead of 

Figure 4-6. Time Resolved Conversion of α-Cyclodextrin with Ca(NO3) and CaCl2 Salts at 

Three Different Conditions. (A) 0.3 mmol Ca2+/g-CD at 400 °C. (B) 0.5 mmol Ca2+/g-CD at 400 

°C. (C) 0.5 mmol Ca2+/g-CD at 430 °C. Blue points correspond to CaCl2 doped films and red points 

correspond to Ca(NO3)2 doped films. Solid lines represent first-order kinetic fits. Error bars on 

points represent 95% confidence interval based on triplicate runs. Confidence interval for rate 

constants represent 95 % confidence intervals.  
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the PHASR technique, since PHASR is incapable of running experiments at temperatures 

lower than 250 °C and this experiment requires low temperature probing. To dope cellulose 

with calcium salts (Ca(NO3)2 and CaCl2), 800mg of either Ca(NO3)2 • 4H2O (>99% purity 

from Acros) or CaCl2 (>96% purity from Sigma Aldrich) was dissolved in 20 mL of 

deionized water. 1g of microcrystalline cellulose (1g from Alfa Aesar, PN:A17730) was 

immersed in the calcium salt solution and stirred at room temperature for 2 hours. The ion-

exchanged cellulose was collected by paper filtration and dried in an oven at 80 °C 

overnight to dry. The amount of calcium doped into the cellulose powder was confirmed 

using inductively coupled plasma optical emission spectroscopy, and both samples had a 

calcium concentration ~ 0.5 mmol Ca2+/g-Cellulose. Additionally, a 1 molal nitric acid in 

silica powder was prepared to provide a rough calibration for spectrometer for the nitrate 

concentration initially present in the ion-exchanged samples.  

During the experiment, about 5mg of sample was placed in a TGA pan and heated from 

25 °C to 850 °C with a heating ramp of 20 °C/min, 100 mL/min of helium gas was flowed 

over the sample pan and the mass spectrometer monitored the intensities for m/z ratios of 

36 and 46, the major peaks of HCl and HNO3 respectively.98,99 Figure 4-7 shows the 

intensity of these m/z ratios during the experiment for 5 different samples; an empty TGA 

cup (A), pure microcrystalline cellulose (B) silica with HNO3 (C), Ca(NO3)2 exchanged 

cellulose (D), and CaCl2 exchanged cellulose (E). 

To dissect all the information presented in Figure 4-7, starting with an empty TGA pan 

(Figure 4-7A) no peak in the signal for HNO3 or HCl is detected, indicating the pan itself 

does not attribute to any HNO3 or HCl formation. The pan filled with 1 molal HNO3 (Figure 
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4-7B) exhibits a peak in the HNO3 signal at 4 minutes or when the set-point temperature is 

105 °C which matches with the boiling point of HNO3 at 81 °C. Additionally no peak in 

HCl signal is observed which is expected. The pan filled with pure microcrystalline 

cellulose (Figure 4-7C) exhibits no peak in the HCl signal but does exhibit a peak in the 

HNO3 signal at 31 minutes or when the set-point temperature is 645 °C. This peak is 

attributed to some pyrolysis product, but this product was not identified. The pan filled 

with Ca(NO3)2 ion-exchanged cellulose (Figure 4-7D) also does not exhibit a peak in the 

HCl signal peak but does exhibits two peaks in the HNO3 signal at 12 and 16 minutes 

corresponding to set-point temperatures of 265 and 325 °C respectively. Lastly for CaCl2 

ion-exchanged cellulose (Figure 4-7E), a peak for HCl formation is observed at 12 minutes 

and only 1 peak in the HNO3 signal at 16 minutes is observed. Therefore, the peaks seen 

at 12 minutes in Figure 4-7 D and E are associated with the formation of the acids from the 

anions of the metal salts extracting protons from the cellulose matrix. HCl has a boiling 

point of 100 °C and should be volatile at the same point in these experiments as HNO3 

explaining why these peaks occur at the same time . The HNO3 peak at 16 minutes for the 

metal doped samples is assumed to be a pyrolysis product catalyzed by calcium, but no 

