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ABSTRACT: This study reports changes in solid phase composition when samples of Avicel cellulose (crystallinity: 60.5%) and
ball-milled microcrystalline cellulose (crystallinity: 6.5%) were subjected to pyrolysis in a spoon reactor. Solid state chemistry
evolution was examined by hydrolysis-ion exchange chromatography, scanning electron miscroscopy (SEM), Fourier transform
infrared (FTIR), and "*C nuclear magnetic resonance (NMR). The liquid reaction intermediate was found to cause particle
agglomeration at temperatures below 300 °C. At higher temperatures, the ball-milled cellulose melted completely but the more
crystalline cellulose conserved its fibrous structure. The formation of C=0 and C=C groups was accelerated by the presence of
liquid intermediates derived from the amorphous cellulose. The content of cross-linked cellulose was quantified by the combined
use of acid hydrolysis and *C NMR. A new reaction mechanism to describe the changes in the solid residue composition at

different reaction conditions is proposed.

1. INTRODUCTION

With the increasing demand of liquid transportation fuel and
the gradual depletion of crude oil, the production of fuels and
chemicals from lignocellulosic materials continues to gain
societal interest. Using lignocellulosic materials for biofuel
production has the potential to greatly reduce greenhouse gas
production.' ™ The pyrolysis of lignocellulosic materials
followed by the refining of the bio-oil product is one of the
most promising alternatives currently studied for the
production of transportation biofuels.*

Cellulose is the most abundant carbohydrate biopolymer in
nature and represents approximately 40—4S mass percent in
dry wood.” During pyrolysis, cellulose degrades into anhydro-
saccharides which are considered useful for a variety of
applications.*® Pyrolysis of cellobiitol (a disaccharide surro-
gate) was found early on to produce primarily levoglucosan at
higher temperatures and low pressure; however at a lower
temperature (171 °C), it was found to undergo intermolecular
nucleophilic substitution at the hydroxyl groups to produce
large oligosugars.'® Ponder et al. found that the removal of
alkali and alkali earth metal ions and salts by acid washing
significantly increased the yield of levoglucosan.'"' However,
Richards et al. found that transition metals are actually capable
of increasing the yield of levoglucosan.'”

Pyrolytic anhydro-saccharides (chiefly levoglucosan) can be
easily hydrolyzed to obtain glucose or can be directly fermented
to obtain ethanol or as a source for chemicals like furans and
levulinic acid.'*'* The formation of these sugars is largely
influenced by process conditions like temperature and heating
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rate.® Pyrolysis conditions also affect the structure of the
remaining biochar.

Although many researchers have studied cellulose pyrolytic
reactions, >~ there are few studies on the changes occurring
in solid phase.”> The widely accepted Broido—Shafizadeh
pyrolysis reaction scheme considers the formation of active
cellulose as the reaction rate limiting step followed by the
simultaneous formation of char and volatile compounds.”>**
Other imgortant reaction schemes include the Waterloo, >
Diebold,? Wooten—Seeman—Hajaligol,27 and Varhegyi—
Antal’®®® mechanisms. After a thorough review, we found
that only a few considered a multistep sequence of solid phase
reactions: (i) the Varhegyi—Antal model considers a sequence
of reactions responsible for changes in the structure of the
carbonaceous residue formed;*®*® (ii) the Lin model initiates
from anhydro-saccharides with degrees of polymerization (Dp)
up to 7, followed by the formation of monosaccharide
derivatives, followed by furans and char;'” (iii) Westerhof*®
(biomass) and Lewellen®' (cellulose) describe a mechanism by
which some pyrolysis products are trapped in the particle by
mass transfer limitations and henceforth form new compounds,
which can either escape from the particle or remain trapped.
Eventually, these trapped products can combine to form char.

