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Biomass gasification coupled with in situ CO, removal using CaO is a promising
process for the sustainable production of H>. Thermodynamic equilibrium modeling
predicts biomass conversion to gas containing up to 81.4 vol % H, (dry basis).
However, in practice, discrepancies between theoretical and experimental results
demonstrate the significance of nonequilibrium phenomena. In this context, we have
developed a simultaneous thermogravimetric-mass spectrometric (TG-MS) technique to
study the influence of: (i) heating rate, (ii) CaO loading, (iii) evolved gas residence
time, and (iv) reaction atmosphere. The results of this study give insight into the
decomposition mechanisms of biomass in the presence of CaO, including the influence
of: (i) CO, removal, (ii) sorbent hydration (Ca(OH),), (iii) intrinsic heating and swelling
effects associated with the exothermic gas—solid absorption reactions, and (iv) the
direct catalytic role of CaO for char gasification and tar elimination. © 2008 American

Institute of Chemical Engineers AIChE J, 54: 1096-1109, 2008
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Introduction

The generation of energy from biomass is relevant in light
of concerns regarding local energy security and the urgent
need to mitigate greenhouse gas emissions.' Biomass has
been widely acknowledged as a key resource for meeting
future energy demand in both the developed and the majority
world.?

A promising way to exploit biomass resources for energy
and fuel production involves converting biomass into a H,-
rich synthesis gas. H, production from biomass would help
to secure local energy supply because of the diversity and
abundance of biomass resources. Theoretically, H, produced
from biomass can be CO, neutral because the equivalent
quantity of CO, evolved during biomass conversion is
removed from the atmosphere via photosynthesis. Further-
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more, the coupling of biomass conversion technologies with
CO, capture and storage technologies offers the potential to
achieve a reduction in CO, from the atmosphere.

First, this article demonstrates the merits of a combined
biomass gasification/CO, removal process on the basis of
thermodynamic equilibrium modeling and previous experi-
mental studies. In this context, we present experimental
results providing insight into the important (nonequilibrium)
mechanistic pathways underpinning the enhanced synthesis
of H, in biomass gasifiers combined with in-situ CO, re-
moval using CaO.

Enhanced H, synthesis in biomass gasifiers

An outline of the conversion process for biomass gasifica-
tion is given in Figure 1. This process involves three main
steps, which is defined by reaction temperature.‘g_5 (i) Pyroly-
sis (573-773 K), (ii) cracking and reforming reactions
(greater than 773 K), and (iii) char gasification reactions
(typically greater than 1073 K). Because biomass fuels usu-
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Figure 1. Simplified reaction mechanism for the gasification of biomass fuels: after Higman and van der Burgt®).

ally consist of 70-90 wt % volatiles, the pyrolysis and sec-
ondary cracking and reforming reactions (i.e. steps i and ii)
are particularly important for determining the final product
distribution.>”

In a biomass gasifier these steps occur simultaneously due
to moderate/high heating rates. Therefore, the overall process
may be summarized by a series of competing reactions
involving heterogeneous interactions between evolved gas
species and the decomposing solid residue and homogeneous
interactions between the evolved gas species, steam, and
interactions among evolved gas species. The important reac-
tions are presented in Table 1. The relative dominance of
these interactions for determining the distribution of prod-
ucts, i.e. gas, tar, and char yields, is dependent on the gasifier
design and the operating conditions. Thus, understanding the
effect of the key operating parameters is necessary in order
to manipulate the distribution of the products for maximizing
the output of H,.

The H, concentration in the product gas from biomass gas-
ification without CO, removal is typically only 40-50
vol %.*™ ! To enhance the H, concentration, the process
can be combined with in-situ CO, removal using CaO. The
fundamental idea is that the removal of CO,, as soon as it is
formed, shifts the conversion process beyond equilibrium
limitations, e.g. according to Eq. 1. CO, removal with CaO
occurs according to Eq. 13.

Carbonation:

Ca0 + CO, — CaCO;  AHg,; s = —171.2kJ/mol  (13)

In addition to the primary function of CaO for CO, cap-
ture, the catalytic role of CaO for tar decomposition is well

known, although the mechanism is not understood.'*!?

Improved tar destruction is expected to further enhance the
H, output, according to Eqs. 3-6.

When CaO is fully converted to CaCOs, it can be regener-
ated by reversing the capture reaction, according to Eq. 14.
Regeneration is achieved by heating CaCO; to 973-1223 K,
depending on the CO, partial pressure. High calcination tem-
peratures are required in order to produce a pure stream of
CO, suitable for sequestration technologies.'*

Calcination:

CaCO; — CaO +CO, AHY, s = —171.2kI/mol  (14)

The likely configuration for this coupled gasification/CO,
removal process involves operating a gasifier in parallel with
a regeneration reactor.'>™'7 Biomass fuel is continuously fed
to the gasifier and sorbent material is circulated from the gas-
ifier in the form of CaCO; to the regenerator and from the
regenerator in the form of CaO back to the gasifier. The
delivery of the hot CaO to the gasifier provides additional
heat for the endothermic cracking and reforming reactions,
Eqgs. 2-11.'%"7

Implications of thermodynamic equilibrium

Enhanced H, synthesis in biomass gasifiers with CO, re-
moval using CaO can be easily demonstrated based on ther-
modynamic equilibrium theory.

In this article, we present thermodynamic equilibrium
modeling predictions to provide a useful basis for under-
standing the decomposition data presented in “Results and
Discussion.” A more detailed study is published elsewhere.'®

Table 1. Important Chemical Reactions for Steam Gasification of Biomass Fuels®’

Name of Reaction Chemical Equation

AHgy5 15 (KJ/mol) Equation Number

Water—gas shift
Steam reforming (i)
Steam reforming (ii)
Dry reforming
Hydrocracking
Thermal cracking
Water—gas (i)
Water—gas (ii)
Oxidation (i)
Oxidation (ii)
Boudouard
Methanation

CO + H,O —» CO, + H,
CH; + H,O —» CO + 3H,

C + H0 - CO + H,
C + 2H,0 — CO, + 2H,
C + 0, - CO,

C + 0.50, » CO
C + CO, - 2CO
C + 2H, - CH,

C,H,,* + nH,O - nCO + (n + m/2)H,
C,H,, + nCO, - 2nCO + (m/2)H,
¢H, +H, - C,_H, ,+--- +H,, CHy + ---
CH, —» C,_H,_,** + ...+ Hy, CHy + ---

—36.1, Exothermic
224.1, Endothermic
Endothermic
Endothermic
Endothermic
Endothermic
135.7, Endothermic
99.7, Endothermic
—394.3, Exothermic
—111.3, Exothermic
171.8, Endothermic
—88.3, Exothermic

+C
+C

NelNeLREN e NV, BN NSOV I SR

—_— =
R = o

*C,H,, represents tar species.
##C,—H,,—, represents tar species subsequent to a primary decomposition step.
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Figure 2. Predicted product gas composition for biomass decomposition: (a) without steam or CaO; (b) without
steam and with CaO (C-to-Ca ratio is 1:1 on a molar basis); (c) with steam (C-to-H,O ratio is 1:1 on a
molar basis), without CaO; (d) with steam (C-to-H,O ratio is 1:1 on a molar basis) and CaO (C-to-Ca ratio

1:1 on a molar basis).

