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Abstract Levoglucosan, the major intermediate in cel-
lulose pyrolysis, is stable up to around 500°C in the gas
phase. To study whether this stability is a characteristic
property of levoglucosan, the gas-phase reactivity was
compared with those of methyl a- and p-glucosides at
200-500°C (residence time 1.2-2.0 s). The methyl gluco-
sides decomposed even at 200 and 300 °C to form levoglu-
cosan exclusively. This selective transglycosylation was
explained with a concerted mechanism. Fragmentation of
the glucosides forming C1-C3 carbonyl compounds started
at 400°C, a temperature lower than that of levoglucosan
(500°C). Thus, levoglucosan is a special carbohydrate that
is stable in the gas phase, and the stability is explained by
the steric hindrance of the bicyclic ring. Formation of the
anhydrofuranose isomer and furans was negligible from the
gas-phase pyrolysis of these compounds, suggesting that
these are produced mainly from the molten-phase pyroly-
sis. These results show the roles of gas- and molten-phase
reactions during carbohydrate pyrolysis, providing insights
for upgrading biomass pyrolysis/gasification processes.

Keywords Methyl glucoside - Levoglucosan - Gas-phase
reactions - Concerted heterolysis - Cellulose pyrolysis
Introduction

Pyrolysis is the underlying principle of various thermo-
chemical conversion technologies such as carbonization,

P4 Haruo Kawamoto
kawamoto @energy.kyoto-u.ac.jp

Graduate School of Energy Science, Kyoto University,
Yoshida-honmachi, Sakyo-ku, Kyoto 606-8501, Japan

fast pyrolysis, and gasification for producing biofuels, bio-
chemicals, and biomaterials from biomass resources. Lig-
nocellulosic biomass is the most promising bioresource,
because there is a significant amount on the earth. Under-
standing the chemistry involved in the lignocellulose pyrol-
ysis provides insights into the upgrading of these conver-
sion processes.

Cellulose, which represents 40-50 wt% of the chemical
components of lignocellulose, is a crystalline polysaccha-
ride that decomposes drastically around 350°C, and a large
amount of levoglucosan (1,6-anhydro-p-p-glucopyranose;
LG) is produced [1, 2]. Kwon et al. [2] reported approxi-
mately 70 wt% of LG from the pyrolysis of microcrystal-
line cellulose under vacuum pyrolysis conditions. Thus,
the pyrolysis behavior of LG has been studied extensively
in both molten [3-7] and gas [3, 4, 8—10] phases to under-
stand the roles of intermediates during pyrolysis and gasifi-
cation of cellulosic biomass.

The pyrolytic reactivity of LG is different in the molten
and gas phases [3, 9]. As indicated in the early report of
Pictet [11] in 1918, the molten LG polymerizes into pol-
ysaccharides through transglycosylation reactions at
>240°C, which is a temperature much lower than its forma-
tion temperature (around 350 °C) from cellulose. Alterna-
tively, LG in the gas phase is stable and starts to decompose
at higher temperatures >500°C (residence time 0.8-1.4 s),
where fragmentation reactions selectively proceed to form
C1-C3 aldehydes/ketones and noncondensable gases with-
out forming any coke [9]. Any aromatic compounds such
as benzenes and furans [furfural and 5-hydroxymethylfur-
fural (5-HMF)] are not produced in the gas phase, which
is explained later by the homolysis-based fragmentation
occurring at high temperatures prior to the formation of
benzenes and furans [12]. Because of these different reac-
tivities in the molten and gas phases, extensive coking
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occurs only by cooling the gaseous LG produced from cel-
lulose pyrolysis into the molten state [13].

LG and other sugar derivatives are stabilized in aprotic
hydrogen-bond-acceptor solvents such as aromatic sub-
stances [14, 15] and polyethers [16, 17]. From these obser-
vations, hydrogen-bond theory was proposed, in which
intermolecular hydrogen bonds act as acid and base cata-
lysts that promote pyrolytic reactions including transglyco-
sylation in the molten phase [15-17]. The stability of LG
in the gas phase can be explained with this theory, because
intermolecular hydrogen bonding is normally less impor-
tant in the gas phase. However, there have been no reports
to clarify whether this stability is characteristic feature of
LG.