The role of cellulose crystallinity on pyrolysis reactions has
received limited attention.>*™>° As reviewed by Antal,*¢ early
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Figure 1. Experimental set up (spoon reactor).

results showed that noncrystalline cellulose (ball-milled or 2. MATERIALS AND METHODS

ammonia-swelled cellulose) has a higher weight loss rate than 2.1. Material. Microcrystalline “control” cellulose (Avicel,

crystalline cellulose.>**>*” 73" Kilzer and Broido® postulated PH-101, particle size ~S0 um, Sigma-Aldrich) was dried.

that crystalline cellulose promoted dehydration reactions, and it

was proven by Weinstein and Broido>® that crystalline cellulose 450 -

produced more char through inter-ring cross-linking reactions. 10 min

It is also understood that cellulose crystallinity remains constant 5 400 1

until weight loss is over 60%, indicating that both crystalline Qg‘ Smin

and amorphous cellulose share similar depolymerization (%350 |

reaction.’>*”3® In addition, Shimazu and Sterling found that S 300 |

amorphous cellulose breaks down at low temperatures.*' Kato 2

and Kamorita found that, with temperature between 200 and § 250 -

300 °C, amorphous cellulose produced more furfural and S- g

hydroxy-methylfurfural.*> At temperatures over 500 °C, ® 200 |

crystalline cellulose produced more acetaldehyde than

amorphous cellulose.*” Our group has recently found that 150200 250 300 350 400 450

low cellulose crystallinity does not dramatically change the Oven Temperature Set (°C)

levoglucosan yield, but it does affect the formation of liquid o _

intermediates.43 Figure 2. Calibration of spoon temperature (temperature in the spoon
Among the models so far developed, only the Antal mo del*™ at the first 2 min and after reaching equilibrium at 10 min).

takes into account the effect of cellulose crystallinity on the . 54—59

formation of carbonaceous solid residues. Hgﬂever, tt}zfis model Table 1. FTIR Peak Assignments

does not explicitly consider the formation of liquid wavenumber

intermediates or the formation of cross-linked saccharides. (&) peak assignment

Developing a model that predicts how pyrolysis conditions 895898 glucose ring stretch, C1—H deformation, C—H
i i o deformation in cellulose
affect the structure of the biochar product is critical to I
1l h Jucti f anhvd harid dq th 990 C—O (secondary alcohols skeletal vibrations)
controlling  the RI‘O uction ot anhydro-saccharides and the 1020—-1050 C—O stretching (C-6 skeletal vibrations)
develop ment Of bIOCha'r b’flse‘d prOduc.ts' . 1050—1070 C—O stretching (C-3 skeletal vibrations)
The formation of a liquid intermediate, directly observed by

45,46 e 1080 C—O—C (pyranose ring skeletal vibrations)

the groups of Professors Lede™ "™ and Dauenhauer, hafsbeen 1110 C—OH (skeletal vibrations)
found to affect the evolution of carbonaceous materials.”™ The 1160 C—O—C (antisymmetrical bridge stretching at b-
major cellulose pyrolysis product levoglucosan has a boiling glucosidic linkage)
point between 304.5 and 340 °C.**7° Thus, if not removed 1200 C—O (stretching in pyranose ring)
fast enough, it can remain in the liquid intermediate phase 1310-1360 OHbin Plan)e bending, C—C and C—O (skeletal

. : . . t
during pyrolysis and polycondense into char.’' The formation vibrations) )

e . . .. L. 1372 C—H symmetric deformation

of this liquid intermediate is also critical for the ejection of )
hea roducts (oligo-saccharides) during the olysis 1360 O—H (bending)

VP 2 § 8 pyroly 1425 CH, scissoring

process.”

The main goal of this paper is to study the effect of cellulose
crystallinity on the formation of liquid intermediates during
pyrolysis in a spoon reactor and the reactions responsible for
char formation. We also propose a new reaction scheme based
on our experimental observations.

1597—-1620  C=C stretching
1694—1710 C=0 stretching
2800—3000 C—H stretching
3100—3600 O—H stretching
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Figure 3. Residue yields from a spoon reactor at different temperatures and reaction time, with control crystalline cellulose on the left and ball-milled

cellulose on the right.