Data presented in (c) and (d) is Reproduced from Ref 18, with permission from Elsevier Science.

A commercial modeling package, Factsage 5.4.1 (EQULIB
module), was used. Cellulose was chosen as a model biomass
fuel (Table 2). The model predictions demonstrate the influ-
ence of operating conditions including temperature, steam-to-
carbon feed ratio, and the presence of CaO on the equilib-
rium distribution of product species.

Figure 2 shows the gaseous products of biomass conver-
sion with and without additional H,O (g) and CaO (s) pres-
ent. The reaction system was investigated at atmospheric
pressure over a temperature range from 573 to 1073 K. The
concentrations (vol %) of H,, CH,, H,O, CO, and CO, are
displayed as a function of temperature. Although a more
comprehensive list of gaseous species was included in the
equilibrium study (i.e. higher hydrocarbons, oxy-, and nitro-
compounds), they were not predicted to be present at equilib-
rium under the conditions considered. Clearly, the presence
of a broader range of products of biomass conversion (shown
in “Results and Discussion”) suggests either that there is
insufficient time for these products to reach equilibrium com-
position or that the formation mechanism deviates from ther-
modynamic equilibrium. In either case, discrepancies
between equilibrium predictions and experimental results
demonstrate the importance of nonequilibrium phenomena,
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e.g. (i) heating rate, (ii) the evolved gas residence time, and
(iii) the likely catalytic role of CaO and/or CaCOs;.

Figure 2a shows the predicted products of biomass conver-
sion without steam and CaO. An increase in the H, concen-
tration is observed corresponding with an increase in the
reaction temperature from 573 to 1073 K. A maximum H,
concentration of 56.5 vol % is observed at 1073 K. Similarly,
an increasing trend is observed for CO. These predictions
highlight the importance of the endothermic reactions, i.e.
Egs. 24, 7, and 8, for H, and CO production. By contrast, a
decreasing trend is observed for CH, and H,O and a maxi-
mum CO, concentration of 16.2 vol % is predicted at 773 K.

The predicted influence of CaO on the pyrolysis of bio-
mass is shown in Figure 2b. A dramatic increase in the H,
concentration is observed when CaO is present. In this case,
an increase in H, concentration corresponds to an increase in
temperature to a maximum of 71.6 vol % at 913 K. Effective
capture of CO, by CaO is observed for the temperature range
from 573 to 913 K, with a CO, concentration of less than
1.3 vol %. Furthermore, the reduction in the CO concentra-
tion in this temperature range suggests the importance of the
water—gas shift reaction, according to Eq. 1, for influencing
the H, output. The CH,4 concentration in the low temperature
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Table 2. Proximate and Ultimate Analysis of
Methyl Cellulose

Proximate Analysis Ultimate Analysis

% wt (Dry Basis) Element % wt (Dry Basis)
Ash yield 1.2 C 49.3
Volatile matter 87.6 H 7.2
Fixed carbon 11.2 (0] 42.1
Moisture 5.7 (%) N <0.01
S 0.21

range (573-773 K) is consistent with the exothermic metha-
nation process, according to Eq. 12. The decline in the H,
concentration and the increase in the CO, concentration at
temperatures above 913 K are consistent with the decomposi-
tion of CaCOj3 according to the endothermic calcination reac-
tion, favored at high temperatures.

The influence of steam on the biomass conversion products
is shown in Figure 2c¢ (without CaO present). A maximum
H, concentration of 51.5 vol % is predicted at 1033 K. In
addition, a reduction in the CH, concentration and an
increase in the H,O, CO, and CO, concentrations are
observed for the range of temperatures investigated (com-
pared to those presented in Figure 2a). Generally, these dif-
ferences in the product gas distribution may be explained on
the basis of an increase in the char conversion, which is at
equilibrium with the gaseous product. Obviously, enhanced
char conversion results in an increase in the total product gas
yield.18 These general trends may be inferred from the equa-
tions shown in Table 1. Obviously, maximizing both the
extent of biomass conversion and the H, concentration is
desirable.

The effect of CaO on the equilibrium product gas distribu-
tion for biomass conversion with steam is displayed in Figure
2d. In this case, a broad operating window with respect to
temperature, from 733 to 873 K, is predicted for maximizing
the concentration of H, and for minimizing the concentra-
tions of CO and CO,. Within this temperature range a maxi-
mum H; concentration of 74.5 vol % is predicted. In addi-
tion, a further increase in the H, concentration to 81.4 % vol
(dry) is calculated assuming that the steam (predicted at 8—9
vol %) is condensed. The CO and CO, concentrations are
maintained below 1.6 vol % and 0.5 vol %, respectively.
These very low carbon oxide concentrations are indicative of
the effective CO, capture with CaO according to Eq. 13 and
the importance of the water—gas shift reaction, Eq. 1.

Previous experimental studies confirm thermodynamic
equilibrium model predictions and demonstrate the potential
for enhanced H, synthesis in biomass gasifiers combined
with CO, removal.'®'"1??° Hanaoka et al.* investigated
steam gasification of “Japanese oak” with Ca(OH), using a
pressurized batch reactor (i.d. 50 cm’). They reported a
maximum H, concentration of 84.8 % vol (dry) at 873 K
and 1.3 X 10° bar.

Pfeifer et al.'®!” reported a maximum H, concentration of
75 vol % (dry) at 973 K using an atmospheric pressure, dual
fluidized bed gasifier (pilot-plant, 100 kwth) with CaO and a
Ni-olivine catalyst (10% wt) as the bed material.