identification of this compound was performed.  
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Figure 4-7. Online Mass Spectrometer Monitoring of HNO3 and HCl Evolution of Calcium 
Doped Cellulose Samples. A) Empty pan. B) 1 molal HNO3 in SiO2 powder. C) Pure 
microcrystalline cellulose. D) Ca(NO3)2 doped cellulose. E) CaCl2 doped cellulose.  Blue line 
represents m/z of 36 corresponding to HCl. Red line represents m/z of 46 corresponding to HNO3. 
Temperature ramp is 20 °C, with s tart temperature of 25 °C and final temperature of 850 °C. Pan 
filled with about 5mg of sample for each run.  
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The formation of HNO3 and HCl with cellulose exchanged with Ca(NO3)2 and CaCl2 

seems to indicate that the anions do extract protons from the cellulose matrix and escape 

at temperatures much lower than the temperatures used for the PHASR experiments in this 

work (~265 vs 400 °C). Also, it is important to note that the set-point temperature within 

TGA can be much greater than the sample temperature during TGA, so the sample 

temperature that these peaks are observed at could be lower.65 However, this set of 

experiments does not provide an answer for the rate at which the counterions extract the 

protons from cellulose during PHASR experiments. PHASR experiments occur with time 

scales on the order of milliseconds while these TGA experiments were with time scales on 

the order of minutes. Therefore, it is unknown how quickly the counterions are released 

during reaction and requires further testing to validate this. 
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 4.6: The Nature of Active Sites and Interpretation of Kinetic Data 

Before addressing the question of dominant catalytic mechanism, a deeper insight into 

the nature and structure of the active site is required. Previous studies suggest that metal 

ions can form chelated complexes with the hydroxyl groups of cellulose chains, and these 

could be active sites for catalysis.100,101 Saddawi et al. in particular has suggested that metal 

ions prefer to form intra-molecular bridged sites between C2-C3 hydroxyl groups of a 

glucose monomer or between the C6-C3 hydroxyl groups of two adjacent glucose 

monomers.102 While these hypothesized structures may be the stable binding sites at 

ambient conditions, the results from section 4.5 suggest that at reaction conditions the 

anions are releasing from the polymer melt as volatile acids. It can be then speculated that 

the hydroxyl groups of cellulose chains are likely providing protons for the anions to 

release as acids. In the absence of these protons, the deprotonated hydroxyl groups would 

likely be stabilized by calcium ions thus leading to a site comprising of Lewis acid, the 

calcium ion, and a Bronsted base, the deprotonated hydroxyl.   

Subsequently, to scan for suitable locations in the cellulose matrix for such active sites 

to exist, a model was chosen which comprise of reacting sheet with degree of 

polymerization equal to 3 sandwiched in between two periodically extending cellulose 

sheets in an arrangement similar to the cellulose Iβ crystal (Figure 4-8A). The most stable 

binding site for calcium was found to be one where it sits as a bridging atom between the 

deprotonated states of C6 and C3 hydroxyl groups of two adjacent chains. This binding site 

was found to be more stable than any other binding site by 10-30 kJ/mol. As depicted by 

Figure 4-8, calcium binds strongly to the deprotonated hydroxyl groups which is evident 
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by the short Ca-O bond lengths of ~2.1 Å. Additionally, calcium forms weaker interactions, 

bond lengths between 2.3-2.9 Å, with up to 3 additional hydroxyl groups. Such Ca-O bond 

lengths are in excellent agreement with XRD studies of calcium impregnated 

carbohydrates.103,104 Therefore, in all the DFT calculations discussed hereafter, this binding 

state of calcium is used as the resting state for the calcium catalyst. It must be noted that to 

carry out catalysis the calcium ion needs to be mobile and diffuse through the melt to bind 

to the reacting cellulose chain. To address the mechanism for calcium ion diffusion through 

the polymeric melt, a mechanism was first developed wherein hydroxyl groups in 

neighboring sheets could move to interact with these deprotonated sites and then 

subsequently transfer their protons to get deprotonated while grabbing the calcium ions 

themselves. This was verified by a simple model where two glucose monomers would 

interact with a typical calcium binding site and DFT calculations showed that this transfer 