Amorphous cellulose was created by ball-milling control
cellulose at 300 rpm for 24 h (Across International PQ-N2,
ceramic 100 mL jar and balls). The characterization of both
samples has been reported elsewhere.*’ Avicel had a
crystallinity of 60.5%, and the ball-milled cellulose had a
crystallinity of 6.5%. The ash content analysis was carried out
with three replicates. The ball-milling introduced alumina
ceramic pieces which increased the ash content from values
close to the detection limit to 0.58 + 0.13 wt %.

2.2. Spoon Reactor. A spoon reactor similar to the one
described by Mauviel et al. was used for these pyrolysis
experiments.”” Figure 1 shows the scheme of our spoon reactor.
It has a char cooling chamber which is utilized for fast cooling
of treated samples and for the resting of untreated samples
waiting for oxygen removal from the pyrolysis chamber. A
Lindberg/Blue 1100 tube furnace (single point) was utilized as
the heating source, and a stainless steel tube was used as the
heating chamber (18.8 mm id., 305 mm in length).
Approximately 400 mg of cellulose sample was evenly
distributed (by visual estimate) onto a 11 cm long region of
the spoon (12.5 mm i.d., 22 cm long half tube) with a thickness
of ~1 mm. The stainless steel spoon was put on a holder and
was introduced into a water cooled chamber under nitrogen for
20 min to remove oxygen. The sample was then pushed into a
heating chamber (pyrolysis zone) and held at that temperature
for a designated time.

The experimental temperature was calibrated by thermo-
couple (type K, armored and grounded) directly on the spoon
at the position where the cellulose sample was heated. The
temperature of the spoon was measured at different times. For
all the tests conducted, the spoon reached the targeted
temperature before 10 min. Figure 2 shows the temperature
in the spoon after 2 and 10 min as a function of the
temperature in the oven. The linear correlation obtained

2942

between the spoon temperature and the temperature of the
oven was used as calibration curve for all our experiments.

In the first 2 min the spoon could reach a temperature 45—
65 °C lower than the one targeted. The heating rate achieved in
the first 2 min was relatively fast (107 °C/min for the samples
heated to 250 and 190 °C/min for the samples heated to 400
°C). So our experiments were conducted at heating rate faster
than those typically used in slow pyrolysis studies (less than 50
°C/min) but slower than those encountered in fast pyrolysis
conditions (hundreds of degrees Celcius per second). A
constant nitrogen flow of 900 mL/min at TPN was use to
prevent oxidation. Here, 150 mL/min of nitrogen was fed into
the char cooling chamber and the rest (7S0 mL/min) was
preheated in the furnace and directed into the reactor. After the
experiment, the spoon with residue was pulled back into the
cooling chamber and cooled for 15 min to 20 °C. The mass of
the solid residue obtained was reported for all the experiments.
The term “yield” was defined as the mass of the product of
interest divided by mass of the original cellulose.

2.3. Analysis of Solid Residues. 2.3.1. Fourier Transform
Infrared (FTIR) Spectroscopy. The solid residue samples
obtained in the spoon reactor were analyzed with a Shimadzu
FTIR with attenuated total reflection (ATR, MIRacle equipped
with a Ge crystal, PIKE Technology). This method was utilized
to monitor the change of functional groups by their peaks at
certain wavelengths (see Table 1). Spectra were recorded for
each sample in triplicate using 64 scans. The spectra were ATR
and automatic baseline corrected and averaged. Peaks were
assigned according to the information listed in Table 1. Peak
heights were used for comparison.

2.3.2. 3C Nuclear Magnetic Resonance (NMR) Spectros-
copy. The *C CP-MAS NMR spectral analysis was performed
on a Bruker DRX 400. Samples were packed in zirconia rotors
(5 mm @, 160 pL) and spun at 6 kHz using a Chemimagnetics
solid state probe (relaxation time 10 ms) and obtained 4096 or

dx.doi.org/10.1021/ie4014259 | Ind. Eng. Chem. Res. 2014, 53, 2940—2955
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Figure 4. Comparison of control cellulose (left) and ball-milled cellulose (right) (a) and after pyrolysis for 120 min at 240 (b) and 280 °C (c) and
for 60 min at 400 °C (d). The melted char of ball-milled cellulose was crushed for sampling.