Transglycosylation forming LG and polysaccharides is
the most important reaction of carbohydrates in molten-
phase pyrolysis [11, 18-20]. Concerted transglycosylation
mechanisms have been proposed by the theoretical calcu-
lations for the gas-phase pyrolysis of methyl p-glucoside
(GIcpOMe) [21] and other carbohydrates [22-24]. Hosoya
et al. [21] proposed a concerted mechanism for the gas-
phase conversion of GlcpOMe into LG, in which the AG%
value is reduced to 47.7 kcal mol~!. However, these reports
are only based on theoretical calculations, because of the
difficulty in studying only gas-phase pyrolysis of carbo-
hydrates. Hence, the concerted transglycosylation mecha-
nisms have not been confirmed by experimental study.

In this study, GlcBOMe, methyl a-glucoside (GlcaOMe),
and LG were pyrolyzed only in the gas phase at 200, 300,
400, and 500°C under a N, flow (residence times ranging
from 1.2 to 2.0 s) to understand the reactivities of these
compounds and check the adaptability of the proposed con-
certed mechanisms.

Fig. 1 Flow-type two-stage
tubular reactor consisting of
an evaporator connected to a
pyrolyzer and product recovery
units

Glass wool

NH,(OH)-HCI/
DMSO-d,
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Experimental
Materials

GlcaOMe, GlcpOMe (hydrated), and LG were purchased
from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan),
Sigma-Aldrich (St. Louis, MO, USA), and Carbosynth
Limited (Compton, Berkshire, UK), respectively. Water
trapped in the GlcpOMe crystals was eliminated before use
by drying in an oven at 105°C for 1 h, which were stored
in a desiccator before use. Other chemicals were used as
received without further purification.

Two-stage tubular reactor

A two-stage tubular reactor (Fig. 1), which is fully
described in our previous paper [9] dealing with the gas-
phase pyrolysis of LG, was used and composed of two
cylindrical electric furnaces (internal diameter 35 mm,
length 160 mm; Asahi Rika Seisakusho Co., Ltd., Chiba,
Japan), serving as the evaporator and pyrolyzer. Each fur-
nace included a quartz glass tube (internal diameter 15 mm,
wall thickness 1.5 mm) and these tubes were connected.
One end of the evaporator was attached to a nitrogen cylin-
der via a mass flow controller (SEC-400MK3, Horiba Ltd.,
Kyoto, Japan) and the other end, coming from the pyro-
lyzer, was connected to a gas wash bottle via a glass wool
filter. A dimethyl sulfoxide (DMSO)-d, solution (2.0 mL)
containing an oximation reagent (NH,OH-HCI) (20 mg)
was placed in the gas wash bottle to recover the volatile
products.

Pyrolysis

The procedure reported in our previous paper [9] was used
by modifying the pyrolysis temperature and heating rate
in the evaporator. A solution of GlcaOMe, GlcfOMe, or
LG (5 mg) in methanol (0.1 mL) was applied to the area
separated by the fringes in the evaporator tube, and the

Pyrolyzer Evaporator Sample

on the reactor wall

500 190

Temperature controller Mass flow

controller
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methanol was evaporated under a nitrogen flow. After the
complete drying in a desiccator under vacuum, the evapo-
rator tube was connected to the pyrolyzer tube and other
components of the experimental setup, and a nitrogen flow
(400 mL min~") was supplied for 30 min prior to conduct-
ing each pyrolysis trial to remove the air inside the reac-
tor. The pyrolyzer was heated at the desired temperature
in the range of 200-500°C, and then, the evaporator tem-
perature was raised to 120 °C over 12 min and subsequently
to 190°C at a heating rate of 5.8°C min~!. The GlcaOMe,
GlcBOMe, and LG crystals were melt at this temperature
and evaporated slowly to the volatile materials that were
transported to the pyrolyzer with the flowing nitrogen. The
evaporator temperature (190°C) was carefully chosen to
inhibit the occurrence of the molten-phase reactions. After
holding the evaporator at 190°C for 13 min to complete
the evaporation, heating was stopped, and the tube reactor
was cooled by opening the furnace covers and subsequently
applying an air flow from the outside.