mechanism has a low barrier ~ 3.5 kcal mol-1. It is expected that such OH group interactions 

with calcium binding sites would be more prevalent in a melt phase as opposed to a solid 

phase since the oligosaccharides and light oxygenates produced in the melt during reaction 

would be able to interact and move around freely. Therefore, a periodic model was used 

that consisted of two cellulose sheets containing the impregnated calcium with 

oligosaccharides and water molecules being used to fill the space in between to signify 

trapped melting regions. Ab initio molecular dynamics simulations on these prototypical 

models for a semi-melt showed that the calcium ions can indeed move into the melt and 

bind themselves to sugars. 
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Figure 4-8.  Molecular Structures of Neat and Calcium Incorporated Cellulose. (A) Model for 

neat reactant which consists of 2 extended sheets (shown in stick form) and a reacting sheet (shown 

in ball and stick form). (B) Optimized structure of most stable binding site for Ca. The active site 

consists of the metal ion, a Lewis acid site, and two deprotonated hydroxyl groups, a Bronsted base 

site (shown in purple). (C) Front view of bound reactant with a single Ca ion on the left and 

zoomed-in top view on the right. The hydroxymethyl group must rotate out of plane to form a 

hydrogen bond with the glycosidic O for reaction to occur (circled red). Breaking intra-molecular 

H-bonds(circled green) can improve reactivity. (D) In configuration 1, a second Ca ion is 

introduced to free up the hydroxymethyl group. (E) In configuration 2, a second Ca ion is 

introduced to disrupt intra-molecular H-Bond. 



59 
 

Having addressed the nature of the active site and the most stable binding position for 

calcium, the possible mechanisms for calcium catalyzed glycosidic activation are now 

discussed. The presence of rate order dependence calcium that is nearly second order 

suggests that two possible catalytic cycles could be in effect under pyrolytic conditions. 

Firstly, a catalytic cycle could be envisioned which involves the participation of a single 

calcium ion as shown below:  

𝐶𝐶𝑟𝑟 + 𝐶𝐶𝑟𝑟𝐶𝐶𝐶𝐶 
𝐾𝐾1⇔  𝐶𝐶𝑟𝑟-𝐶𝐶𝑟𝑟𝐶𝐶𝐶𝐶 

Ca-Cell 
𝑘𝑘
→  Ca-Int 

Ca-Int 
  𝐾𝐾2��  𝐶𝐶𝑟𝑟 + 𝐼𝐼𝑟𝑟𝑡𝑡 

where Cell is the neat cellulose chain, Int is the post cleavage intermediate and Ca is the 

calcium catalyst. This would give a rate expression as follows: 

𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟 =  
𝑘𝑘 ∗ 𝐾𝐾1 ∗ [𝐶𝐶𝑟𝑟𝐶𝐶𝐶𝐶][𝐶𝐶𝑟𝑟]

(1 + 𝐾𝐾1[𝐶𝐶𝑟𝑟𝐶𝐶𝐶𝐶])
 

 It is apparent that for such a cycle the measured rate order would be first order in 

calcium. Figure 4-8C shows one plausible candidate for the bound Ca-Cell intermediate 

wherein the calcium ion is closely interacting with the hydroxymethyl group and the 

glycosidic oxygen. In such a configuration, it is expected that calcium could catalyze the 

transglycosylation reaction, believed to be a dominant initiation mechanism, thus leading 

to a levoglucosan chain end intermediate.53,82,105,106  

Looking closer at Figure 4-8C, it is evident that carrying out transglycosidic 

cleavage reactions in the presence of complex H-bonding networks could lead to energy 

penalties. For example, it is seen that the rotation of hydroxymethyl group, which is critical 

for transglycosylation, requires breaking multiple intra-sheet H-bonds and is likely to lead 

to an energy penalty. This energy penalty has been shown to increase the activation barriers 
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of transglycosylation from 51-53 kcal/mol in simple gas phase models to ~59 kcal/mol for 

such crystal models.39 Similarly, there exist strong intra-molecular H-bonds that need to be 

stretched/broken during the course of reaction (circled in green in Figure 4-8C). It is 

possible for an additional calcium ion to bind in configurations such as those shown in 

