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Debate surrounds biomass co-pyrolysis: can thermal decomposition be modeled as the sum of individ-
ual components, or do synergistic reactions promote or hinder devolatilization? Activation energies of
mixtures of starch and cellulose pyrolyzed at 10, 50 and 100 K/min were determined via the distributed
activation energy model. Reaction kinetics suggest that blending may promote devolatilization, seen
through lower activation energies. Yet, evolved gas analysis shows no evidence of synergism as a result
of blending, at least at lower temperatures. As the percentage of cellulose increases, the temperature at
which the peak mass loss rate occurs and peak evolved gases emerge are linearly related. As such, there is
little evidence of chemical reaction synergism during the pyrolysis of these two biomass building blocks,
but rather synergistic behavior is perhaps a result of the starch physically promoting the devolatilization
of cellulose at lower temperatures when present in larger quantities.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The 2007 United States Independence and Security Act man-
dates that 16 billion gallons of cellulosic biofuel be blended into
traditional transportation fuels by 2022, a portion of which must
be biodiesel produced from biomass [1]. The widespread use of
biomass as a renewable feedstock for the production of liquid
fuels and syngas depends on several factors. For the pyrolytic
conversion of solids, these include the ability to design appro-
priate reaction systems, insure adequate supplies of feedstocks,
standardize biomass-derived pyrolysis liquid products and, per-
haps most importantly, develop a comprehensive understanding
of the thermochemical pathways underlying the decomposition of
solid biomass to liquid and gaseous fuels [2]. The ability to pre-
dict the behavior of mixed biomass streams during co-pyrolysis
is imperative to insuring successful large-scale implementation of
thermochemical conversion of biomass to biofuels.
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A number of studies demonstrate the ability to alter bio-oil
and pyrolysis gas composition and yield from pyrolysis, the ther-
mal decomposition in the absence of oxygen, by changing reaction
temperatures, pressures and heating rates [3,4] as well as explo-
iting reaction synergy among solid fuels to tailor the properties
of the pyrolysis products by co-pyrolyzing biomasses [5]. This is
critically important as we move forward with industrial scale pro-
duction of bio-oils via thermal treatment. However, we require a
deeper understanding as to the nature of these synergistic reac-
tions. For example, does the physical compilation of solid fuels
that devolatilize at lower temperatures than others cause changes
in overall reaction rates and kinetics? Does blending fuel streams
change the pyrolysis gas compositions evolving from solid blend
pyrolysis? Can we predict the activation energies required to
pyrolyze blended fuel streams from knowledge of their pure com-
ponent characteristics, or does synergy impact activation energies?
These and other questions must be answered on a fundamen-
tal level to better design industrial pyrolysis units and determine
optimal feedstock blends. For that reason, here we investigate
the kinetics and evolving gas compositions of two fundamental
biomass building blocks with the same chemical formula but dif-
ferent molecular geometry: starch and cellulose.
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There is discord in the literature about the nature of blended
solid fuel pyrolysis; some find that the yields and activation
energies of co-pyrolyzed fuels are linearly proportional to the
contributions of the individual components [6,7]. Others detect
non-additive compositions and activation energies across heat-
ing rates and temperature ranges [8-10]. And yet still others,
our group included, find both additive and synergistic behavior
for the same samples, such as the peak mass loss reaction rates
found via derivative thermogravimetric curves displaying additive
behavior (linearly increasing reaction rate as biomass percentage
in coal-biomass blends increases) whereas the activation energy
and evolved gas compounds of the same blends may display syner-
gistic behavior [11,12]. However, there is scant information in the
literature concerning whether varying the composition of blends
can induce reaction synergism. A survey of singular source biomass
components (i.e. feed corn stover, nut shells, wood samples) indi-
cates that this would be the case; each of these biomasses is
comprised of different ratios of cellulose, hemicellulose, lignin,
starch, proteins, etc., and each displays a different thermal decom-
position profile. Despite this accepted generalizability, the specific
contribution of different biomass constituents to the overall kinetic
behavior has yet to be explored.

Cellulose and starch are polymers of glucose, and represent the
carbohydrate building blocks of biomass [13]. They have the same
unit molecular formula [CgH1¢Os |5, though different molecular ori-
entations. Starch is comprised of repeating glucose units oriented
in the same direction (alpha linkages), whereas in cellulose, neigh-
boring units are rotated 180° around the axis of the polymer chain
backbone (beta linkages). The hydroxyl group attached to carbon-
1 is below the plane of the ring in starch, and above for cellulose.
Hydrogen bonding in the 3-linked polymer is what lends cellu-
lose its structural advantage, yielding a strong, fibrous nature, as
compared to starch, which solubilizes fairly easily in water. There
are a number of studies in the literature that describe the ther-
mal decomposition of pure starch [14-16] and pure cellulose [17];
we could not locate any that probe the potential synergistic rela-
tionship that occurs among blends of these compounds. Starch
and cellulose are a model system to probe the potential synergism
between biomass constituents; they have the same composition
but vastly different structural characteristics and known decompo-
sition profiles. They are both known to thermally decompose via a
dehydration — depolymerization — devolatilization pathway, but
these reactions occur at different temperatures and rates for each
material [15,17]. As such, we query whether or not the decom-
position of starch can synergistically impact the onset of cellulose
decomposition. That is, if we note synergism between these two
components, then the starch may promote decomposition of the
hydrogen-bonded cellulose, which would indicate the possibility
of producing pyrolysis bio-oil and syngas at lower temperatures by
blending biomass materials with lower energy barriers to decom-
position in the overall raw material mixture. However, the results
presented herein apply beyond bio-fuel production; as we seek new
sources of renewable materials such as thermoplastics and biopoly-
mers, knowledge of how blended biomass building blocks such as
starch and cellulose behave under various thermal environments
may assist in renewable materials design [18-22].