By this procedure, both glucosides were evaporated
prior to molten-phase pyrolysis reactions and pushed into
the pyrolysis zone, where pyrolysis reactions took place.
The unreacted glucosides were recovered completely on the
reactor wall outlet from the pyrolyzer and in the gas wash
bottle. The residence time of the pyrolyzer was defined as
the period over which the gaseous substances were present
in the region of the pyrolyzer with temperatures within
the set value +25°C. The residence times at 200, 300,
400, and 500°C were estimated as 2.0, 1.6, 1.4, and 1.2 s,
respectively.

The experiments were performed at least twice for each
pyrolysis condition to confirm the reproducibility.

Characterization of the pyrolysis mixture

The condensates on the reactor tube interior wall and in
the line between the reactor and the gas wash bottle were
removed by rinsing with the solution in the gas wash bottle
(2.0 mL of DMSO-dy). The solution was analyzed directly
by 'H NMR spectroscopy using AC-400 (400 MHz) spec-
trometer (Bruker Biospin K.K., Yokohama, Japan) fol-
lowing the addition of 2-furoic acid as an internal stand-
ard. Quantifications of methyl glucosides, LG, and other
compounds, some of which with carbonyl groups were
observed as the oxime derivatives (cis/trans), were per-
formed using the peak areas of the NMR signals compared
with those of the internal standard, as described in our pre-
vious paper [9].

Computational methods

The calculations were conducted using the Gaussian 09
software package [25]. The geometry optimizations for

nonradical reactants, products, and transition states (TSs)
were performed by employing the density functional the-
ory method (M06-2X) and 6-314+G(d,p) basis sets. For
radical products, UM06-2X/6-314+G(d,p) was employed.
Vibrational frequency calculations used the same methods
and basis sets. The energies of optimized geometries were
calculated with the same functional and 6-311+(d,p) basis
set. The activation energy values and bond dissociation
energies were estimated as the relative energies between
the reactants and the TSs or radicals. All the energies were
calculated after zero-point energy correction. Frequency
analysis showed one imaginary mode for the TS and no
imaginary modes for the reactants, products, and precom-
plexes. In addition, we performed intrinsic reaction coor-
dinate calculations to ascertain that the TS connected the
reactant and product.

Results and discussion
Pyrolytic reactivity

Figure 2 shows the recoveries of methyl glucosides and
LG after pyrolysis. The gaseous LG was stable in the tem-
perature range of 200—400°C, whereas the methyl gluco-
sides decomposed even at the lowest temperature of 200 °C,
although the conversion rates were not large. Thus, LG is
clearly more stable than methyl glucosides in the gas phase.

As indicated by the "TH-NMR spectra (300°C, Fig. 3) of
the DMSO-d,-soluble portions obtained from the pyroly-
sis of methyl glucosides, the major product obtained at
200 and 300°C was LG. The yields from GlcaOMe and
GlcpOMe were only in the range of 3.7-14.0% (C-based),
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Fig. 2 Recoveries of methyl a-glucoside, methyl p-glucoside, and
levoglucosan after the pyrolysis at 200, 300, 400, and 500°C in the
gas phase (residence time 1.2-2.0 s, N, flow 400 mL min~")
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Fig. 3 '"H-NMR spectra of
the DMSO-dg-soluble portions
obtained from the pyrolysis of
gaseous methyl a-glucoside
(GlcaOMe) and methyl

GlcaOMe
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but these yields corresponded to 96.3 and 91.1% (200°C)
and 93.8 and 86.0% (300°C), respectively, for the amounts
of reacted glucosides. Thus, transglycosylation reactions
proceeded in a low temperature range, and LG is formed
selectively from the gaseous methyl glucosides. The molten
GlcpOMe were completely recovered at 200°C even after
the 30 min heating under nitrogen [17], the present results
of the gas-phase investigations clearly demonstrated that
the transglycosylation reactivities of methyl glucosides
are rather enhanced in the gas phase. This is an opposite
trend to that observed for LG, which is stabilized in the gas
phase.