Figure 4-8D and E respectively and thus disrupt such native H-Bonding networks that leads 

to potentially lower barriers. The two cases for double bonded calcium shown in Figure 4-

8D and E are henceforth referred to as configuration 1 and 2 respectively. Therefore, in 

this scenario an alternative catalytic cycle can be proposed as follows: 

𝐶𝐶𝑟𝑟 + 𝐶𝐶𝑟𝑟𝐶𝐶𝐶𝐶 
𝐾𝐾1⇔  Ca-Cell 

𝐶𝐶𝑟𝑟 + Ca-Cell 
𝐾𝐾2⇔  Ca-Cell-Ca 

Ca-Cell-Ca 
𝑘𝑘
→  Ca-Int-Ca 

Ca-Int-Ca 
𝐾𝐾3⇔  𝐶𝐶𝑟𝑟 + Ca-Int 

Ca-Int 
𝐾𝐾4⇔  𝐶𝐶𝑟𝑟 + 𝐼𝐼𝑟𝑟𝑡𝑡 

which gives a rate expression that looks as follows:  

𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟 =
𝑘𝑘 ∗ 𝐾𝐾1 ∗ 𝐾𝐾2 ∗ [𝐶𝐶𝑟𝑟𝐶𝐶𝐶𝐶][𝐶𝐶𝑟𝑟]2

(1 + 𝐾𝐾1[𝐶𝐶𝑟𝑟𝐶𝐶𝐶𝐶] + 𝐾𝐾1 ∗ 𝐾𝐾2[𝐶𝐶𝑟𝑟𝐶𝐶𝐶𝐶][𝐶𝐶𝑟𝑟])
 

For such a catalytic cycle, it becomes clear that second order rate dependence of 

calcium in the rate of activation could be possible. While it is likely that the second catalytic 

cycle would have a lower activation barrier the concentration species such as Ca-Cell-Ca 

may also be much lower than Ca-Cell. Therefore, it is possible to observe rate orders 

between 1 to 2 in calcium depending on the range of calcium concentration experiments 

are operated in. In the next section, a detailed discussion of the DFT calculated energetics 

is presented to compare the two catalytic cycles. 
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4.7: DFT Calculated Energetics for Calcium Catalytic Cycles 

Reaction energy profiles for activation using either a single calcium ion or two calcium 

ions are depicted in Figure 4-9 and 4-10. Figure 4-11 depicts the optimized transition states 

for each of the cases in Figure 4-9 and 4-10. Considering first the energetics of the single 

calcium catalytic cycle in Figure 4-9, it is seen that the bound reactant in the boat conformer 

(necessary to carry out transglycosylation) is 17.2 kcal/mol uphill in energy. This uphill 

energetic penalty is likely due to two reasons – (1) a penalty is paid to move the calcium 

ion from its most favorable binding site to the site where it carries out catalysis (2) a penalty 

is paid to break intra-sheet H-Bonds for rotating the hydroxymethyl group. The calculated 

activation barrier is 52.7 kcal/mol which is lower than the barrier for carrying out 

transglycosylation in a neat cellulose crystal (~59 kcal/mol). This leads to the speculation 

that one of the primary roles of calcium in this chemistry is to stabilize charged transition 

states due to its Lewis acidic nature. This is visible in the optimized transition state structure 

in Figure 4-11A, where the calcium ion forms a strong bonding interaction (Ca-O bond 

length 2.29 Å) with the negatively charged hydroxymethyl oxygen. From the energetics of 

this cycle one can thus expect to observe rate orders equal to 1 and barriers that are a little 

higher than those observed in experiments (~49 kcal/mol). 

Moving on to the catalytic cycle when using two calcium ions in configuration 1 

(Figure 4-10A), it is evident that while an energetic penalty is paid to move in the first 

calcium ion, the introduction of a second calcium ion leads to a very stable chair conformer 

double calcium bound reactant that is 6.8 kcal/mol downhill in energy. The reason for this 

very stable conformation is that the second calcium ion, as mentioned previously, is used 
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to free up the hydroxymethyl group. This allows the hydroxymethyl group to rotate and 

form a highly stable chair conformer where it interacts to form a strong bond with the 

primary catalytic calcium ion near the reaction center. In this scenario, an intrinsic barrier 

of 47.6 kcal/mol and an apparent barrier of 40.8 kcal/mol is observed, which is much lower 

than the barriers calculated for the single calcium catalytic cycle. This is a possible 

indication of the secondary role that calcium could play by freeing up critical 

hydroxymethyl groups. This is supported by the geometry of the optimized transition state 

in Figure 4-11 which is nearly identical to that observed for the single calcium case thus 

indicating that the additional calcium ion only plays a secondary role. 