In light of the thermodynamic model predictions and
promising experimental data from the literature, the potential
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merit of the combined gasification/CO, removal process is
apparent. However, the fundamental mechanism is not well
understood. In this work, we have carried out a simultaneous
thermogravimetric-mass spectrometric (TG-MS) study in
order to elucidate the important reaction pathways and to
obtain data relevant to the design and scale-up of novel bio-
mass gasifiers with in-situ CO, removal using CaO.

Cellulose pyrolysis

An understanding of the fundamental chemical mechanism
of biomass pyrolysis is essential for the design and optimiza-
tion of novel biomass gasifiers. Because of the fact that dry
biomass fuels are typically composed of approximately 50%
wt cellulose, the mechanism of cellulose pyrolysis and the
distribution of cellulose pyrolysis products have been exten-
sively studied.?' !

A large range of cellulose pyrolysis products have been
identified, including H,, H,O, CO, CO,, levoglucosan, char,
aldehydes, ketones, and organic acids.?’' The extent of this
product list highlights the complexity of the decomposition
process.

A generally accepted reaction mechanism involves two
competing reaction pathways.?"**?332 (i) One reaction path-
way involves a depolymerization or “unzipping” process that
leads primarily to the formation of levoglucosan. Levogluco-
san may decompose further via secondary reactions to yield
tars, gases and char. (ii) The second pathway involves the
direct fragmentation of cellulose (i.e. “ring scission”) leading
to the formation of glycoaldehyde as a primary product. Fur-
ther decomposition results in gas and char production. A
comprehensive discussion of the chemistry underpinning
these competing reaction pathways is available in the litera-
ture, 21:22:25.32

Previous investigators have examined a range of factors
affecting the relative importance of these competing reaction
pathways. Of particular relevance to this work are: (i) the
influence of inorganic ions, (ii) the nature of evolved gas/
decomposing solid interactions, and (iii) the influence of
additional water vapor.

The dramatic influence of inorganic ions, which include
trace mineral matter that is naturally present in biomass, as
well as additives, has been widely reported.zl’%’zg’32 Piskorz
et al.** examined the distribution of decomposition products
following a pretreatment with sulfuric acid for the removal
of mineral matter (in this case 1700 ppm K*, 50 ppm Na™,
and 1200 ppm Ca®>"). They concluded that the presence of
trace amounts of alkali and earth alkali cations inhibits the
“unzipping” process leading to the formation of levogluco-
san. Similarly, Richards and Zheng®® reported a decrease in
the amount of tar and levoglucosan and an enhanced char
yield when K™, Li*, and Ca’* were present during vacuum
pyrolysis. Varhegyi et al.*® systematically investigated the
influence of a range of additives (1 mol % wt) including
MgCl,, NaCl, FeSO,, and ZnCl on the pyrolysis of pure cel-
lulose, using a TG-MS. They reported a host of effects high-
lighting the dramatic and complex influence of mineral mat-
ter on cellulose decomposition. Because of the small amount
of catalyst used (1 mol % wt), and thus the relatively limited
contact between the catalyst and the cellulose, they contend
that the “long range catalytic effects” of mineral matter are

DOI 10.1002/aic 1099
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Figure 3. Modified thermogravimetric analyzer/mass spectrometer (TG-MS) for the decomposition of biomass fuels
and the simultaneous analysis of evolved product gas species.

most significant in influencing the final product distribution,
which is consistent with the literature.

Several investigators have studied the nature of gas—solid
interactions effecting char formation.?!**3® Mok et al.** con-
ducted pyrolysis experiments using sealed reaction vessels
that inhibit the escape of evolved gases. The increase in the
partial pressure of water vapor, which is a major product of
cellulose pyrolysis, was reported to correspond with a signifi-
cant increase in char formation (up to 40% wt) as well as a
shift in the Tpeu to a lower temperature.24 On the basis of
these observations, it was concluded that water vapor cataly-
ses the gas—solid interactions leading to char forma-
tion.21,24,30

These previous studies clearly demonstrate the potential
for manipulating the major mechanistic pathways underpin-
ning cellulose decomposition.

Experimental
TG-MS

Experiments were carried out using a modified thermogra-
vimetric analyzer (TA-SDTQ6000) coupled with a mass
spectrometer (Pfeiffer Vacuum/ThermoStar-GSD301/qudru-
pole mass analyzer) (TG-MS). A schematic of the experi-
mental apparatus is given in Figure 3.

The TG-MS measures the pyrolytic weight loss using a
thermobalance (sensitive to 0.01 mg). Evolved pyrolysis
gases are flushed from the vicinity of the decomposing solid
with an Ar purge (500 mL/min) and a sample of these
evolved gases is delivered to the mass spectrometer via a
heated capillary. Mass spectra of the evolved gases are
recorded as a function of temperature using the mass spec-
trometer. The main advantage of the TG-MS technique for
this study is the rapid data acquisition whereby the evolved
species can be sampled in real time corresponding to pyro-
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lytic decomposition of the biomass. Thus, we are able to re-
cord the changes in the mass spectra affected by changing
the pyrolysis conditions. A comparison of the rate of weight
loss with the mass spectra was used to elucidate the different
mechanistic pathways involved in the decomposition process.

For pyrolysis experiments conducted in the presence of
water vapor, a bubbler system was used. Ar was bubbled
through degassed water heated to 333 K. The amount of
water in the wet gas stream was determined by calculating
the mass fraction of H,O, assuming the Ar-H,O vapor mix-
ture was saturated. At 333 K and atmospheric pressure the
mass fraction of H,O in Ar is approximately 0.1 (wt/wt). To
avoid condensation prior to delivery of the wet gas to the
furnace, the wet gas line was heated to 353 K using heating
tape. The amount of water vapor was adjusted by controlling
the Ar flow rate to the bubbler system while the total Ar
purge flow rate was adjusted to maintain a constant total
purge flow rate. The wet gas was introduced to the furnace
when the furnace temperature exceeded 383 K. Observance
of a steady ion current signal for m/z = 18 indicated that a
constant rate of delivery was achievable using the bubbler
system.

Selected experiments were conducted using a capped reac-
tion vessel. These experiments were performed to examine
the influence of the evolved gas residence time and the corre-
sponding effects of enhanced sorbent utilization and evolved
gas/decomposing solid interactions. For these experiments,
an alumina disc was placed on top of the sample holder and
the evolved gases could only escape when the pressure inside
the reaction vessel was sufficient to displace the lid. We
were unable to quantify the change in residence time because
of the influence of secondary interactions.