2. Materials and methods
2.1. Materials

Microcrystalline Cellulose (CAS: 9004-34-6) was purchased
from Fisher Scientific, supplied by Alfa Aesar, Lot #10179415. Sol-

uble Starch (CAS: 9005-84-9) was supplied by Fisher Scientific,
Lot #136971 as Certified ACS Regent Grade. Samples were used

Table 1
Mixtures of starch and cellulose used in pyrolysis experiments.

Sample Cellulose Starch Mixture 1 Mixture2 Mixture 3
Cellulose mass fraction 1.0 0 0.75 0.50 0.25
Starch mass fraction 0 1.0 0.25 0.50 0.75

as received. Approximately 1g of each mixture was fabricated by
weighing the desired amount of cellulose and starch on a Sartorius
semi-microbalance to +£0.1 mg and placed into a clean glass vial, as
giveninTable 1. Contents were homogenized by placing the vials on
avortex mixer for several minutes. Samples were stored at ambient
conditions until used.

2.2. Thermogravimetric analysis-differential scanning
calorimetry (TGA-DSC)

Each pure solid fuel and blend was pyrolyzed in a high purity
nitrogen atmosphere (reactive + protective gas flow at 70 mL/min)
in a 70 L alumina crucible using a Mettler Toledo TGA/DSC1 with
gas flow control, data output to the Mettler STARe Default DB
V10.00 software. The DSC was calibrated with indium standard
(Mettler Toledo) at 10 K/min. The mass is measured every second
to the 10~2 g, along with temperature to +0.1 K. All samples were
heated to 383K and held for 15 min to insure moisture removal.
Then the sample was heated at 10, 50 or 100 K/min up to 1173 K
and held for 30 min to obtain a stable mass reading. Every sam-
ple was run at 10 K/min three times to insure reproducibility; each
sample at 50 K and 100 K/min was run once, with random samples
run a second and third time to insure reproducibility.

There are multiple methods available to analyze the pyroly-
sis kinetics of solid carbonaceous fuels. Many are based off of the
Arrhenius equation, expressed in the general form as:

k = Ae~E/RT (1)

where A is the frequency (or pre-exponential) factor, E the acti-
vation energy, T the absolute temperature, R the universal gas
constant, and k is the reaction rate constant. It is often assumed that
the thermal decomposition of carbonaceous fuels such as biomass
occurs as an infinitely large set of first order reactions, allowing for
the calculation of an overall, or apparent activation energy assum-
ing an overall, or apparent, first order reaction. Nonisothermal TGA
data are transformed by defining the extent of conversion, x(t), as
a function of initial mass, m;, final mass, my, and mass at any time
t, mg:

x(t)= T (2)

m; — mf

A large portion of the biomass pyrolysis literature calculates the
activation energy using the reaction rate constant method (RRCM)
(see, for example [12,23-25]). In this case, the rate of material
reacted at any given time is expressed as a function of the rate
constant:

dx(t)
dt
A plot of In k versus 1/T, often referred to as an Arrhenius plot,
will yield a straight line with a slope of E/R, if the reaction pro-
ceeds via an overall first order. Many biomasses, when subjected
to analysis via the RRCM, show multiple devolatilization regimes —
abrupt changes in slope of the Arrhenius plot at temperatures spe-
cificto a given biomass - with each region having its own activation
energy. Dozens of biomass pyrolysis studies in the literature show
a reaction order of approximately 1; this assumption is commonly

applied to account for the simultaneous reactions [26,27].
However, the RRCM fails to capture the entire range of decom-
position; for biomass pyrolysis we often see multiple mass loss

= k(1 —x(t)) (3)
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regimes over different temperature ranges accounting for the
stage-wise decomposition of the primary biomass constituents.
That is, the Arrhenius plots have discrete changes in slope that
occur over different (but similar) temperature ranges for each
biomass. For example, using the RRCM our laboratory found three
primary decomposition regions for the pyrolysis of cabbage palm
(Sabal palmetto), likely corresponding to devolatilization of primar-
ily hemicellulose, cellulose and lignin [28]. However, we know that
lignin can devolatilize over a broad temperature range [29], which
the limited “mass loss regime” approach of the RRCM cannot eluci-
date.In addition, there can be substantial (between 2 and 20%) mass
lost between one “regime” and another depending on the temper-
ature ramp rate and the temperature range selected for analysis,
which is not captured in the RRCM analysis. Selecting a tempera-
ture range that encapsulates the most mass loss will decrease the
linearity of the mass loss regime segment due to curvature of the
line at tail ends, hence the inability to completely capture the entire
conversion. Another drawback of the RRCM is the dependence of
the activation energy on the temperature ramp rate. At lower tem-
perature mass loss regimes, we find higher activation energies at
slower temperature ramp rates; the opposite occurs at high tem-
perature mass loss regimes [28]. Though the differences are often
less than 10%, this underscores the importance of noting that acti-
vation energies calculated in this manner are likely subject to heat
and/or mass transfer limitations, and are thus overall or apparent
activation energies at a given heating rate and particle size. For
these, and other reasons discussed by the ICTAC Kinetics Commit-
tee, isoconversional methods that use at least three temperatures
or heating rates, such as the distributed activation energy model,
are recommended [30].