 

 

Figure 4-9. Reaction Energy Profile for Ca-Catalyzed Reaction in the Single Calcium Ion Case.  
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Figure 4-10.  Reaction Energy profile for Ca-catalyzed reaction when two calcium ions are 

considered in either (A) configuration or (B) configuration 2. 
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Finally, in configuration 2 (Figure 4-10B), it is seen that the double calcium bound boat 

conformer reactant is 14.8 kcal/mol uphill in energy vs 17.2 kcal/mol in the single calcium 

case. This is because as highlighted in Figure 4-8E, the second calcium ion breaks a strong 

intramolecular H-bond, and this facilitates not just conformational changes but also facile 

cleavage of the glycosidic bond. This is visible in the calculated activation barrier which is 

about 3 kcal/mol lower than the calculated barrier for the single calcium case (49.8 vs 52.7 

kcal/mol). This calculated barrier is also in excellent agreement with the experimentally 

measured barrier. 

Figure 4-11. Optimized Transition State Structures. (A) Single Ca case (B) configuration 1 with 

two Ca ions (C) configuration 2 with two Ca ions. 
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Thus, through configurations 1 and 2 it is shown that catalytic cycles can be envisioned 

with two calcium ions participating in them. Accordingly, switching from very low to high 

concentrations of the calcium salt should lead to observed rate order changing from 1 to 2. 

The concentration range chosen for experiments in this work is between 0.1 to 0.5 mmol/g 

cyclodextrin which is representative of real biomass salt concentrations but is likely too 

small a range (less than an order of magnitude) to observe these hypothesized changes in 

rate orders. It must also be noted that in the presence of salts, non-integer rate orders can 

also be the result of treating concentrations and activities to be the same.107 However, in 

absence of a reliable model or experimental technique to calculate or measure activity 

coefficients for such polymer melts it is difficult to make any claims regarding this. 
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4.8: Conclusions 

Combining the novel PHASR reactor with first principle density functional theory 

calculations, a fundamental chemical mechanism for calcium catalyzed activation of 

cellulose is elucidated. Temporally resolved conversion data of α-cyclodextrin reveals a 

dramatic acceleration of cellulose activation in the presence of calcium.  Experiments also 

reveal that cellulose activation exhibits second order rate dependence on calcium 

concentration. DFT calculations, through the use of explicit cellulose crystal models, 

suggest that the second order behavior may be attributed to calcium playing a strong, 

primary catalytic role of stabilizing charged transition states while also playing secondary 

roles of disrupting the native H-bonding networks and, hence enhancing reactivity. 

Additional studies are required to completely describe the effect of calcium on the complete 

reaction network during thermochemical conversion of biomass. Additionally, the effect 

of other naturally present metals such as potassium and magnesium will have to be 

examined to discern fundamental mechanistic differences between metals in this complex 

reaction sequence.   
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Chapter 5: Magnesium Assisted Activation of Cellulose 

5.1: Introduction 

While chapter 4 thoroughly elucidates the catalytic role of calcium in thermal activation 

of cellulose, additional studies detailing the role of the other inorganic material naturally 

present in biomass on this chemistry are required. The behavior of the other alkali and 

alkaline earth metals (Na+, K+, and Mg2+) on this chemistry is of particular interest as they 

exist in comparable amounts to calcium in biomass and are commonly seen as the most 

catalytic species.24,57 Additional studies should look to describe how the properties of metal 

cations, especially the size and oxidation state of the cation, affect activation chemistry. 