The coupled TG-MS system has limitations. (i) Some frac-
tion of the tar produced during the decomposition is not
detected by the mass spectrometer because heavy species

April 2008 Vol. 54, No. 4 AIChE Journal



may condense on the capillary or furnace walls. For example,
Varhegyi et al.,”® using a similar method (capillary heated to
453 K), estimated the nondetected tar fraction to be as high
as 50-70% wt for pure cellulose pyrolysis (heating rate
10°K/min). Similarly, Fushimi et al.**** estimated the tar
fraction for cellulose pyrolysis to be 81% wt (heating rate of
1°K/min). These estimates are consistent with this work, in
fact we did not observe mass spectra data for species with a
mass to charge ratio (m/z) greater than 110. To minimize the
condensation of volatiles the capillary is housed in an insu-
lated sheath which was heated to 473 K. (ii) Obtaining a rep-
resentative sample of the volatiles using a capillary can be
problematic.”®*2? In this work, the insertion and positioning
of the capillary in the furnace was consistent for all experi-
mental runs. The vacuum pressure was monitored for fluctua-
tions, which may indicate a blockage in the capillary or
orifice.

Mass spectra, identification of probable molecules, and
quantification of permanent gas yield

The analysis of gas molecules by mass spectrometry prin-
cipally involves bombarding the molecules with a beam of
electrons. This process results in the production of a positive
molecular ion, which are distinguished based on their mass
to charge ratio (m/z). Typically, the electron beam energy (in
this case 70 eV) is greater than the amount of energy
required to achieve ionization and the excess energy results
in severe fragmentation of the primary molecular ion.*> This
process results in a mass spectrum, representing a range of
positively charged fragment ions, which is characteristic of a
probable parent molecule.”® For example, CO, is the proba-
ble parent molecule corresponding m/z = 44 (CO3). Because
of the fragmentation process, a number of minor signals are
detected, including m/z = 6, 12, 28, 29, and 45.

A preliminary broad scan was conducted for the decompo-
sition of pure cellulose, which is involved in the observance
of ion current signals from 1 to 200 m/z. On the basis of the
preliminary scan, a list of key molecular ions was compiled
by rejecting signals when the maximum intensity was close
to the noise level, as well as conducting a thorough cross
check with the relevant literature.”>***° The complete list of
molecular ions that were detected (and the probable parent
molecules) is given in Table 3. It is apparent that the method
is biased towards low molecule weight species, which is suit-
able for the objective of maximizing the H, output.

Two methods were employed to confirm the reliability of
the TG-MS technique and derive quantitative data for the
permanent gases. (i) The first method involved experiments
using calcium oxalate monohydrate. Results confirming the
reliability of the TG-MS methodology are presented in “Reli-
ability of TG-MS method.” (ii) A synthetic product gas mix-
ture composed of 10 vol % CH,, 20 vol % CO, 35 vol % H,,
and 35 vol % CO, was introduced to the TG-MS at various
flow rates (0-60 cm3/min) in order to determine the relation-
ship between ion current intensity and permanent gas yield.
These experiments were carried out after each pyrolysis
experiment to establish the reliability of the MS for detecting
changes in the permanent gas yield and to monitor fluctua-
tions in the ion current intensity affecting the reproducibility
of the results (likely associated with contamination of the

AIChE Journal April 2008 Vol. 54, No. 4

Table 3. Key Molecular Ions/Ion Fragments and Probable

Parent Molecules

Key Molecular Ions/

Probable

mlz Ion Fragments Parent Molecule
2 Hy H,
12 ct CO, CO,, C,H,
15 CH3 CH,, C,.H,
16 0", CHY CH,, H,O
18 H,0" H,0
26 C.Hy CH,
27 CHy CH,
28 C,HJ, co* CO, CO,, C,H,
29 C,HY Aldehydes
30 C,H¢ Formaldehyde
31 C,H,OH C,H;0H (methyl
alcohol, glycoaldehyde)
32 CH,0" Methanol
43 C;H7, C,H;07 C,H,,C,HsOH
44 C;Hy, CO5, CO,
C,H,OH"

45 C,H;0" C,Hs;OH
58 (CH;),CO™ C3HO (acetone)
68 C4H4()+ C4H4O (furan)
74 C;Hg0F Acetol
84 C,H,05 2(5H)-furanone
96 CsH,05 Furfural

110 CeHe0, CeHeO, (5-methyl

furfural, dihydroxybenzenes)

Published on behalf of the AIChE

instrument and normal degradation of the of the ion source).
The total vacuum pressure was monitored for variations,
which may indicate a blockage in the capillary or orifice,
and thus influence the delivery of the evolved gas to the vac-
uum chamber.

Test samples and sample preparation

Cellulose (methyl cellulose LR/Chem Supply) was selected
as a model biomass species. It was mentioned in “Previous
Experimental Studies” that cellulose pyrolysis has been stud-
ied extensively. Importantly, the decomposition of pure cellu-
lose closely reflects the decomposition behavior of the cellu-
lose component of biomass. Equally, the decomposition of
biomass behaves as the sum of its constituents and cellulose
is the major component, usually of the order of 50% wt. 2122
Furthermore, the main products of the gasification of biomass
can be correlated to the cellulose content.'""?

Approximately 5 mg of cellulose was loaded into the sam-
ple holder for all experiments. Pyrolytic decomposition was
conducted at three different heating rates: 5°K/min, 40°K/
min, and 100°K/min. The selection of the sample size, the
distribution of the sample in the sample pan, and the rate of
heating have a significant influence on the reaction kinetics,
due to heat and mass transfer effects.®> Small samples
(<5 mg) are advisable for achieving reproducible kinetic
data.>""** However for TG-MS, a lower limit on the sample
size of 5 mg was imposed due to the sensitivity of the mass
spectrometer.

CaO was prepared by calcining CaCOj; (Sigma Aldrich/
sieved to <45 um) under N, at 973 K, for 2 h. Calcination
conditions were selected to lessen the effect of sintering of
CaO and thus produce a highly reactive CO, sorbent.>® The
cellulose and CaO were mixed in situ in order to minimize

DOI 10.1002/aic 1101
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Figure 4. Derivative weight loss curve and mass spec-
tra for the decomposition of calcium oxalate
monohydrate.

the exposure of the fresh sorbent to atmospheric water vapor
and CO,. CaO was loaded at a ratio of Ca:C of 1 and 0.5 for
select experiments.