16 384 scans. This method was utilized to monitor the amount
of carbon related to functional groups (aliphatic, aromatic,
furanyl, carbonyl, and cellulose related). The spectra were
processed using ACD lab software. Peaks were assigned
according to previous studies in the literature.”>>* The area
of peaks was evaluated by a deconvolution method applying
Guassian and Lorentzian lines previously used in describing

cellulose structures.”>”®' The areas of the peaks were

2943

considered the molar fraction of the carbon assigned. In this
paper, we considered that the aromatic C is in the form of
benzene (C4Hg); that the aliphatic carbon is in the form of
methylene (—CH,); that the oligosaccharide carbon is in the
form of levoglucosan (C¢H,,Os); and the furanyl carbon is in
the form of furan (C,H,O). On the basis of this supposition,
we calculated the mass fraction of each of the functional groups.
The mass fraction of the group was then multiplied by the yield

dx.doi.org/10.1021/ie4014259 | Ind. Eng. Chem. Res. 2014, 53, 2940—2955
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Figure S. Hydrolyzable sugar content obtained from cellulose residue after pyrolysis as a function of time for (left) control cellulose and (right) ball-
milled cellulose. The crystalline cellulose solid residue actually contained more hydrolyzable material than ball-milled cellulose residue after pyrolysis.
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Figure 6. Yield of nonhydrolyzable material (charcoal + cross-linked saccharides) from cellulose ((left) control and (right) ball-milled cellulose) after

pyrolysis as a function of reaction time.

of the solid residue to obtain the yield of the group expressed
on initial cellulose basis.

2.3.3. Hydrolysis and lon Exchange Chromatography. The
solid samples were hydrolyzed following the ASTM D5896-96
standard.®> Briefly, approximately 100 mg of sample were
weighed in a culture tube (25 mm X 150 mm). One milliliter of
72% H,SO, was added to the tube and mixed with glass rod at
30 °C for 1 h. Then, water (28 mL) was carefully added (to
rinse the glass rods) and the tube was sealed and autoclaved
(125 °C for 1 h). The hydrolysates were diluted 250 times and
filtered for ion exchange chromatographic (IEC, Dionex ICS-
3000 Ion Chromatograph, equipped with CarboPac PA20 3 X
150 mm column) analysis. Results collected were multiplied by
the yield of residue to reflect the evolution of the solid phase on
initial cellulose basis.

2.3.4. SEM (Scanning Electron Microscopy). SEM analyses
were performed on an FEI Quanta 200F with a Large Field
Detector and a low vacuum of 130 Pa. Samples were distributed
evenly (by visual estimation) on adhesive tape on a metal stub.

2944

3. RESULTS AND DISCUSSION

3.1. Yield of Solid Residue. Figure 3 shows the evolution
of the solid phase residue and conversion (@) as a function of
pyrolysis conditions (time and temperature) for the control and
ball-milled cellulose from the spoon reactor described in the
Material section. Conversion was calculated as

a(t) = (mcellulose(t=0) - mresidue(t))

/(mcellulose(t=0) - mresidue(t:oo))

(1)

Control cellulose remained relatively unconverted at temper-
atures below 260 °C; however, ball-milled cellulose lost
approximately 40% of its weight below 260 °C. This difference
was also found in our previous study using a thermogravimetric
analyzer (TGA), where ball-milled cellulose started its weight
loss at lower temperature.*’ A linear relationship was observed
at pyrolysis temperatures below 260 °C. The depolymerization
of the control cellulose accelerates at 280 °C. Remarkably, this
is a huge difference in weight loss in a relatively small
temperature regime. At temperatures above 300 °C, both

dx.doi.org/10.1021/ie4014259 | Ind. Eng. Chem. Res. 2014, 53, 2940—2955
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Figure 7. FTIR spectra of pyrolyzed ball-milled cellulose for 30, 60, or 120 min at 240, 260, 280, 300, or 320 °C.

samples reached similar weight losses (>85%) after 30 min of
thermal treatment. The weight loss results shown are similar to
those of Liu et al.®® and Pastorova et al.%*