1,6-Anhydro-fp-p-glucofuranose (AGF), the furanose
isomer of LG, forms along with LG from the pyrolysis of
cellulose and other glucose-based carbohydrates [26-29].
Microcrystalline cellulose (Avicel PH-101) gave a mix-
ture of LG/AGF at the molar ratio of 89/11 by heating up
to 500°C (heating rate 70°C min~!) under a N, flow at
400 mL min~!. However, the AGF yields from the gaseous
methyl glucosides were at negligible levels, as suggested
by the enlarged spectra (300°C) in Fig. 3, where the LG/
AGF molar ratios were calculated to be 96/4 (GlcaOMe)
and 97/3 (GlcaOMe) from the comparison of the peak
areas. These results indicate that the AGF formation pro-
ceeds mainly from the molten (liquid)-phase pyrolysis of
glycosides.

By increasing the pyrolysis temperature to 400 °C, frag-
mentation products started to be produced from the gase-
ous methyl glucosides. As assigned in the NMR spectrum
of GlcaOMe at 500°C (Fig. 4), acetic acid, formic acid,
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and oxime derivatives (cis/trans isomers) of aldehydes
were identified in the pyrolysis mixture along with LG.
Only C1-C3 aldehydes were produced: C3 [methylglyoxal
MeGO)], C2 [glycolaldehyde (GA), glyoxal (GO), and
acetaldehyde], and C1 [formaldehyde (FA)].

In Fig. 5, the yields of the fragmentation products are
plotted against the pyrolysis temperature and compared
between methyl glucosides and LG. Fragmentation reac-
tions of LG started at 500 °C, which is higher than the onset
temperature (400°C) of methyl glucosides. Thus, LG is
also more stable against fragmentation, and the methyl glu-
cosides directly gave fragmentation products, not via LG,
at 400 °C. The major fragmentation products from methyl
glucosides were MeGO, FA, GA, and GO. Noncondensable
gases are also expected to form along with the condensable
products by the fragmentation reactions, but any attempts
to analyze the gaseous products with micro gas chromatog-
raphy failed because of the low concentration by dilution
with nitrogen.

Figure 6 summarizes the yields of LG (except for the
case of LG pyrolysis), fragmentation products, and gas/uni-
dentified products for each pyrolysis temperature. Methanol
formed from the pyrolysis of methyl glucosides is included
in gas/unidentified, because this is not the product from the
fragmentation of the glucose-units of methyl glucosides.
The greater stability of LG against the reactions forming
these products is shown in this figure. Some different fea-
tures depending on the anomer type of methyl glucosides
were also identified. Transglycosylation reactivity form-
ing LG at low pyrolysis temperatures (200-400°C) was
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Fig. 4 'H-NMR spectrum of H,0 [09)
the DMSO-dg-soluble portion
obtained from the pyrolysis of
gaseous methyl a-glucoside |
(GlcaOMe) at 500 °C with a \ ‘
residence time of 1.2 s under v o " o)

a N, flow of 400 mL min~". . ‘lﬂl ‘
Filled squares levoglucosan ” p ‘ l\
(LG); open circles GlcaOMe; WM
asterisks internal standard
(2-furoic acid); acetaldehyde
(AA); acetic acid (AcOH); for-

Solvent

maldehyde (Fald); formic acid 4.0 3.0
(FcOH); glycolaldehyde (GA);
glyoxal (GO); methylglyoxal

(MeGO) MeGO

' * |

|
|
'
|
|
'
'
1
I
|

8.0

greater in the p-anomer, whereas the fragmentation reac-
tivity that was greater at higher temperatures (400-500 °C)
was in the opposite order (GleaOMe > GlcfOMe). These
results are consistent with the temperature dependency
shown in Fig. 2, where the reactivity order for GlcaOMe
and GIcpOMe is reversed in the temperature range of
300400°C. The greater fragmentation reactivity of
GlcaOMe can be explained with the postulated radical-
chain mechanisms as discussed below.

Gas-phase reaction mechanism
Transglycosylation

Methyl glucosides produced LG at a low pyrolysis tem-
perature of 200°C in the gas phase. These observations
can be explained with the concerted heterolysis mecha-
nisms as proposed by Hosoya et al. [21] for the conversion
from GlcpOMe to LG (Fig. 7). In the unimolecular mech-
anism, conformational change from C1 to 1C is followed
by the coordination of C,—OH to C; (glycosidic)-QO, to
form a four-membered cyclic TS, which makes the intra-
molecular nucleophilic substitution at C1 easier (AG%
47.7 kcal mol™!). They also indicated the possibility of
a bimolecular mechanism, in which the association of
C¢—OH and C,-O with C,~OH of another molecule forms
a more stable six-membered cyclic TS. The bimolecular
mechanism reduces the AG% further to 36.4 kcal mol~".
No reasonable unimolecular concerted mechanisms
could be proposed for GlcaOMe because of the anomeric