Insight into the role these cationic properties have on activation chemistry can then be 

easily applied to chemical models detailing the catalytic effect of alkali and alkaline earth 

metals on individual product formation. In addition to the intuitive need for further 

investigation on the other alkali and alkaline earth metals, knowledge of metal cationic 

properties can be applied to experiments and models studying the various other metals in 

biomass (iron, zinc, copper, nickel, etc.) that exist in a wide range of cationic sizes and 

oxidation states.108   

The mechanism for calcium catalyzed activation presented in chapter four describes 

the calcium cation playing two catalytic roles in the chemistry; disrupting the hydrogen 

bonding network to allow facile rotation of the C6-hydroxymethyl group for 

transglycosylation and electronically stabilizing the charged transition state. Since assisted 

transglycosylation has been shown to a preferred mechanism for glycosidic bond cleavage, 

this mechanism should be extendable to other cations.39,53,82 The extent these two catalytic 

roles are utilized for other metals should be linked to the size and oxidation state of the 
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cation. The extent of disruption of the hydrogen bonding network, is characterized by the 

number of deprotonated hydroxyl groups the cation binds to and the ability for the cation 

to fit in between two chains of cellulose. This is dependent on both the size and oxidation 

state of the cation ion. Stabilization of the transition state was due to the Lewis acidic nature 

of the metal cation. Lewis acidity is also correlated to both the size and oxidation state of 

the cation. Following conventional periodic trends, as one moves along a period, the size 

of the cation decreases, which increases the electron ionization energy and thus increases 

the ion’s Lewis acidity.109 This would be the case when comparing potassium to calcium. 

Additionally when moving down a group, the size of the cation increases and the Lewis 

acidic characteristic decreases; the case when comparing magnesium to calcium. 

Differences in the kinetics based on changes in ionic size or oxidation state should be 

evident when comparing calcium catalyzed activation to either potassium or magnesium 

catalyzed activation. For calcium versus magnesium (Ca2+ vs. Mg2+), this should detail the 

effect of ionic size. In the case of calcium compared to potassium (Ca2+ vs. K+), this should 

detail the effect of the oxidation state.  

In this chapter, time-resolved kinetic data for magnesium catalyzed activation are 

presented and the results are compared to the ones presented in chapter 4. To allow for 

direct comparison with calcium, the kinetics were measured following identical 

experimental methods to those used in chapter 4, with the only exception being magnesium 

was incorporated into α-cyclodextrin by adding Mg(NO3)2 · 6H2O to the 1 wt.% solution 

of α-cyclodextrin in water. Otherwise, procedures for thin-film preparation, PHASR runs, 

and analytical quantification were identical to those detailed in section 4.3. Additionally, 

no computation work to supplement the experimental kinetics was conducted at this point 

in time.  



69 
 

5.2: Kinetics of Magnesium Catalyzed Activation 

The conversion of α-cyclodextrin was measured for thermal pulses of 20-2000 

milliseconds (ms), temperatures of 370-430 °C, and magnesium concentrations of 0.1-0.5 

mmol Mg2+/g α-CD as depicted in Figure 5-1. Each data point is comprised of at least three 

independent experimental trials, and the error bars associated with each point represent a 

95% confidence interval. Similar to calcium case, conversion of α-cyclodextrin exhibits 

apparent first order kinetic behavior with respect to α-cyclodextrin concentrations among 

all temperatures and magnesium concentrations. For each temperature/concentration 

series, a first order kinetic model was fit to the experimental data and found to pass through 

a majority of the experimental confidence intervals. The presence of magnesium also 

significantly accelerates the rate of α-cyclodextrin with rates comparable to those seen in 

the calcium data. 

Following a similar though process, the experimental conversion data of Figure 5-1 

were fit to a first-order kinetic model with apparent rate parameters, kapp, at each 

temperature and calcium concentration and were plotted against the varying integer powers 

of calcium concentration. Comparable to calcium, the first operate rate parameters follow 

a linear fit with the square of magnesium concentration at all temperature and this is 

depicted in Figure 5-2. 
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Figure 5-1. Kinetics of α-Cyclodextrin Conversion with Magnesium Catalyst. Thermal 

activation of cyclodextrin was measured by determining conversion of cyclodextrin with varying 

loadings of Mg2+ catalyst (0-0.50 mmol Mg2+ g-CD-1) and varying temperature (370 - 430 °C) with 