Pyrolyzed cellulose solids were examined by SEM. Figure 4
shows micrographs of control and ball-milled cellulose at the
native state (Figure 4a) and after being treated for 120 min at
240 and 280 and for 60 min at 400 °C (Figure 4b). Large
agglomerates were formed from the sticky liquid on the surface
of both samples pyrolyzed at 240 °C, even without a large loss
of mass. The formation of liquid intermediates evidently occurs
at low temperatures. Dufour et al.*>® discussed the origin of
proton mobility within “a viscous and mobile material” during
pyrolysis, which is another way to describe the liquid

2945

intermediate. Liu et al.®® claimed that this material is likely to
be water-soluble and composed of anhydro-oligosugars.
Considering the crystallinity of our control cellulose (60%),
it is reasonable to assume the amorphous zones of cellulose
started to melt at 240 °C. After 120 min at 300 °C, the
difference between the control and ball-milled cellulose was
more evident (see Figure 3). Although both cellulose samples
had a weight loss >50% and shrunk in particle size (see Figure
4c), ball-milled cellulose coalesced after pyrolysis for 120 min.
At 320 °C, the ball-milled cellulose samples started to
transform into a single piece of char (not shown). Figure 4d
reveals that at 400 °C for 60 min, ball-milled cellulose after
pyrolysis lost its particle structure and was totally melted; while

dx.doi.org/10.1021/ie4014259 | Ind. Eng. Chem. Res. 2014, 53, 2940—2955
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the control crystalline cellulose particles indeed shrank, they
retained their fibrous structures.

3.2. Quantification of Hydrolyzable Saccharides.
Figure S shows the content of hydrolyzable sugars remaining
in the solid residue, determined by ion exchange chromatog-
raphy (IEC). The formation of glucose is related to the amount
of hydrolyzable saccharides which comes from the nonreacted
(original) cellulose. The content of hydrolyzable sugar
decreased, following the same trends reported for the weight
loss in Figure 3. This result was similar to the results found in
47 where the hydrolyzable residue decreased
as temperature and heating time increased. It also confirmed
the formation of a nonhydrolyzable fraction as the pyrolytic
conversion of cellulose advances. As the pyrolysis temperature

. 23,37
earlier works™”>"

increased, the treated cellulose samples went from yellow to
brown and finally to black. When the residual carbonaceous
solids were less than 20%, the residue was difficult to hydrolyze.
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The yields of nonhydrolyzable material in the various
samples are shown in Figure 6 (mnonhydmlyzable
Msolid residue(prehydrolysis) Mhydrolyzable sugars)' The content of
nonhydrolyzable saccharides was very pronounced in the
early stages of thermal treatment (weight loss < 50%). The
nonhydrolyzable material formed from the dehydration, cross-
linking, and polycondensation of cellulose and/or cellulose
products.®*~7° For example, at 240 °C and 120 min, 20% of
ball-milled cellulose is nonhydrolyzable; under the same
conditions, only 12% of the control cellulose was non-
hydrolyzable. The residue of ball-milled cellulose (~17% in
yield) from pyrolysis at 280 °C for 120 min had ~85%
nonhydrolyzable saccharides, while the residue of control
cellulose (~10% in yield) had ~25% of nonhydrolyzable
saccharides.

Ball-milled cellulose shows a reduction in nonhydrolyzable
content under less extreme conditions: a higher max yield could

dx.doi.org/10.1021/ie4014259 | Ind. Eng. Chem. Res. 2014, 53, 2940—2955
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Figure 11. C=C/C—O ratio from FTIR for (left) control and (right) ball-milled cellulose at differing temperatures as a function of reaction time.

be found in ball-milled cellulose until temperatures above 340
°C. This phenomenon may be due to the formation of liquid
intermediates that accelerate dehydration and cross-linking
reactions.