7.0 6.0 5.0
& (ppm)

effect. Accordingly, selective LG formation from GlcaOMe
at such low pyrolysis temperatures could not be explained
without considering the bimolecular concerted mecha-
nisms. Although further systematic studies are necessary to
conclude the involvement of the bimolecular mechanisms,
bimolecular keto-enol tautomerization was proposed for the
gas-phase pyrolysis of 1,3-dihydroxyacetone at 400°C in
our previous paper [30]. Recently, many results have been
reported for the water-catalyzed gas-phase bimolecular
reactions to understand the atmospheric chemistry, which
reduce the energy barriers [31-34].

Bimolecular mechanism requires the association of
two molecules, which is considered to be normally less
effective in the gas phase, particularly under diluted con-
ditions, due to the increasing entropy. In spite of this
criterion, cluster formation in gas phase is well known
for the molecules that can form hydrogen-bonded com-
plexes, such as carboxylic acids and alcohols. For exam-
ple, methanol has been reported to exist as dimers, trim-
ers, and oligomers along with monomer in the gas phase,
based on the measurement of the deviation from the
ideal gas behavior, thermal conductivity, infra-red spec-
trum, and so on [35-45]. Furthermore, radical-molecule
complexes are known to act as a prereactive complex for
hydrogen abstraction by radicals such as ‘OH in the gas
phase [32, 33, 46, 47]. These lines of information lead
to a hypothesis that some of the methyl glucoside mol-
ecules may form cluster in the gas phase, which rather
reasonably explains the observation: transglycosylation
of methyl glucosides occurs more efficiently in the gas
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Fig. 5 Yields of fragmentation products from methyl a-glucoside
(GlcaOMe), methyl p-glucoside (GlcpOMe), and levoglucosan (LG)
after the pyrolysis at 200, 300, 400, and 500 °C in the gas phase (resi-
dence times: 1.2-2.0 s, N, flow 400 mL min™!). Filled circles methyl-
glyoxal; filled triangles formaldehyde; filled squares glycolaldehyde;
open circles glyoxal; open triangles acetaldehyde; open squares for-
mic acid

phase. Extensive network of hydrogen bonding in the
molten methyl glucosides may inhibit the proper associa-
tion of the molecules forming TSs.

Several TSs can be drawn for the concerted mechanisms
of gaseous LG (Fig. 8), but the complete recovery of the LG
in the temperature range of 200—400 °C indicates that these
reactions did not proceed unlike methyl glucosides. The
instability of these TSs due to the steric effects of the bicy-
clic ring of LG would be an acceptable reason, and any TSs
have not been identified, despite the computational trials
of the theoretical calculations. 1,3-anhydroglucopyranose
and 1,2;1,6-anhydroglucose obtained from TSs (A) and (C)
would be unstable because of the inclusion of a sterically
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Fig. 6 Yields of levoglucosan (LG; except for the case of LG pyrol-
ysis), fragmentation products, and gas/unidentified products from
methyl a-glucoside (GlcaOMe), methyl f-glucoside (GlcfOMe), and
LG after the pyrolysis at 200, 300, 400, and 500°C in the gas phase
(residence times 1.2-2.0 s, N, flow 400 mL min~"). White bars gas/
unidentified products; light shaded bars fragmentation products; dark
shaded bars LG

hindered four-membered ring and a bicyclic acetal system
with a three membered epoxide ring, respectively.