A commonality among the many methods used to determine
activation energies is the assumption that the countless reactions
occurring during pyrolysis are all irreversible first order parallel
reactions with different activation energies that occur simulta-
neously, which can be represented by a distribution function, f(E).
The literature is replete with examples of the distributed activation
energy model (DAEM) as applied to pure solid fuel pyrolysis, includ-
ing that of various biomass, coal and other carbonaceous fuels (see,
for example [31-36]). The distribution function routinely assumes
the form [37,38]:

0o t

X(t)=1- /exp fA/.exp (7}%) dt

0 0

f(E)E (4)

If the experiment is conducted nonisothermally at a constant tem-
perature ramp rate, 8=dT/dt, Eq. (4) can be rewritten as:

o] t
X(t)=1- /exp —%/exp (—If—T) dT | f(E)dE (5)
0 0

It is commonly assumed that the activation energy is normally
distributed with average activation energy, E,; and a standard devi-
ation, o, whereby:

f(E) (6)

_ exp |- E=E)’
o2 207

Non-Gaussian distributions are sometimes used to represent f(E),
including Weibull [39], Gamma [40], and Maxwell-Boltzmann [41]
distributions.

The frequency factor is often considered to be a constant for
all reactions; Miura and Maki [42] allow for a compensation effect
between A and E through their Integral method, though Cai et al.
[38] question the accuracies of the estimations of A and f(E). How-
ever, it stands to reason that a constant frequency factor is also

erroneous, as A depends on the collision frequency of molecules
during a chemical reaction - that is, it is contingent on the number
of molecules present in a control volume - and the success of the
collisions between those molecules to result in a reaction. As the
amount of molecules participating in pyrolytic reactions increase
with temperature and yet decrease as volatiles are lost from the
solid, it would seem improbable to expect a constant frequency
factor across the range of conversion. In this analysis we determine
if synergism exists between these two biomass building blocks,
by comparing activation energies obtained using the DAEM across
both models and mixture sample sets.

2.3. Evolved compound evolution

To improve the reliability of the evolved compound measure-
ments, we needed toincrease the sample size beyond the maximum
of ~15 mg possible in the TGA to increase the signal to noise ratio of
the quadrupole mass spectrometer (MS). As such, the biomass was
pyrolyzed in a 1-in. diameter quartz tube furnace (Lindberg/Blue
M®-Mini-Mite) under high purity nitrogen at a flow rate of approx-
imately 105 4+ 5 mL/min, monitored by a digital Omega flowmeter.
Approximately 0.45 g of sample was placed in a porcelain boat at
the center of the hot zone of the furnace, reaching the same relative
height in the porcelain boat as in the TGA’s crucible. A tempera-
ture ramp rate of 10 K/min was used to avoid any diffusion effects
arising from heat transfer and to mirror the TGA experiments. Sam-
ples were initially heated at 393 K for 30 min to insure moisture
removal, and then at 10K/min up to the final TGA temperature
of 1173 K. The exhaust was sampled via a fused silica capillary
tubing (40 wm inside diameter) connected to a Quadrupole Mass
Spectrometer (Extorr XT Series RGA, XT300M) via a turbomolecu-
lar pump at 10~7 Torr. The mass spectrometer was in the electron
impact (EI) ionization mode at the electron energy of 70eV and
provided mass spectra up to 300 amu. Mass spectrometers are com-
monly connected to a TGA to measure evolved gases from pyrolysis
[43]. It is recognized that the gas volume from biomass pyrolysis
is quite limited in the TGA, such that packed bed experiments may
present a better picture of total compound evolution [44]. With the
tube furnace we were able to use larger samples than in the TGA,
and were able to see compounds evolving at lower relative amounts
than the small TGA sample sizes allow.

3. Results and discussion

To probe the pyrolysis behavior of cellulose, starch, and their
blends, two primary biomass components with the same chemical
formula but different structures, we employed thermogravimetric
analysis in combination with evolved gas analysis. If these two com-
pounds decompose in an additive manner, we would expect to see
a linear relationship between the composition (mass and molar,
given that they have equal molecular weights) and activation
energy; peak thermal decomposition mass loss rates and temper-
atures and evolved gas compounds. Conversely, if the compounds
react synergistically, promoting or inhibiting thermal decomposi-
tion, we would see non-additive trends in the pyrolysis kinetics. If
there are chemical reaction synergies between the two compounds,
we might encounter variations in non-condensable gases in terms
of peak evolution temperatures and concentrations.