3.3. FTIR Spectroscopy. Figure 7 shows the FTIR spectra
of control and ball-milled cellulose residues obtained after
pyrolysis at 240, 260, 280, 300, or 320 °C for 30, 60, or 120 min
to qualitatively track the evolution of functional groups in the
solid samples. Pyrolysis above 320 °C and 30 min produced
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black restudies which are unsuitable for analyses on our FTIR
setting, so only residues formed at temperatures below 320 °C
were analyzed.
Both cellulose samples followed similar trends in their
functional group evolution. The structure of cellulose did not
change at temperatures below 240 °C. Evidence of cellulose
intraring dehydration was indicated by the formation of C=0
(1710 em™) and C=C (1620 cm™') bands at temperatures
close to 260 °C that increased as the severity (temperature and
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Figure 13. 3C- NMR spectra of control and ball-milled cellulose.

time) increased.®® Obvious weakening of the C—O band at
1060 cm™ was observed above 280 °C. This C—O band
disappeared at 320 °C under 120 min of treatment, indicating
that cellulose structure was completely modified under these
conditions.

A detailed analysis of the FTIR band height was used to
follow changes in chemical characteristics of the solid residue.
Figures 8 and 9 show the change of two crystallinity indexes:
L1420/ Is9, (in this work, band 892 shifted to 899 cm™’, so here
we use I;40/Iggo to represent this crystallinity index) and I3,/
Lo obtained from the FTIR spectra.”"” The first index (I,4,0/
Igg0) shown in Figure 8 is proportional to the ratio of crystalline
cellulose to remaining cellulose. The second index (I;376/I1900)
shown in Figure 9 is proportional to the ratio of crystalline
cellulose to total residue.

Figure 8 shows that the ratio of crystalline cellulose to
remaining cellulose decreased for the ball-milled cellulose than
the control but increased very rapidly when heated. We saw this
result in our previous work,™ and it clearly suggests that most
of the weight loss observed for ball-milled cellulose around 280
°C was due to the conversion of the amorphous cellulose and a
concomitant increase in crystalline concentration. Furthermore,
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Figure 9 shows that the actual content of crystalline cellulose in
the residue was initially higher for the control but then
decreased with process severity.

Figure 10 shows the ratio between C=0/C—O0 (I;¢94-1710/
Lygo_1070) for control and ball-milled cellulose. The C=0
groups are formed by the intramolecular dehydration
reactions.”® Below 280 °C these reactions seem to be favored
in amorphous cellulose, perhaps due to the acceleration of
dehydration reactions when the liquid intermediate is formed.**
It has been explained that dehydration reactions occur via E1-
elimination mechanism and are mediated by an acid catalyst.**
The existence of a melting step at around 280 °C is likely
required to form the C=O0 group for an intraring dehydration
environment. The formation of agglomerates in this range of
temperature is a clear indication of the presence of liquid
intermediates on the surface of the converted cellulose particles.

At higher temperatures the dehydration reactions are more,
pronounced as seen by the dramatic increase in C=0/C—0.
The evolution of the C=C/C—O ratio (I;597_1620/Io90—1070)
can be seen in Figure 11. The trends observed for the C=C/
C—O were very similar to that observed for the C=0/C—O
ratio both of which are products of intraring dehydration
reactions. At higher temperatures the solid residue formed from
the control cellulose seems to have higher content of C=C
groups.

Figure 12 shows the OH/C—O ratio (I3;00_3600/Io90-1070)
for control and ball-milled cellulose. This ratio did not change
significantly below 300 °C and was very similar for both the
control and ball-milled samples. This ratio dramatically
increased above 300 °C, indicating the dehydration of hydroxyl
group at C-3 (1060 cm™) and C-6 (1030 cm™") positions on
the native glucopyranose ring.

3.4. 3C NMR Spectroscopy. Solid state CP-MAS °C
NMR spectroscopy was used to monitor C functional groups in
cellulose. Figure 13 shows the difference between control and
ball-milled cellulose. Spectra for control cellulose is consistent
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Figure 14. 3C NMR spectra for pyrolyzed control cellulose at differing conditions.

with those reported by Pastorova et al.>*> C-6 at ~66 ppm (62 carbohydrate, and furanyl) and multiplied by the yield of solid
ppm for ball-milled); C-2, C-3, C-S at 74—76 (doublet) ppm residue to obtain the functional group yield on initial cellulose
(75 ppm for ball-milled); anomeric C-1 peak at 107 ppm (104 basis. The results of carbohydrate, aliphatic, and aromatic were
ppm for ball-milled); C-4 at 90 (crystalline) and 86 plotted in Figure 18.