Fragmentation

Radical-chain mechanisms are postulated for fragmenta-
tion of gaseous LG instead of heterolysis reactions from
the kinetic data [12]. We discussed the different fragmen-
tation reactivities (GlcaOMe> GlcfOMe>LG) in terms
of the reactivities of the C- and O-centered radicals, which
are formed through hydrogen abstractions by radical spe-
cies from C-H and O-H groups, respectively. Although
the selectivity of the hydrogen abstraction during pyroly-
sis is unclear, 1-C, 6-C, and 6-O radicals shown in Fig. 9
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Unimolecular Bimolecular

Fig. 7 Uni- and bimolecular concerted mechanisms proposed by
Hosoya et al. for the conversion from methyl pB-glucoside to levoglu-
cosan

—
1,3-Anhydroglucopyranose
HO
)
O
—
H OH
AGF
)
OH
—_— > ~OH
H

1,2;1,6-Anhydroglucose

Fig. 8 Transition states of the unimolecular concerted mechanisms
for levoglucosan

were considered, because reactivities of these radicals are
expected to be different between methyl glucosides and
LG. Radical-type 6-O cannot be formed from LG.

To cleave the C-C and C-O bonds from radicals
through B-scission reactions, these bonds must be in the
same plane with the radical p orbitals [48]. The bonds
that can be cleaved were limited, as shown with the red
bold lines in Fig. 9. Although several B-scission reactions
can occur for the radicals from GlcaOMe and GlcfOMe,
no bonds are cleaved from the LG radicals because of the
steric effects of bicyclic ring. Thus, these LG radicals
may be stabilized as LG by the abstraction of hydrogen
from other molecules.

Among the postulated p-scission reactions in Fig. 9, the
1-C radicals produce vinyl ethers A and B with different
oxidation states at C, (Fig. 10), and they show different
bond dissociation energies of the Cs—O bonds, which were
calculated as 35.9 kcal mol~! for A from the a-anomer and
48.0 kcal mol™! for B from the B-anomer. For fragmenta-
tion of LG, double bond formation to produce vinyl ether
and conjugated carbonyl structures is suggested to promote
the fragmentation reactions through forming lower bond
dissociation energy bonds, which result in cleaving homo-
lytically to form pairs of radicals to accelerate the radical-
chain reactions [12]. Thus, this efficiency is expected to be
greater for GlcaOMe, which reasonably explains the frag-
mentation reactivity: GlcaOMe > GlcfOMe.

Using the reactivity of gaseous glyceraldehyde as a
model of LG degradation intermediates compared with
that of glycerol, we reported that the introduction of C=0
to polyalcohol significantly accelerated the fragmenta-
tion reactions by the progression of retro-aldol fragmenta-
tion and dehydration reactions [30]. Dehydration reaction
is accelerated by the C=0 group, because the C=0 group
increases the acidity of the adjacent C—H group.

Fragmentation pathways via the 6-C and 6-O radicals
formed from GlcaOMe and GlcfOMe are provisionally
considered as illustrated in Fig. 11, although the pyrolysis
reactions are considered to be more complex. A retro-aldol
fragmentation via a six-membered TS (calculated activa-
tion energy: 36.2 kcal mol™! for GlcaOMe) would proceed
for the C¢=0 intermediate to form intermediate 1, which
is further fragmented into GA and 2 by an additional retro-
aldol fragmentation. Compound 2 with a weak vinyl ether
bond would fragment further, which results in the forma-
tion of GO, GA and methyl radical. Alternatively, inter-
mediate 1 would dehydrate to form 3 with a weak vinyl
ether bond that is attached to a conjugated C=0, which
is cleaved homolytically to GO, GA, along with radical
4. This radical can be converted further into MeGO and
CO. Consequently, these postulated pathways reasonably
explain the formation of the major fragmentation products,
i.e., MeGO, GA, and GO, from the gaseous methyl gluco-
sides at >400°C. Fald would be formed from the fragmen-
tation of GA. These reactions are not expected for LG with
the C,—O0-C linkage.
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Fig. 9 Cleavable linkages (red bold lines) through p-elimination for C- and O-centered radicals from methyl a-glucoside (GlcaOMe), methyl
B-glucoside GlcpOMe, and levoglucosan (LG)

Fig. 10 Vinyl ethers that can be
formed through f-scission reac-
tions of the 1-C radicals from
methyl a-glucoside (GlcaOMe)
and methyl B-glucoside
(GIcpOMe) along with the bond
dissociation energies of the
vinyl ether C-O bonds
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Fig. 11 Postulated fragmentation pathways for the C4=0 intermediate formed from the 6-C and 6-O radicals of methyl a-glucoside (GlcaOMe)
and methyl B-glucoside (GlcpOMe), with retro-aldol fragmentation and dehydration as key reactions

Radical-chain reactions via abstraction of hydrogens of
more reactive (weaker) C—H and O-H bonds of allylic and
vinyl alcohol structures would also proceed from the inter-
mediates shown in Fig. 11.