3.1. Peak devolatilization temperatures and rates (DTG curves)

Throughout the literature we note a common trend among the
devolatilizaiton behavior of many solid fuel blends such as coal and
biomass: namely, the peak mass loss rates, as determined through
derivative thermogravimetric (DTG) curves, are often an additive
combination of the amount of each fuel present [11,45], whereby
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Table 2
Derivative thermogravimetric analysis (Peak DTG temperature and mass conversion rate) of cellulose, starch and blends at 10, 50 and 100 K/min.
10K/min 50 K/min 100 K/min
DTG Peak 1 DTG Peak 2 DTG peak DTG peak
Temp Rate Temp Rate Temp Rate Temp Rate
K s7! K s! K s! K s!
Cellulose 613 5.35E-03 655 4.11E-02 672 1.04E-01
Starch 574 7.06E-03 595 9.83E-02 600 1.89E-01
Mixture 1 612 4.52E-03 655 3.83E-02 660 7.74E-02
Mixture 2 586 3.00E-03 611 3.84E-03 609 3.53E-02 634 7.90E-02
Mixture 3 577 5.19E-03 601 1.58E-03 602 9.11E-02 597 1.33E-01

the peak mass loss rate is linearly proportional to the amount of
each component. However, it was unclear if such a trend were to
hold for two pure compounds such as starch and cellulose. Table 2
presents the analysis of the DTG curves for the coal-biomass blends
investigated each at 10, 50 and 100 K/min. Fig. 1 presents the DTG
curves of cellulose, starch and their blends pyrolyzed at these three
heating rates.

For pyrolysis at 10 K/min, cellulose decomposes between 290
and 387°C (563-660K) with a peak mass conversion rate of

5.35x 1073571 at 340°C (613 K), agreeing with cellulose decom-
position values in the literature [17,46]. As expected - given the
absence of strong hydrogen bonding - the starch decomposes over
a lower temperature range, from 269 °C to 345 °C (542-618 K), and
there is one DTG peaks at 574K corresponding to a conversion rate
0f 7.06 x 104 s~1. These are also in good accord with the literature
[5]. At 10 K/min the peak conversion rate is within the same order
of magnitude for the cellulose and blends, and is an order of mag-
nitude lower for starch. Though not a linearly additive relationship,
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the peak pyrolysis temperature does increase as the percent of cel-
lulose in the mixture increases, as seen in Fig. 2. For example, in
the 50:50 mixture, there are two DTG peaks observed. The first is
at 586 K — almost 12 K higher than pure starch, but 27 K lower than
pure cellulose; the second peak is at 611 K - the same temperature
as the cellulose peak. This suggests that the cellulose is slowing
the devolatlizaiton of the starch in the mixture at this composi-
tion while it itself is not impacted. Conversely, in Mixture 3 (75 wt%
starch), the first peak occurs a mere 3 K higher than the pure starch,
and second peak at 601 K - suggesting that the starch devolatliza-
tion is not impacted by the presence of cellulose, yet the cellulose
decomposes at a lower temperature, though same order of magni-
tude in rate, as compared to pure cellulose. Finally, when cellulose
is the dominant mixture component, we see only one DTG peak at
roughly the same temperature and rate as the pure cellulose, sug-
gesting that the decomposition kinetics of the cellulose control the
blends’ overall decomposition.

When we increase the heating rate to 50K/min, cellulose
decomposes from 308 °Cto0439°C(581-712K), and there is a single
DTG peak observed at 382 °C (655 K) with arate of4.11 x 10-2s-1,
For the starch, the pyrolysis process mainly occurs in the tem-
perature range from 304°C to 367°C (577-640K), and there is
only one peak at 322°C (595 K) with a rate of 9.83 x 10~2s~1. For
pyrolysis at 100 K/min, cellulose decomposes from 293 °C to 448 °C
(566-721K), and there is one peak at 399°C (672 K) (Table 2). The
corresponding peak conversion rate is 0.104 s~ 1. For the starch, the
pyrolytic decomposition spans the temperature range of 286 °C to
387 C(559-660K), with one peak at 327 °C (600K) at a conversion
rate of 0.189 s~ 1. As with the 10 K/min pyrolysis, the peak tempera-
ture for 50 and 100 K/min pyrolysis increases following an increase
of the percentage of cellulose in the mixture while the opposite
trend occurs for peak DTG conversion rate. However, as can be seen
in Fig. 2, the peak rate of decomposition is highest for the pure
starch at 50 and 100 K/min, in opposition to the 10 K/min results.

With the exception of Mixture 3, the peak temperatures increase
following the increase of heating rate for all of the samples (the
peak DTG temperature of Mixture 3, 25 wt% cellulose, is slightly
lower for the 100 K/min than the 50 K/min heating rate - a differ-
ence of 7°C). Overall this is not an unexpected relationship - the
slower the heating rate, the more time each sample has to react at
each temperature. In a similar vein, the peak reaction rate is high-
estat 100 K/min and lowest at 10 K/min pyrolysis. Interestingly, the
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Fig. 3. Combined DTG/DSC plot for cellulose, starch and mixtures.