Results and Discussion
Reliability of the TG-MS method

Calcium oxalate monohydrate is commonly used to dem-
onstrate TGA performance because the decomposition to
CaO gives three distinct weight loss events associated with
the evolution of H,O, CO, and CO,. This common decompo-
sition experiment can also be used to demonstrate the per-
formance of the TG-MS technique.?®?° Figure 4 shows the
derivative weight loss curve and mass spectra for the decom-
position of calcium oxalate monohydrate. The decomposition
of calcium oxalate monohydrate was conducted at a moder-
ate heating rate (20°K/min) with a high Ar purge (500 mL/
min), i.e. equivalent to the conditions used for cellulose
decomposition. The first decomposition peak is associated
with the evolution of H,O (m/z = 18). The second decompo-
sition is associated with the evolution of CO (m/z = 28). A
minor ion current signal for CO, (m/z = 44) corresponding
the second decomposition step shows the disproportionation
of CO to CO, and C. Further evidence of this phenomenon
was the observance of a carbon residue which coated the
CaO at the conclusion of the decomposition experiment. The
third and final decomposition peak is associated with the
evolution of CO, (m/z = 44). In the case, the additional ion
current signal for m/z = 28 may be associated with the frag-
ment ion CO™. Mass spectra for additional key ion fragments
of H,O, CO, and CO, including m/z = 6, 12, 16, 17, and 29
are not displayed for clarity of presentation.

Importantly, the good fit of the derivative weight curve
and the mass spectra clearly demonstrates the reliability of
the method adopted in this work.

Reproducibility of thermogravimetric (and mass
spectrometric) data

Three pure cellulose pyrolysis experiments were conducted
at a moderate heating rate (40°K/min) in order to demon-
strate the reproducibility of the TG and MS data.
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The derivative weight curves for the three experimental
runs are displayed in Figure 5. The good agreement between
the three experimental trials clearly demonstrates the repro-
ducibility of the pyrolytic decomposition of pure cellulose.
The single and uniform decomposition peak is consistent
with decomposition profiles in the literature for pure cellu-
lose, in the absence of mineral impurities and catalysts, and
when heat and mass transfer phenomena is limited."*
Select thermogravimetric data is tabulated in Table 4. In all
cases the decomposition commences around 543 K. Tpeqx,
defined as the temperature corresponding the maximum rate
of decomposition, is 656.5 K, 656 K, and 655.6 K for runs
1, 2, and 3, respectively. Some variation is observed in the
final char content. The final char content is defined as the
amount of char at 773 K and is represented as a percentage
of the initial dry sample mass. Final char content was 14.3
wt %, 14.7 wt %, and 11.2% for runs 1, 2, and 3, respec-
tively. Moreover, the variation highlights the complexity of
the decomposition mechanism. In this case, with pure cellu-
lose, experimental variability such as the distribution of the
sample in the sample pan or a nonhomogenous nature of the
sample may influence the rate of escape of the evolved vola-
tiles and thus the relative dominance of different decomposi-
tion pathways. Mechanisms of char formation are discussed
in “Char formation.”

The corresponding mass spectrometric data for these
repeat trials is presented in Table 4. Ion current data is
expressed in terms of relative ion current intensity and was
determined by integration of the mass spectra and presented
as a fraction of the total ion current signal area. This
approach was adopted to minimize variations in the baseline
intensity and to minimize systematic error associated with
fluctuations in the ion current throughout the course of
experiments. The reasonable reproducibility of the relative
ion current data demonstrates the reliability of the results.
Minor variations in this data provide further evidence of the
complexity of the decomposition mechanism.
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Figure 5. Derivative weight loss curves for three pure
cellulose decomposition experiments all con-
ducted at a heating rate of 40°K/min with an
Ar purge (500 mL/min).
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Influence of heating rate on pyrolysis kinetics

Experiments were conducted at three heating rates, that is
5, 40, and 100°K/min. The effect of heating rate on the cellu-
lose pyrolysis kinetics, represented in terms of the rate of
weight loss as a function of temperature, is displayed in Fig-
ure 6. A shift in the decomposition peak, indicating a thermal
lag corresponding to an increase in the heating rate was
observed. Tpea is 613.1, 656, and 674.2 K for heating at 5,
40, and 100°K/min, respectively. This increase in Tgeak at
higher heating rates is consistent with the literature  and
may be attributed to heat and mass transfer effects. A reduc-
tion in the sample mass at higher heating rates is expected to
offset the thermal lag to some extent, however in this case, a
constant sample mass of approximately 5 mg was used due
to the sensitivity of the mass spectrometer. Interestingly, the
heating rate does not appear to influence the general decom-
position profile and a single and uniform peak is observed
for all heating rates. This suggests that the decomposition
mechanism is not fundamentally affected by the heating rate
under the range of conditions investigated. Moreover, it may
be concluded that the experimental procedure used minimizes
the influence of heat and mass transfer, which might affect
the decomposition pathway at different heating rates.

The relative ion current intensity data does show minor
variations in the detectable gas products because of heating
rate (Table 4). For example, the relative ion current intensity
data for cellulose pyrolysis at a heating rate of 5°K/min com-
pared to 40°K/min suggests a minor increase in the relative
amount of aldehydes (m/z = 29, 30, and 31) and a minor
decrease in the relative amounts of CO, H,O, and higher
hydrocarbons. In contrast, an increase in the CO and higher
hydrocarbon concentration was observed for a heating rate of
100°K/min. These minor variations can be accounted for in
terms of the extent of the secondary interactions between the
evolved gases and the decomposing solid. Specifically, the
extent of interaction is expected to be greater at a faster heat-
ing rate due to heat transfer limitations resulting in an incon-
sistent rate of decomposition throughout the sample.
Although, this effect is minimized by using a small cellulose
sample, the significance of secondary gas—solid interactions
is well known and discussed in “Char Formation,”***

Influence of CaO on cellulose pyrolysis

To investigate the influence of CaO on the decomposition
of cellulose, experiments were conducted, with and without
CaO present.