(amorphous) ppm (85 ppm for ball-milled). The content of the carbohydrates decreased gradually

Figure 14 shows the evolution of *C NMR as a function of following a trend similar to that measured by acid hydrolysis.
pyrolysis conditions. The '*C spectra were peak fitted following Aliphatic groups were formed faster in ball-milled cellulose
the method described for cellulose crystallinity and allomorph above 300 °C. At 300 °C, control cellulose products showed a
analysis, modified to accommodate the thermally derived higher presence of aliphatic groups than for ball-milled
structures after pyrolysis.”>~®" The molar fraction of C cellulose. Above 300 °C, trends were similar. Aromatic groups
associated to the different structures was calculated from the were formed more rapidly in the ball-milled samples than the
mass fraction of all the functional groups (aromatics, aliphatic, control samples. The formation of aromatic groups is mainly
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Figure 15. Graph showing the yield of carbohydrate, aliphatic, and aromatic groups for (left) control and (right) ball-milled cellulose at differing
pyrolysis temperatures as a function of reaction time.
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Figure 16. Comparison of cellulose content determined by hydrolysis and *C NMR.
due to aromatization and polycondensation reactions respon- Figure 17 shows the evolution of furanyl and carbonyl groups
sible for charcoal formation. These groups seem to be stable in as a function of pyrolysis conditions. The furanyl and carbonyl
the conditions studied. groups are products of dehydration reactions. Similar to results
Figure 16 shows a correlation between the cellulose content from Py-GC/MS reported elsewhere,* higher yields of these
measured by acid hydrolysis to that determined by quantitative two groups were formed in the ball-milled cellulose. This may
“C NMR. The values of cellulose determined by acid be attributed to the more facile formation of liquid
hydrolysis were lower than those determined by *C NMR. It intermediates from amorphous cellulose.
means that the *C NMR quantification method used, It is important to note that the addition of aliphatic, aromatic,
accounted the very poorly quantified cross-linked saccharides furanyl, and carboxyl fractions was considerably lower that the
as carbonhydrate (cellulose). content of nonhydrolyzable saccharides shown in Figure 6. This
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Figure 17. Yield of furanyl and carbonyl groups for (left) control and (right) ball-milled cellulose at differing pyrolysis temperatures as a function of
reaction time.
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Figure 18. Behavior of nonhydrolyzable cross-linked saccharides.
difference clearly indicates that the '3C NMR method ether bonds from various yet-to-be-determined hydroxyl
accounted for the modified cross-linked saccharides as cellulose. groups.

The difference between the cellulose content measured by 3.5. Reaction Mechanism. The data presented in Figures
BC NMR and the cellulose content measured by acid 5 and 15—18 were used to develop a new reaction mechanism
hydrolysis is an estimate for the yield of cross-linked sugars. explaining the behavior of cellulose during slow/intermediate
The same results are obtained if the yields of furanyl, carbonyl, pyrolysis conditions (see Figure 19). The authors recognize
aliphatic, and aromatic are subtracted from the yield of that the experimental data obtained with an initial heating
nonhydrolyzable sugars. The yields of cross-linked saccharides period between 2 and 10 min does not allow obtaining real
are shown in Figure 18. In conclusion, the 13C NMR results “kinetic” constants using methods developed for isothermal
indicate that the cross-linked saccharides are formed through systems. Experiments under very high heating/mass transfer
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Figure 19. Reaction mechanism proposed for cellulose slow pyrolysis.

rates, and rapid product quenching conditions will have to be
conducted to find the kinetic parameters of the reactions in the
mechanism proposed.