relationships between both peak temperature and peak conversion
rate and the blend weight fraction of cellulose are not “additive” in
nature. The peak reaction rate of pure starch is considerably higher
at 50 and 100 K/min than that of pure cellulose. It appears that as
the fraction of cellulose increases beyond 50 wt% in the mixture,
the peak reaction rate is decreased by the presence of the cellu-
lose in the mixture beyond a simple additive trend. This behavior
is magnified when we look at the combined DTG-DSC curves, as
seen in Fig. 3 for the 10 K/min pyrolysis. In this case we see that the
DTG peaks correspond to the endothermic troughs for each solid
and blend. Pure starch has a gradually decreasing endotherm from
~600 to 950 K, with a sharp decline after 950 K. The 75 wt% starch
mixture (Mixture 3) follows this heat flow curve. The pure cellulose
curve, on the other hand, remains fairly flat between 625 and 800 K,
then has a slight exothermic peaks and then falls gradually at 900 K.
Similar behavior was noted by Yang et al. for the pyrolysis of pure
cellulose [44]. Likewise, the 75 wt% and 50 wt% cellulose mixtures
more closely follow the shape of the cellulose endotherm, though
both dip below the cellulose to a small trough at ~875K and peak
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around 1000 K before tapering off to meet the pure cellulose curve.
The DSC data therefore also point to a non-additive thermal degra-
dation (DSC data for 50 and 100 K/min pyrolysis available in online
Supplemental Information). To further explore this potential reac-
tion synergy between these two glucose biomass building blocks,
we turn our attention to global activation energies as calculated via
an isoconversional method.

3.2. Activation energy of starch-cellulose blends

As heating rate has a significant impact on activation ener-
gies of even these pure biomass components, we turn to an
isoconversional analysis of the data using the distributed activa-
tion energy model to remove this experimental variable from our
analysis of reaction synergism. Overall good linearity was found for
each pure compound and blend using the integral method of the
DAEM, illustrated in Fig. 4.

100 120 140 160 180 200 220 240
Measured Activation Energy (kJ/mol)

Fig. 6. Predicted (Eq. (4)) versus measured (DAEM) activation energy at each mass
fraction conversion level for starch-cellulose mixtures.

Activation energies of each pure compound and blend were
determined at mass fractional conversions from 0.10 to 0.85
at intervals of 0.05, detailed in Table 3 (full analysis with
slope, intercept, and regression coefficients provided in the
Supplemental Information, Table S1; results presented graphically
in Supplemental Fig. S2).

For the pyrolysis of pure cellulose, we find activation energies
ranging from 104.2+6.9 to 169.2 +12.8 kJ/mol. For pure starch
the DAEM returned activation energies between 197.2 +69.7 and
270.9 +34.3 kJ/mol. This range of values - and indeed the average
activation energies (Fig. 5) measured - is in agreement with the
vast pure cellulose pyrolysis literature. Using a first order Arrhenius
model, literature values of the activation energy of pure cellu-
lose range from 110.0 k]/mol [47] to 238.0 kJ/mol [48]. Hashimoto
et al. [49] report activation energy of 167.7 k]/mol via a nonlinear