The pyrolysis kinetics of cellulose is dramatically influ-
enced by the presence of CaO. Ty, for cellulose decomposi-
tion with and without CaO are presented in Table 4. At heat-
ing rates of both 5 and 40°K/min a decrease in Tpeu of
6.3°K and 7.7°K was observed, respectively. The observed
shift in Tpeac can be attributed to a number of factors that are
expected to affect the rate of weight change: (i) primarily,
the concurrent CO, capture reaction (as well as sorbent
hydration) will result in an increase in the sample weight;
(ii) these exothermic gas—solid absorption reactions generate
additional heat which potentially contributes to a self-heating
effect; (iii) furthermore, particle swelling associated with the
carbonation and hydration process (due to the higher molar
volume of CaCO; and Ca(OH),) may influence the rate at
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Figure 6. Effect of heating rate on cellulose pyrolysis
kinetics (without CaO and without additional
H,0 vapor).

which the evolved gases escape from the decomposing solid;
(iv) heat transfer effects are expected when CaO is loaded
(Ca:C = 1 molar basis) associated with the significantly
larger sample mass; (v) finally, CaO may directly catalyze
the decomposition of cellulose. We are unable to deduce
which is the dominant mechanism based solely on a shift in
Tpeax- However, given the shift in T is of a comparable mag-
nitude for both heating rates, the heat transfer effects may be of
limited importance under the conditions investigated.

To gain an insight into the importance of the different
decomposition mechanisms we compare the mass spectra
corresponding with the decomposition of cellulose, with and
without, CaO present. Figures 7a—d shows the mass spectra
for the evolved species as a function of temperature corre-
sponding to the decomposition of cellulose, with and without
CaO. Figure 7a shows cellulose decomposition without CaO
at a moderate heating rate of 40°K/min. The rate of cellulose
decomposition (represented in terms of the derivative weight
loss [%/°K]) is shown in bold and the mass spectra for the
evolved gas species are plotted as a function of temperature.
The permanent gases are presented in Figure 7a, i.e. Hy (m/z
= 2), CHy (m/z = 15), H,O (m/z = 18), CO (m/z = 28),
and CO, (m/z = 44). For clarity of presentation, additional
evolved gas species, including higher hydrocarbons C,H,
(m/z = 26 and 27 assigned to C,H5 and C,H7, respectively)
and aldehydes (m/z = 29, 30, 31, 43) are presented in Figure
7b. The scale is deliberately omitted on the vertical axis
because the ion current data was scaled to a zero baseline
and the magnitude of the derivative weight loss curve is not
directly comparable between experiments with and without
CaO. The range of species displayed in Figure 7 does not
imply that no other species were identified. Only major spe-
cies and those representing important classes of species are
shown for clarity.

The close fit between the derivative weight loss curve and
the evolved gas species, including both the permanent gases
(Figure 7a) as well as the higher hydrocarbons and aldehydes
(Figure 7b) confirms that the decomposition of pure cellulose
is dominated by a single step reaction mechanism.>!?®

For comparison, the decomposition of cellulose when CaO is
present (Ca:C = 1 molar basis) is displayed in Figures 7c,d.
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Figure 7. Mass spectra for the evolved species for the decomposition of cellulose, with and without CaO.

(a) Cellulose decomposition without CaO (heating rate 40°K/min). The bold line represents the derivative weight curve (DTG, %/°K) and
the dashed lines correspond with the mass spectra as a function of temperature assigned to the permanent gases, i.e. Hy (m/z = 2), CHy
(mfz = 15), H,O (m/z = 18), CO (m/z = 28), and CO, (m/z = 44). For clarity of presentation, additional evolved gas species, including
higher hydrocarbons C,H, (m/z = 26 and 27 assigned to C,H," and C,H;3", respectively) and aldehydes (m/z = 29, 30, 31, 43) are pre-
sented in (b). (c) Cellulose decomposition in the presence of CaO (heating rate 40°K/min; Ca:C = 1 molar basis). Again, for clarity of
presentation, additional evolved gas species are shown separately in (d). No scale is given for the vertical axis because the ion current
data was scaled to a zero baseline and the magnitude of the derivative weight loss curve is not directly comparable between experiments,

with and without CaO.

The derivative weight loss curve when CaO is present is sig-
nificantly broader compared to decomposition without CaO.
The additional breadth reflects an earlier initial weight loss
(by approximately 20°K) and a secondary, slower decompo-
sition step commencing at approximately 673 K. It is appa-
rent that the weight loss associated with the secondary
decomposition step is solely associated with the evolution of
H,0 (i.e. m/z = 18) and not accompanied by the production
of other key species. In light of this, it is likely that the sec-
ondary decomposition step corresponds with the decomposi-
tion of Ca(OH), according to Eq. 15, rather than due to
dehydration or secondary cracking reactions. The observance
of additional H,O via the proposed mechanism is consistent
with thermodynamic equilibrium predictions and implicates
the exothermic sorbent hydration as an important mechanism
during cellulose decomposition in the presence of CaO.

Ca(OH), — CaO + H,0  AHg;; s = —97.8kJ/mol  (15)

Noteworthy displacement in the temperature between the
maximum ion current intensities for the evolved species and
Tpeac (DTG) was observed when CaO is present. The temper-
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ature corresponding the ion current peak intensity for H,
(5.2°K), CH4 (7.2°K), CO, (13.0°K), and aldehydes (m/z =
29, 31, 6.7°K, 6.6°K, respectively) are observed to precede
Tpeax- In contrast the H,O peak is recorded at a temperature
6°K higher than Ty, This displacement is consistent with
the sorbent hydration mechanism. The close alignment of the
permanent gases and the aldehydes likely indicates that these
gases are evolved via the same mechanistic pathway, consist-
ent with direct fragmentation. The most significant displace-
ment is observed for CO,, which is due to the CO, capture
mechanism. Given the low estimated extent of sorbent utili-
zation (6.7% molar basis), CO, capture may be limited by
reaction kinetics (as well as mass transfer phenomena) under
the conditions investigated. The peak signal intensities
assigned to the higher hydrocarbons are observed at a high
temperature compared to the permanent gas species and the
aldehydes, indicating that these species are evolved via sec-
ondary decomposition reactions.

The effect of CO, capture on the distribution of the prod-
uct species is presented in terms of the relative ion current
intensity data given in Table 4. The presence of CaO has a
dramatic influence on the distribution of evolved gas species.

DOI 10.1002/aic 1105



Primarily, the effective capture of CO, by CaO is demon-
strated by a decrease in the relative ion current intensity of
mfz = 44 by a factor of 8.5 (based on average data for three
repeat trials). The enhanced H, synthesis in the presence of
CaO is demonstrated by an increase in the ion current inten-
sity of m/z = 2. Furthermore, a significant increase in the
relative ion current intensity for H,O by a factor of 2.6 was
observed. This increase in the output of water may be
explained by enhanced secondary decomposition reactions. A
relative decline in ion current intensity was observed for CO,
CHy,, higher hydrocarbons, and aldehydes.