Roles of molten- and gas-phase reactions
in the pyrolysis of methyl glucosides

The product compositions from the gaseous methyl
glucosides were different from those of the pyrolysis

including molten-phase reactions. These features provide
insights into the roles of molten- and gas-phase reactions
during the pyrolysis of methyl glucoside (GlcOMe) as
summarized in Fig. 12.

Along with AGF, no furans (furfural and 5-HMF) were
obtained from the pyrolysis of GlcOMe (gas) and LG
(gas). Thus, the transformation from the pyranose to five-
membered heterocyclic rings does not effectively pro-
ceed in the gas-phase pyrolysis. Hence, AGF and furan
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Fig. 12 Proposed mechanism

for the pyrolysis of molten Gas phase
methyl glucoside (GlcOMe), o
focusing on the molten- and > 400°C
gas-phase reactions \
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formations probably originate from the molten-phase
reactions prior to evaporation into the gas phase.

The pyran-to-furan ring transformation is possible via
the chain structure of glucose, which may form by hydrol-
ysis reactions. The yields of AGF and furans are reported
to change depending on the degree of polymerization,
i.e., content of reducing end [26-29], which can be con-
verted into the chain structure. For example, Gardiner
[26] reported the AGF yield decreased with the increase
in the degree of polymerization: glucose (10.9%) > cel-
lobiose (2.8%) > cellulose (1.5%), and Kato [49] reported
the same tendency for the formation of furfural: glucose
(11.7%) > cellobiose (7.7%) > cellulose (3.7%). These
reported results support the above hypothesis.

Hydrolysis of cellulose is reported to proceed effec-
tively during the pyrolysis in a sealed reactor [50, 51].
Recent studies [52-54] also reported that the hydrolysis
reactions proceed in a quasi-sealed space formed in the
cell wall of cellulose and molten glycosides even during
the pyrolysis with open-top reactors. Thus, hydrolysis by
the produced water would proceed during the molten-
phase pyrolysis of methyl glucosides and LG to form glu-
cose, which is further converted into AGF, furfural, and
5-HMF, probably via the chain and furanose structures.

@ Springer

Furfural

AGF Tl
\ / 5-HMF
Glucose

PS: polysaccharides (Furanose)

The evaporation process of GlcOMe and the prod-
uct LG is expected to compete with the molten-phase
reactions forming polysaccharides, AGF, furfural, and
5-HMF. The GlcOMe (gas) undergoes simpler reactions
in the gas phase, i.e., transglycosylation to form LG (gas)
and fragmentation. The greater stability of LG (gas) may
be a reason why large amounts of LG are produced from
the pyrolysis of GlcOMe, cellulose, and other glucose-
based carbohydrates.

Conclusions

Pyrolytic reactivities of GlcOMe were studied only in the
gas phase for the first time and compared with that of LG.
The following results were obtained:

1. Unlike LG, phase transition from molten to gas phases
increases the GlcOMe reactivity, and the gaseous
GlcOMe selectively produces LG at low pyrolysis tem-
peratures (200 and 300 °C), at which LG is completely
stable.
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Selective transglycosylation of GlcOMe can be
explained with the uni- and bimolecular concerted het-
erolysis mechanisms.

The greater stability of LG for transglycosylation is
explained by the steric effects of the bicyclic ring sys-
tem.

Fragmentation of GlcOMe starts at 400°C, although
higher temperatures >500 °C are required for LG.
Difference in fragmentation reactivity
(GlcaOMe > GlcfOMe) can be explained in terms of
the radical-chain reactivity.

The AGF yields are low and no furans are obtained
from the gaseous GlcOMe. These compounds are
suggested to originate mainly from the molten-phase
pyrolysis reactions.

Unconventional stability of LG against transglycosyla-
tion and fragmentation reactions is suggested to be a
reason for the formation of large amounts of LG from
the pyrolysis of carbohydrates including GlcOMe and
cellulose.

These findings provide insights for the efficient produc-
tion of LG from glucose-based carbohydrates and effi-
cient gasification of cellulosic biomass.
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