42 J. Xue et al. / Thermochimica Acta 618 (2015) 36-47

Table 3

Activation energies and pre-exponential factors for each pure fuel and blend determined via the Distributed Activation Energy Model.
Conversion E, (kJ/mol) A(s1) E, (kJ/mol) A(s1)
Cellulose Mixture 2
0.10 169.2 + 12.8 4.10E+10 £ 1.26E+01 1323 £ 0.6 4.00E+07 + 2.16E+00
0.15 153.0 £ 8.7 1.14E+09 + 5.56E+00 147.2 + 4.4 6.86E+08 + 2.42E+00
0.20 142.7 £ 1.7 1.19E+08 =+ 1.39E+00 158.1+7.0 5.30E+09 + 4.04E+00
0.25 1285 £ 17.1 5.60E+06 + 2.72E+01 1639 £ 7.6 1.51E+10 + 4.52E+00
0.30 1234+ 174 1.82E+06 + 2.84E+01 173.0 £ 9.5 7.99E+10 + 6.59E+00
0.35 119.6 + 20.8 7.78E+05 + 5.29E+01 173.2 +£21.7 6.00E+10 + 7.12E+01
0.40 1169 + 15.1 4.19E+05 + 1.77E+01 172.8 + 154 6.61E+10 + 2.08E+01
0.45 1159 + 12.6 3.19E+05 + 1.10E+01 174.6 &+ 29.3 6.77E+10 + 3.09E+02
0.50 112.8 +£13.7 1.61E+05 + 1.33E+01 186.3 + 23.8 5.55E+11 + 1.03E+02
0.55 112.8 + 14.0 1.50E+05 + 1.39E+01 191.1 + 221 1.11E+12 + 7.18E+01
0.60 111.1 £11.3 1.01E+05 =+ 8.34E+00 189.9 £ 11.6 7.11E+11 £ 9.25E+00
0.65 110.5 £ 11.5 8.61E+04 + 8.55E+00 187.9 +21.7 4.17E+11 £ 6.48E+01
0.70 108.7 + 8.8 5.62E+04 + 5.14E+00 184.2 + 24.8 1.74E+11 + 1.14E+02
0.75 108.5 + 8.8 5.17E+04 + 5.18E+00 179.7 £ 25.0 6.29E+10 + 1.15E+02
0.80 105.5 £ 9.4 2.69E+04 + 5.66E+00 174.9 +10.3 2.04E+10 + 7.01E+00
0.85 104.2 +£ 6.9 1.94E+04 =+ 3.56E+00 160.6 + 16.5 1.11E+09 =+ 2.20E+01
Starch Mixture 3
0.10 214.2 £ 229 1.89E+15 + 1.14E+02 1232 +9.1 1.01E+07 + 6.52E+00
0.15 197.2 + 69.7 3.54E+13 + 1.57E+06 121.1 £ 154 5.20E+06 + 2.30E+01
0.20 211.1 £ 66.2 5.07E+14 + 7.15E+05 135.6 +£18.2 8.06E+07 + 3.93E+01
0.25 221.5 + 68.8 3.60E+15 + 1.18E+06 136.0 + 24.4 8.29E+07 + 1.36E+02
0.30 230.6 + 59.2 1.99E+16 + 1.62E+05 135.9 + 23.8 7.40E+07 + 1.19E+02
0.35 236.9 + 56.4 6.25E+16 + 8.80E+04 1346 £ 224 5.24E+07 + 8.85E+01
0.40 243.1 £ 53.0 1.91E+17 + 4.33E+04 1343 +£21.7 4.55E+07 4+ 7.67E+01
0.45 247.2 +49.1 3.89E+17 + 1.92E+04 147.8 + 32.9 7.26E+08 + 7.23E+02
0.50 250.3 + 39.5 6.28E+17 + 2.75E+03 148.6 + 33.0 7.79E+08 + 7.36E+02
0.55 254.1 + 38.6 1.16E+18 + 2.26E+03 1494 + 33.2 8.43E+08 + 7.50E+02
0.60 2514 +31.0 5.51E+17 + 4.79E+02 150.5 + 33.5 9.38E+08 + 7.70E+02
0.65 252.0 £ 254 4.78E+17 £ 1.53E+02 159.3 + 41.7 5.20E+09 + 3.86E+03
0.70 2702 £ 314 1.15E+19 + 4.81E+02 165.2 +£46.9 1.45E+10 + 1.05E+04
0.75 270.2 + 35.8 5.73E+19 + 1.41E+03 174.8 + 56.9 8.08E+10 + 7.27E+04
0.80 2709 + 343 5.47E+19 + 1.02E+03 174.1 £ 52.9 5.10E+10 + 3.09E+04
0.85 2529 + 24,5 1.12E+18 + 1.38E+02 179.5 £ 57.6 1.15E+11 + 6.91E+04
Mixture 1
0.10 143.5 £ 18.6 2.65E+08 + 4.07E+01
0.15 138.7 £ 18.0 7.39E+07 + 3.51E+01
0.20 138.0 £ 11.2 5.11E+07 + 8.90E+00
0.25 135.7 £ 85 2.73E+07 + 5.20E+00
0.30 135.7 £ 15.5 2.27E+07 + 1.98E+01
0.35 1393 +£13.7 4.13E+07 £+ 1.41E+01
0.40 138.0 + 154 2.78E+07 + 1.92E+01
045 1334 +13.1 9.95E+06 + 1.22E+01
0.50 1324 +£99 7.51E+06 + 6.60E+00
0.55 1314 £ 6.8 5.59E+06 + 3.64E+00
0.60 126.0 £ 5.2 1.77E+06 + 2.67E+00
0.65 1238 £ 2.6 1.07E+06 + 1.63E+00
0.70 123.0 £ 04 8.36E+05 + 1.07E+00
0.75 121.0 £ 2.9 5.34E+05 + 1.72E+00
0.80 1159 £ 3.9 1.81E+05 + 2.08E+00
0.85 113.8 £ 6.2 1.14E+05 + 3.16E+00

least squares analysis of nonisothermal data; “semi-global” mod-
els yield values ranging from 61.0kJ/mol [50] to 242.4k]J/mol
[51]. Finally, isoconversional models show a variety of activation
energies, from 164.0kJ/mol [52] to 175.6k]/mol via the DAEM
[53].

Using the DAEM calculated activation energies, we predicted,
via Eq. (4), an activation energy as a function of blend composi-
tion at each mass fraction conversion, plotted against the measured
activation energy in Fig. 6. We find that deviations from predicted
values are all above the y = x line, such that the predicted values are,
with the exception of a few points for Mixture 2, all higher than the
measured values. This suggests some sort of synergy between the
two components. However, it is not clear whether the two com-
pounds are interacting chemically or physically; is the “interaction”
behavior due to chemical interactions of volatiles promoting reac-
tion among the solids, or is it a transport limitation related to the
higher activation energy barrier for cellulose to pyrolyze versus

starch? We turn to an analysis of the primary gas components
evolved during pyrolysis to probe this behavior further.

3.3. Gaseous products evolved from pyrolysis

The evolved gases: H,, CHyg, C;H;, C;Hg and CO5, (corresponding
to AMU signals of 2, 16, 26, 30 and 44, respectively) were mon-
itored in this study by pyrolyzing 400430 mg each of the pure
compounds and mixtures in a tube furnace at 10 K/min (the maxi-
mum heating rate of the furnace) with high purity nitrogen flowing
at 105 + 5 mL/min through the furnace. The data are presented in
Table 4 using natural logarithm form of the ratio of the evolved gas
divided by the sum of the gases (log of the partial pressure = log con-
centration), normalized to the fraction of total sample converted
(between 0.818 for Mixture 2 and 0.864 for pure starch.)

Fig. 7 presents relative concentrations of each evolved
gas marker compound as a function of temperature.
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Table 4
Peak temperatures and concentrations normalized to fraction devolatilized of gaseous species evolved for each pure compound and mixture.