To characterize the extent to which the decomposition pro-
cess is influenced by CaO loading, we conducted experi-
ments with a reduced CaO-to-carbon molar ratio (Ca:C =
0.5). At a reduced sorbent loading there is less sorbent to
react with CO, and H,O, thus both the self-heating and swel-
ling effects are limited. In addition, direct contact between
cellulose and sorbent is reduced, potentially limiting the cata-
lytic activity of CaO. The relative ion current intensity data
presented in Table 4 clearly indicates a decrease in extent to
which CO, is removed when the loading is reduced. An
increase in the relative ion current intensity for CO, (m/z =
44) by a factor of 1.7 shows a direct relationship between
sorbent loading and CO, capture (compared to Ca:C = 1). In
addition, an increase in the relative ion current intensities for
mfz = 15, 26, 27, 28, 29, 30, and 43, and a corresponding
decrease for m/z = 2 and m/z = 18 was observed. A dra-
matic increase in the final char content from 6.4% wt to
15.6% wt was also observed with the reduced loading. These
results demonstrate the important influence of CaO loading
on secondary interactions between the evolved species and
the decomposing solid. A decrease in the ion current signals
assigned to H, and H,O suggests a reduction in the second-
ary decomposition of evolved volatiles. An increase in the
char yield may be explained in terms of a decrease in the
rate of discharge of volatiles from the decomposing solid due
to diminished swelling effects at the reduced CaO loading.
Interestingly, no significant change in Tp..x Was observed at
the reduced loading. This may be explained if CaO directly
catalyses cellulose decomposition via a long-range catalytic
mechanism. Clearly further work is required to better eluci-
date the reaction mechanism.

Char formation

Char formation is influenced by interactions between the
evolved gases and the decomposing solids. Final char yields
up to 40% wt have been reported during pyrolysis experi-
ments using closed sample holders and evolved water vapor
was identified as a catalyst for char formation.*'**** Consist-
ent with these previous studies, in the absence of CaO we
observed an increase in char formation (18.9 wt %) using a
high ramp rate (100°K/min) and with a sample holder lid.

CaO is expected to enhance the formation of char by cata-
lyzing the tar elimination reactions. The catalytic activity of
CaO for tar decomposition leading to the formation of a car-
bon residue has been reported at high temperatures (i.e.
>1073 K).12’13’37‘39 On the other hand, the absorption of
H,0 by CaO may undermine the potential catalytic effect of
the evolved water vapor. Furthermore, the particle swelling
effect due the formation of Ca(OH), and CaCOs;, which
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facilitates the escape of evolved gases, may limit gas—solid
interactions leading to char formation. Consistent with these
competing char formation mechanisms, we observed a maxi-
mum char yield of 20.6% with a reduced CaO loading (Ca:C
= 0.5 molar basis) and in the presence of additional water
vapor. In this case, with a reduced CaO loading, the effects
of sorbent hydration, self-heating, and particle swelling were
limited.

Effect of capping the reaction vessel during heating

Experiments conducted using a closed reaction vessel pro-
vide qualitative insights into the effect of evolved gas resi-
dence time and enhanced evolved gas/decomposing solid
interactions.

The lid consisted of an alumina disc, which was placed on
top of the sample holder. Evolved gases could only escape
when the gas pressure inside the closed vessel was sufficient
to displace the lid. Thus, the use of the lid is expected to
influence the decomposition of cellulose in two key ways. (i)
Cellulose decomposition will occur under a higher concentra-
tion of evolved gas species, promoting both an increase in
the sorbent utilization and evolved gas/decomposing solid
interactions; and (ii) evolved gas species spend a longer
amount of time at higher partial pressures and temperatures
in close proximity to the sample, before dilution with the Ar
purge gas. The anticipated effect is an increase in the extent
of secondary gas interactions.®

Selected thermogravimetric data and relative ion current
intensity data is presented in Table 4. In both cases, with and
without CaO, we recorded an upwards shift in Tpe. and a
significant reduction in the final char yield at 773 K. These
findings are contrary to previous reports in the literature. In
fact, Mok et al.** reported both an increase in the char yield
and a decrease in the Ty, for pure cellulose pyrolysis
experiments using sealed reaction vessels. The observed
decrease in the char yield may be explained on the basis of
the relative increase in temperatures of the evolved reactive
gases (H,O and CO,) in close proximity to the sample,
favoring the endothermic char gasification reactions.

The relative ion current intensity data for the pure cellu-
lose experiment, both with and without the sample holder
lid, is closely comparable, indicating only a minor change in
the evolved gas product distribution.

In the case of experiments with CaO, the use of the sam-
ple holder lid improved sorbent utilization. This is expected
due to the enhanced interaction between the evolved CO,
and CaO. We observed a 29% increase in the utilization of
the sorbent from 6.7% without the lid to 8.7% (molar basis)
when the lid was used. The relative ion current intensity data
(presented in Table 4) demonstrates the effect of superior
sorbent utilization on the final product distribution. A
decrease in the relative intensity of m/z = 44 was recorded
and this was accompanied by an increase in the relative in-
tensity of m/z = 2. Most dramatic was the increase in the
permanent gas yield by factors of 4.5, 1.3, 2.4, and 1.7 for
H,, CH,, CO, and CO, (including CO, captured), respec-
tively. A corresponding decrease in the amount of evolved
water by a factor of 1.2 was observed. An overall increase in
the permanent gas yield and the decrease in the H,O and
final char yield indicate the likely catalytic effect of CaO for
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catalyzing char gasification reactions. However, we cannot
differentiate between the catalytic effect of CaO and the
influence of other factors including self-heating. Neverthe-
less, these results provide qualitative evidence of the signifi-
cance of the evolved gas residence time for maximizing sor-
bent utilization.

Influence of additional water vapor

The influence of additional water vapor is expected to sig-
nificantly effect the decomposition of cellulose and the final
distribution of product species. Water vapor has been identi-
fied as a catalyst for the char formation mechanism.*"** Fur-
thermore, the presence of water vapor is expected to enhance
the concentration of H, according to the water—gas shift reac-
tion Eq. 1, as well as providing an additional driving force
for reforming and cracking reactions, according to Egs. 2, 3,
7, and 8.