the PHASR technique.  All experimental conditions exhibited first order kinetics in cyclodextrin 

conversion (●) fit to a first order model (-). Error bars represent 95% confidence intervals based on 

triplicate runs. 
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With α-cyclodextrin conversion still exhibiting first order conversion behavior in α-

cyclodextrin concentration and second order dependence of magnesium concentration a 

rate expression similar to equation 4-1 is constructed, 

𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑜𝑜𝑟𝑟 = (𝑘𝑘𝐻𝐻 + 𝑘𝑘𝐶𝐶[𝑀𝑀𝑀𝑀2+]2) ∗ 𝑀𝑀𝐶𝐶𝐶𝐶  (5-1) 

where kH is a homogeneous or non-catalyzed rate constant, kC is a the magnesium catalyzed 

rate constant, and MCD is the mass of α-cyclodextrin. In a similar fashion, the catalyzed 

rate constant, kC, can be extracted at each temperature by subtracting the total apparent rate 

Figure 5-2. Comparison of First Order Rate Parameters to the Square of Magnesium 

Concentration. Dashed Red lines represent line of best fit for a simple linear regression. Error bars 

represent 95% confidence interval.   
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constant by the known value of the homogenous rate constant at each temperature, before 

conducting a linear regression of these values versus the square of the magnesium 

concentration. The catalyzed rate coefficients are presented in Arrhenius form in Figure 5-

3. The first-order kinetic catalytic rate constant exhibits an activation energy of 45.6 ± 2.1 

kcal/mol) and a pre-exponential factor of 1.18 x 1016 (mmol Mg
g CD

)
-2

∙ s-1.  

A previous crystallographic study measured the ionic radii of magnesium and calcium 

ions which are 0.72 and 1.0 Å respectively.110 The measured Arrhenius parameters for 

magnesium catalysis seem to follow with conventional periodic trends related to ionic size. 

The smaller magnesium ion has a greater Lewis acidity and thus would provide greater 

stabilization of the transition state and decrease the activation energy (Ea,Mg = 45.6 kcal/mol 

vs Ea,Ca = 48.7 kcal/mol). The pre-exponential factor has been associated with the number 

Figure 5-3. Magnesium Catalyzed Rate Constants Plotted in Arrhenius Form. Error bars 

represent 95% confidence interval.  
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of available sites along the cellulose chain that transglycosylation can be performed.68,82 

From this, it appears the smaller magnesium ion seems to disrupt the hydrogen bonding 

network to a lesser degree than calcium and is reflected in the pre-exponential factor being 

an order of magnitude smaller (~1016 vs 1017). 

While the energetics seem to follow period trends, there is not a great difference in 

these values especially when the confidence intervals of these values are taken into 

account, making it difficult to truly attribute at differences in kinetics due to a reduction in 

ionic size. This small difference can be noticed further when a parity plot of the total 

apparent rate constants from the magnesium and calcium catalyzed data is constructed, 

shown in Figured 5-4. Each point in the plot compares the rate constant obtained at identical 

metal concentration and reaction temperature. From Figure 5-4 it is evident that almost all 

the points, except for a few points measured under high temperature and high metal 

concentration in the upper right of the plot, fall along the one to one trend indicating the 

apparent rate constants appear to be identical between the two metals. To further question 

if the energetics are different, a statistical hypothesis test comparing the measured catalytic 

activation energies was performed.111 In the hypothesis test, the null hypothesis was chosen 

so the two activation energies are assumed to be identical and would have to show with 

statistical significance, or the probability value is much smaller than some acceptable 

significance level(~ 0.05), they are different to reject this claim. From this hypothesis test, 

the obtained probability value is 0.646 and since it is much greater than any acceptable 

significance level, it cannot be claimed that there is a statistical difference in the energetics 

of catalyzed activation in the presence of magnesium and calcium.   
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Figure 5-4. Comparison of Total Apparent Rate Constants for Activation in the Presence of 

Magnesium or Calcium. Points correspond to rate constants measured at identical metal 

concentration and reaction temperature. Dashed line represents one to one trend line. Error bars 

represent 95% confidence intervals.  
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At the time this chapter was written, no computational work is available to explain this 

result.  However, the mechanism for catalyzed activation presented in chapter 4 and the 

configuration of cellulose can provide some insight. First, the distance between two chains 

of cellulose and the ionic radius of magnesium and calcium should be considered. Cellulose 