H, Peak 1 H, Peak 2

Temp (K) Log Pi/P Temp (K) Log Pi/P
Cellulose 642.7 9.57E-09 1055.5 1.46E-07
Starch 586.0 1.33E-08 1035.7 2.53E-07
Mixture 1 619.3 1.49E-08 1033.8 2.42E-07
Mixture 2 605.6 1.78E-08 1041.6 2.78E-07
Mixture 3 597.8 1.12E-08 1039.7 2.32E-07

CyH; Peak 1 CyH, Peak 2

Temp (K) Log Pi/P Temp (K) Log Pi/P
Cellulose 640.8 1.13E-09 758.1 1.14E-09
Starch 584.1 1.44E-09 734.6 2.15E-09
Mixture 1 617.3 1.70E-09 738.4 2.12E-09
Mixture 2 607.5 1.91E-09 738.5 2.32E-09
Mixture 3 619.3 9.71E-10 746.4 1.89E-09

CH4 Peak 1 CH,4 Peak 2

Temp (K) Log Pi/P Temp (K) Log Pi/P
Cellulose 634.9 1.32E-08 830.4 1.11E-08
Starch 582.1 3.40E-08 805.0 2.18E-08
Mixture 1 6134 2.61E-08 805.3 2.03E-08
Mixture 2 603.6 3.07E-08 803.1 1.93E-08
Mixture 3 603.6 1.88E-08 807.0 1.86E-08

CyHg Peak 1 CyHg Peak 2

Temp (K) Log Pi/P Temp (K) Log Pi/P
Cellulose 609.5 9.43E-10 756.1 1.04E-09
Starch 580.2 9.57E-10 734.6 1.26E-09
Mixture 1 611.5 1.07E-09 738.5 1.32E-09
Mixture 2 603.6 1.19E-09 740.5 1.53E-09
Mixture 3 599.7 9.02E-10 746.4 1.23E-09

CO, peak

Temp (K) Log Pi/P
Cellulose 634.9 9.57E-08
Starch 582.1 2.83E-07
Mixture 1 613.4 2.03E-07
Mixture 2 601.7 2.37E-07
Mixture 3 599.9 1.43E-07

Fig. S1 (Supplemental Information) shows the concentration
of each evolved gas as a function of temperature with overlaid
heat flow data for each compound and mixture. For cellulose,
there is a primary peak of evolved CO, at 638K, approximately
25K higher than the primary DTG peak at 612.5K. As cellulose
decomposes, there are two peaks for H, evolution. The first is
at 642.7K and second at 1055.5K. Likewise, there are two peaks
for CHy, CoH, and CyHg evolution. Cellulose has the highest peak
evolution temperatures for all of the gases monitored, and starch
has the lowest peak temperatures for each gas.

Of note is the correlation between the first peak temperature for
each evolved gas species and the fraction of cellulose present in the
blend (Table 5). These two variables have correlation coefficients,
RZ, for simple linear regression models (“additive schemes”) for Hy,
CHy4, and CO, greater than 0.90, with a somewhat looser relation-
ship for CoH, and C;Hg (R% >0.70). However, as seen in Fig. 8, this
is clearly not the case for the second peak evolution temperatures,
where correlation coefficients are all less than 0.45.

There is a loose correlation between peak DTG temperature
and peak evolution temperature for any gaseous species, and in
the expected direction. As temperature is increasing at a rate of
10K/min, we would expect the peak mass loss of the sample to
occur several degrees (and therefore seconds) before the evolved
gases are detected in the MS because (1) there will be a lag as
evolving compounds travel the capillary compound and reach the

detector and (2) as gases devolatilize from the solid, they must dif-
fuse out of the pores and from the surface of the solid sample,
which gives them ample time to experience secondary cracking.
Fig. S1 in the online supplemental information shows that such
a trend continues through the peak endothermic behavior. That is,
the peak endotherms (requiring the highest amount of heat to com-
plete the reaction at this point) loosely correspond to the first peaks
in each of the evolved gas components.

We note no apparent relationship between the peak concen-
trations and cellulosic fraction, with the general exception that
the pure cellulose has the lowest concentrations of any sample,
though within the same order of magnitude for each solid. This is
illustrated graphically in Fig. 9. Yang et al. [44], using FTIR to mon-
itor evolved gases, found that the total gaseous pyrolysis products
released from cellulose were lower than those devolatilizing from
hemicellulose. Hosoya et al. [54] found slightly lower tar yield and
slightly higher char yield by mixingin a2:1 cellulose:hemicellulose
mixture than would be predicted in an additive scheme, which the
authors suggest is because cellulose is covered by a molten hemi-
cellulose phase, inhibiting volatile formation from the cellulose.
Given the high volume expansion of starch, and the observation
that the total mass conversion of all the samples was approxi-
mately equal, we do not believe the lower (though same order
of magnitude) concentrations of H,, CHy4, C;H;, Co;Hg and CO,, of
cellulose and mixtures higher in cellulose is due to an analogous
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Table 5
Linear regression equations for relationship between peak evolved gas temperature and mass fraction of cellulose.
Linear regression equation R R?