The first reaction (1) describes the early stage depolymeriza-
tion of cellulose (A) to produce a low Dp cellulose (B). The
basic unit of crystalline cellulose morphology is the elementary
fibril (a nanocrystal) with approximately 300 Angstrom
surrounded by amorphous zones that can be easily broken at
low temperature (150—190 °C).”* The formation of a
nanocrystal with molecular weight close to 300—400 g/mol
when crystalline cellulose is heated has been reported by
Shafizadeh.”* The amorphous zones can be depolymerized all
the way to produce oligomeric liquid intermediates. This
cellulose with low Dp has the same formula as cellulose
(CgH10Os). This step does not lead to any weight loss.

The second reaction (2) is associated with the further
depolymerization of low Dp cellulose to produce volatile
anhydro-, mono-, and oligo-saccharides (chiefly levoglucosan
and cellobiosan) (C). This reaction causes weight losses and
has been extensively studied in the literature.”~”” It consists of
glycosidic bond cleavages at the ends of cellulose polymer
chains. Once this reaction is initiated, the whole chain “unzips”
to release monomers of levoglucosan and dimers of
cellobiosan.”>~7%%97%> The evaporation of levoglucosan and
other potential liquid intermediates has been extensively
studied by Oja and Suuberg.>®

The third reaction (3) corresponds to inter-ring dehydration
responsible for the formation of water and cross-linked
saccharides.****~7° Inter-ring dehydration of the low Dp
cellulose (B) releases one unit of water (D) from every two
glucopyranose bound together and gives a cross-linked
saccharide complex (E) with a basic unit of C{HyO,s. While
Mamleev et al.*® argued this reaction is associated with the
formation of liquid intermediate, Chaiwat et al.**”® presented
their mechanism supposing a solid phase reaction. The
existence of cellulose-derived liquid intermediates has been
confirmed by our SEM studies. This liquid intermediate seems
to be formed by products of cellulose depolymerization
(levoglucosan, cellobiosan, cellotriosan, etc.) and their cross-
1inkin_§ products which are not volatile enough to evapo-
rate 2750,69,70,83

The fourth reaction (4) is the cracking of cross-linked
structures to form volatile products (F), extensively studied by
Chaiwat et al.®*”°
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The fifth reaction (5) describes the ring contraction and
dehydration of cross-linked saccharides, as studied by Scheirs et
al.%® The dehydration of group E releases one unit of water (G)
for every basic unit to form a cross-linked saccharide complex
H (C4H,055).

The sixth reaction (6) represents the polycondensation of
dehydrated saccharides (H) to form char (I). This reaction has
been poorly studied in the literature.”**' According to
Shafizadeh and Sekiguchi®* and McGrath et al,* the product
can be represented by the formula (C;H;O). The water and
gases (J) produced in this reaction are contained in the formula
(CH;50,5).

4. CONCLUSION

A spoon reactor was used to compare pyrolytic solids from ball-
milled amorphous and microcrystalline cellulose. Below 260
°C, only the ball-milled cellulose presented significant weight
losses. The microcrystalline cellulose underwent major weight
loss at 280 °C. At temperatures over 300 °C, both samples
showed similar weight loss. This result was also found in our
previous study under TGA, where ball-milled cellulose started
its weight loss at lower temperature.*’

Ball-milled cellulose enhanced the liquid intermediate phase
during pyrolysis. Nonhydrolyzable oligosaccharides were
formed in both the ball-milled and microcrystalline cellulose
but disappeared as temperature increased. This suggests that
inter-ring dehydration and cross-linking reactions are favored in
liquid intermediates. Ball-milled cellulose formed these
compounds at lower temperatures more so than microcrystal-
line cellulose. Carbohydrates disappear faster, aliphatics form
faster, and aromatics form faster in the ball-milled than control
cellulose up to 300 °C. Higher yields of furanyl and carbonyl
groups were observed in the ball-milled cellulose than control.

On the basis of this knowledge, a new reaction scheme was
presented with six reactions that for the first time explicitly
includes the formation of cross-linked (nonhydrolyzable)
cellulose and its further depolymerization to produce non-
hydrolyzable saccharides.
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