Iβ, the crystal structure of cellulose used in the simulation for chapter 4, has cellulose 

chains within one sheet separated by about 1.5 Å.112 The ionic radii of magnesium and 

calcium are 0.72 and 1.0 Å respectively.110 So magnesium and calcium ions should fit 

between two chains of cellulose without limitation and possibly disrupt the hydrogen 

bonding network to the same degree, which would produce equivalent pre-exponential 

factors. Additionally, DFT calculations where only 1 calcium ion participates in the 

reaction (Figure 4-9) indicate that presence of calcium to stabilize the transition state 

provides about 7 kcal/mol energetic benefit as compared to the neat case (~52 vs 59 

kcal/mol), which is  not a significant difference in energy. It is possible that the difference 

in Lewis acidity between magnesium and calcium is not great enough to be measured by 

these kinetic experiments.  

Moving forward, it is necessary to perform DFT calculations to determine if 

magnesium promotes activation in an identical fashion mechanistically compared to 

calcium. Insight into the specific locations magnesium interacts with the cellulose matrix 

will enable proper analysis to determine if differences in ionic radii have an effect on the 

chemistry. An additional set of experiments that could be useful is to study the effect that 

larger alkaline earth metals, such as barium, have on this chemistry. While these metals are 

not present in lignocellulosic feedstocks, they have ionic radii large enough to possibly 

discern differences. Barium has an ionic radius of 1.49 Å, or almost identical to the distance 
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between two chains of cellulose.110 Barium could then disrupt the hydrogen bonding to a 

much different extent than calcium or magnesium. The greater ionic radius of barium could 

also allow for discerning differences based on the Lewis acidity of the ion too.  
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Chapter 6: Conclusions 

Biomass fast pyrolysis has considerable potential for the production of renewable fuels 

and chemicals. Despite decades of fundamental studies, there is no complete description of 

pyrolysis chemistry. In particular, mechanisms detailing how the polymer chains of 

cellulose initial fragment and the main reaction pathways towards the other major products 

are heavily debated. Additionally, inorganic metals naturally present in biomass such as 

alkali and alkaline earth metals have been known to alter pyrolysis chemistry drastically 

but their role in the mechanisms of pyrolysis chemistry is even less understood. This lack 

of knowledge into pyrolysis chemistry can be directly attributed to the inability to measure 

intrinsic kinetics of this process.  

In this thesis, an experimental reactor capable of measuring kinetics of biomass 

pyrolysis, PHASR, is presented. 5 requirements for measuring pyrolysis kinetics are 

discussed and PHASR is shown to be capable of satisfying these requirements unlike other 

commonly used reactors utilized in pyrolysis studies. 

The PHASR technique was then used to study calcium assisted activation of cellulose. 

Temporally resolved kinetic measurements of calcium doped α-cyclodextrin thin films 

demonstrated calcium rapidly accelerates the rate of glycosidic bond cleavage at lower 

temperatures than in non-catalyzed activation. DFT computations were used to unveil that 

calcium acts with two catalytic roles in thermal activation; disruption of the hydrogen 

bonding network to allow for facile transglycosyaltion, and stabilizing of the transition 

state. This is the first mechanism that utilizes experimental kinetics with theoretical 

calculations to propose a mechanism for metal catalyzed activation.  



78 
 

Lastly, experimental kinetics on magnesium’s effect on activation to provide insight 

into the effect of ionic size are presented. Magnesium assisted activation exhibited identical 

behavior to the calcium case with energetics of activation matching within experimental 

error. Additional DFT calculations are required to determine if any changes of the 

mechanism occur due to a change in ion size.   

A large amount of the metal catalyzed pyrolysis chemistry is still left to be discerned. 

Combining the PHASR technique with theoretical computations has demonstrated 

enormous potential to answer many of these questions. Further investigation into the role 

of other alkali and alkaline earth metals on activation should be conducted as well as their 

role in forming anyhydrosugars, light oxygenate and char.  
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