H, Peak 1 Peak T (K)=53.96 4 6.52 x (Xcelylose ) + 583.30 =3.99 0.97877 0.95799
H, Peak 2 Peak T (K)=13.48 +9.75 x (Xcellulose ) + 1034.50 £ 5.97 0.62377 0.38909
CH4 Peak 1 Peak T (K)=46.16 4 8.31 x (Xcenylose ) + 584.44 £+ 5.09 0.95468 0.91141
CH4 Peak 2 Peak T (K)=19.64 4 12.19 x (Xcelulose ) + 800.34 £+ 7.47 0.68107 0.46386
CyH; Peak 1 Peak T (K)=44.56 + 15.53 x (Xcelulose ) + 591.52 +£9.51 0.85609 0.73289
CoH; Peak 2 Peak T (K)=15.6 £10.31 x (Xcequlose) + 735.4 £6.31 0.65796 0.43291
C,Hg Peak 1 Peak T (K)=28.16 4 8.26 x (Xcelylose ) + 586.82 = 5.06 0.89154 0.79484
C,Hg Peak 2 Peak T (K)=14.04 £ 9.14 x (Xcelylose ) + 736.2 £ 5.60 0.66334 0.44002
CO, Peak Peak T (K)=47.64 +7.21 x (Xcellulose ) + 582.58 £ 4.42 0.96728 0.93563
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liquid-phase shielding effect. In addition, from the fairly linear
behavior for the first peak, it would appear that initially the blended
streams do not display evidence of reaction synergism between
the starch and cellulose during co-pyrolysis in terms of the non-
condensable gases formed. Rather, it is likely that the cellulosic
gases underwent repolymerization of anhydrosugars, increasing
tar yield and decreasing non-condensable gas yield, which is sup-
ported through the non-linear relationship for the second peak
devolatilization as observed in Table 5.

3.4. Kinetics and evolved gases: two sides to the synergism story

Starch and cellulose represent the building blocks of many
biomasses, and provide a foundational understanding of
how different biomass constituents may influence pyrolytic
decomposition. There is no obvious chemical pathway by which
starch and cellulose, two glucose isomers and building blocks of
many biomasses, interact during pyrolysis. There is evidence in
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terms of reaction rates and kinetics that the cellulose, when present
as the majority component (75 wt%) inhibits the devolatilization
of starch, and perhaps at higher starch fractions the rates of
reaction are higher than a simple additive scheme would predict.
Activation energies are not additive in nature, suggesting some
sort of synergism between the two components.

However, given the lack of chemical reaction synergism noted
for the first devolatilization peak - there is no evidence that the
evolved (noncondensable) gas profiles are drastically altered as
a result of the blends — we suggest that the synergies noted in
terms of reaction kinetics are initially due to heat transport and
diffusional issues between the particles. For the 25 wt% cellulose
and 50wt% cellulose mixtures, the peak derivative thermogravi-
metric temperatures and rates indicate that the starch is perhaps
promoting devolatilization of the cellulose; the peak temperatures
are lower than predicted and peak rates higher than predicted
by an additive model. For the 75 wt% cellulose mixture, we see
temperature considerable higher and rate considerably lower than
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would be predicted by an additive scheme, especially at the 50
and 100K/min heating rates. This is further underscored by the
differential scanning calorimetry results, where we see sharper
and deeper endotherms for cellulose and the 75 wt% cellulose mix-
ture than the 50:50, 25 wt% cellulose and pure starch samples. The
primary peak evolved gas temperatures and mass fractions of cel-
lulose in a mixture are strongly correlated; as the percentage of
cellulose increases, the temperatures at which the peak mass loss
and peak evolved gases emerge are linearly related. As such, there
is not substantial evidence pointing to a high degree of chemi-
cal reaction synergism during the pyrolysis of these two biomass
building blocks at lower temperatures. However, at higher tem-
peratures, the relationship between cellulose fraction and peak
evolved gases is not linear in nature. The most logical explana-
tion for the behavior is the cellulose undergoing char-forming side
reactions [55,56], which may inhibit starch devolatilization and
increase peak pyrolysis temperatures. As Varhegyi explains, unfor-
tunately the physical properties (i.e. transport) of a solid sample
change with temperature, and of course in our case, mixture com-
position likely compounds this phenomenon [57]. We presume
- like all similar TGA experiments — that the samples are under
kinetic control during the experiments, i.e. devolatilization and
product formation is governed by chemical reactions and not trans-
port properties. However, the synergism in terms of mass loss data
and lack thereof for pyrolysis gas data at lower temperatures, and
synergism for both data sets at higher temperatures, suggests that
there might be both kinetic and transport forces at play between
these two biomass building blocks, especially at lower tempera-
tures. This interplay is understood through the significantly higher
heat capacity and peak devolatilization temperatures of cellulose
versus starch, whereby a mixture with a significant amount of cel-
lulose may suppress the ability of starch to devolatilize at lower
temperatures.

4. Conclusions

There is much evidence in the literature that blending biomass
and other solid fuel streams can alter reaction rates and tempera-
tures - as observed here - that can potentially increase conversion
efficiency. For example, mixtures of 50% or more of starch appear to
promote the pyrolysis of cellulose at lower temperatures. In addi-
tion, there is a consensus developing that we can advantageously
alter bio-oil composition by blending biomasses to improve stabil-
ity and fuel quality. However, what the data here suggest is that
this reaction synergy may not be due to a chemical interaction
occurring during devolatilization, at least not at lower tempera-
tures. Rather, the ability to tune bio-oil product composition is
likely due to secondary reactions occurring to form or change tar
phase constituents.
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