To investigate the influence of additional water vapor on
the mechanism of cellulose decomposition, water vapor was
introduced to the reaction system using a bubbler system
(described in “TG-MS”). Thermogravimetric data and the
relative ion current intensities for evolved gases from cellu-
lose pyrolysis with additional water vapor (wet gas flow
rate = 50 mL/min) are presented in Table 4. Without CaO
present, the effect of additional water vapor appears to be
only minor. The rate of pyrolysis, represented in terms of
Tpeaks is unchanged, and there is no observable enhancement
of the char formation mechanism. These observations are
consistent with Fushimi et al.*® who presented matching
weight loss profiles for the pyrolysis of cellulose in Ar and
in a steam/Ar mixture (Ar:steam = 0.5 molar basis). In addi-
tion, no significant changes are observed in the relative ion
current data with additional water vapor (Table 4). Similarly,
no significant differences were observed when the wet gas
flow rate was increased to 100 mL/min (data not shown). To
some extent, limited interaction between the decomposing
solid and the water vapor and insufficient evolved gas resi-
dence time may explain these findings, which are inconsis-
tent with previous literature and equilibrium model predic-
tions. On the basis of a comparison with experiments using
the closed reaction vessel, it may be concluded that the influ-
ence of evolved gas residence time and specifically evolved
gas/decomposing solid interactions (rather than the likely cat-
alytic influence of water vapor) is the dominant factor influ-
encing cellulose decomposition, under the conditions investi-
gated (i.e. without CaO).

When CaO was present, the effect of additional water
vapor (wet gas flow rate = 50 mL/min) appeared to exert
only a minor influence on the pyrolysis kinetics. In addition,
the relative ion current intensity data (Table 4) was similar
for cellulose pyrolysis in the presence of CaO, without addi-
tional water vapor. Most dramatic was the severe reduction
in the final char content (0.7 wt %). This decrease in char
formation was matched by a significant increase in the per-
manent gas yield, i.e. by a factor of 14.4, 5.2, 7.5, and 2.0
for H,, CH4, CO, and CO, (including CO, captured). These
results suggest that either the char formation mechanism is
drastically inhibited under these experimental conditions;
alternatively the enhanced permanent gas yield may result
from char gasification reactions catalyzed by the presence of
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Figure 8. Influence of the reaction parameters on the
total H, yield (a) and amount of CO, captured
(b).
The data for H, yield and CO, captured is represented as a
percentage of the initial dry mass of cellulose (heating rate
= 40°K/min). Experimental error was calculated based on

variation in the yield of permanent gases, determined for
three repeat tests.

CaO. Despite the relatively low temperature (i.e. Tpeax =
649.6 K) for char gasification, we note that Fushimi et al.>*
reported the formation of a highly reactive char in the pres-
ence of water vapor and reported the commencement of char
gasification as low as 700 K in the absence of a catalyst.
Given the significant increase in the final char content with a
reduced CaO loading (20.6% wt), we contend that this likely
catalytic effect is short range, and thus limited by direct con-
tact with char. However, in light of the significant variation
in final char yield (Table 4), and given the various competing
formation mechanisms considered in “Char formation,” fur-
ther work is required to better explain the likely catalytic
role of CaO.

Maximizing H, output and CO, removal

Figure 8 displays the total H, yield (a) and CO, captured
(b) for a range of experimental conditions. Our discussion of
these quantitative results must be prefaced with an explicit
caveat regarding the experimental reproducibility. The error
bars displayed in Figure 8 were determined based on three
repeat experiments conducted with pure cellulose (heating
rate of 40°K/min). We estimated the experimental error
based on the standard deviation in the yield data for the
detected permanent gases (i.e. CHy, CO, and CO,). Because
of the fact that no H, was detected in these experiments the
magnitude of the error bars shown for H, represents an aver-
aged deviation, expressed as a percentage of the H, yield.

Despite the uncertainty due to experimental error, these
results provide clear insights regarding the effect of key
experimental parameters for maximizing H, synthesis and
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effective CO, capture. The maximum H, output was
recorded for cellulose pyrolysis with CaO (Ca:C = 1 molar
basis) and additional water (wet gas flow rate = 50 mL/
min). When no water vapor was introduced, we observed a
dramatic decline in the H, yield. The corresponding decline
in CO, removal reflects an overall decline in conversion of
cellulose to gas attributable to diminished char gasification
reactions. These trends are consistent with thermodynamic
modeling predictions and the likely reaction pathways pre-
sented in Table 1.

The use of the sample holder lid is shown to enhance both
the H, yield and the amount of CO, captured, highlighting
the importance of the evolved gas residence time and thus
improved interaction between the evolved gas and the
decomposing solid residue and CaO. A direct relationship
between H, yield and CaO loading is demonstrated by the
significant decrease in H, yield corresponding a decrease in
sorbent loading. Interestingly, the decrease in the H, yield is
approximately proportional to the decrease in the amount of
CO; captured.

Conclusions

Experimental data from a TG-MS study is presented, giv-
ing insight into the dominant mechanisms involved in cellu-
lose decomposition in the presence of CaO. Moreover, we
have demonstrated the importance of key reaction parameters
for maximizing the output of H,. Above all, this study high-
lights the complexity of the decomposition process, charac-
terized by a host of competing reaction mechanisms, includ-
ing primary decomposition pathways and secondary interac-
tions governed by the rate of escape of volatile material from
the vicinity of the decomposing solid (and subsequent inter-
actions between evolved gas species and the decomposing
solid). CaO interacts in this complex reaction system in sev-
eral ways, via both catalytic and noncatalytic mechanisms.
Primarily, CaO was shown to be effective for removing CO,
and a direct trend between the maximum H, yield and CaO
utilization was demonstrated. Additionally, CaO hydration
(Ca(OH),) was shown to be a dominant mechanism. Both of
these exothermic gas—solid reactions are predicted by ther-
modynamic equilibrium theory. The concurrence of these
exothermic absorption reactions during cellulose decomposi-
tion results in a self-heating effect as well as particle swel-
ling. The self-heating effect is likely to drive secondary
decomposition reactions. Particle swelling is thought to facil-
itate the escape of evolved volatiles from the reaction vessel,
thus limiting the char forming reactions. To some extent
these effects are inherent to the experimental system used,
nonetheless, they clearly highlight the importance of control-
ling the interactions between the evolved gases and decom-
posing solid residue for manipulating the distribution of con-
version products.
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