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ABSTRACT: We introduce a green approach to obtain glucose and low-molecular-weight saccharides directly from the cellulose
aggregate by using near- and mid-infrared free electron lasers (IR-FELs). The IR-FEL is a synchrotron radiation based picosecond
pulse laser where the oscillation wavelengths are tunable from 3 to 10 μm. Electrospray ionization mass spectroscopy analysis
showed that mass peaks of glucose (203 Da), cellobiose (365 Da), trisaccharide (527 Da), and tetrasaccharide (689 Da) were clearly
detected as each sodium ion adduct in the soluble fraction after the powdered cellulose was serially irradiated by the IR-FEL tuned
to 9.1 μm (νC−O) following 7.2 μm (δH−C−O) or 3.5 μm (νC−H). The production yields of these saccharides were higher than
those obtained by the single irradiation at 9.1 μm, as shown by the mass chromatogram analysis. The cleavage of the glucoside bonds
was revealed by synchrotron radiation infrared microscopy analysis: the infrared absorption peak of the C−O bonds at 1100 cm−1

was obviously reduced, and the bandwidth of the broad peak of O−H bonds at 3400 cm−1 was shortened after those irradiations.
The laser irradiation system suggested herein is based on the vibration mode selective multiphoton absorption reaction and requires
no cosolvents and no high temperatures and pressures to exert the irradiation effect. One day of operation can process several
hundred milligrams of the solid cellulose sample at the current laboratory scale.

1. INTRODUCTION

During recent decades, bioethanol production is an urgent
issue to realize the oil-removal society. Cellulose and the
conjugate with lignin are the most abundant biomass in the
earth, and the processing of those carbohydrates is one of the
methods for producing biofuels.1−3 The degradation products,
glucose, xylose, and their sugar-alcohol derivatives, can be
useful as the carbon source of bacteria fermenting ethanol.4−6

In addition, cellulose nanofibers are attracting attention as
functional biomaterials such as biocompatible cell membranes,
antibacterial sheets, and hybrid paper materials in healthcare,
pharmaceutical, and engineering industry fields.7−9 Therefore,
the processing technique of the cellulose fibers can be expected
as a promising tool for producing low-molecular-weight sugars
and recycling the rigid biopolymers. However, the cellulose
structure is highly constructed by oligomeric saccharides and is
generally undissolved in water.10−12 To dissolve the polymer,
microwave, hydrolysis using ionic liquids, ultrasonication,
enzymes of microorganisms, and metal catalysis are developed
by chemists and biotechnologists around the world today.13−18

Nonetheless, each of these approaches has advantages and
disadvantages in terms of versatility and conversion efficiency,
and further construction of environmentally friendly systems is
strongly desired for the zero-emission technology.
In the current study, we propose a novel green process for

degradation of cellulose to obtain low-molecular-weight sugars
by using an infrared free electron laser (IR-FEL). The IR-FEL
is generated by strong interaction of synchrotron radiation
(SR) with the accelerated electron beam in the periodic
magnetic field (refs 19−21; the outline of the laser system is
shown in section 1.2 and Figure S1 in the Supporting
Information). In principle, the oscillation wavelengths range

widely from near- to far-infrared rays (3−100 μm) and with
various wavelengths that can resonate with many functional
groups, and the collective vibrational modes are contained in
those infrared regions. This feature enables us to perform
multiphoton absorption and dissociation reactions by state-
selective vibration excitation on various biomolecules.22−25 As
shown in the SR-infrared microscopy (IRM) spectrum of the
cellulose fibril (Figure 1a), there are three bands at 9.1, 7.2,
and 3.5 μm. These bands can be assigned to the C−O
stretching mode (νC−O), H−C−O bending mode (δH−C−
O), and C−H stretching mode (νC−H) around the acetal
carbon in the polysaccharides (Figure 1b), respectively.26 The
IR-FEL was tuned to those wavelengths and irradiated to the
cellulose fibril in a glass bottle at room temperature under
atmosphere. After the irradiation, we analyzed the irradiation
products by using electrospray ionization mass spectroscopy
(ESI-MS) and SR-IRM (the experimental details are described
in sections 1.3 and 1.4 in the Supporting Information).

2. RESULTS AND DISCUSSION

2.1. ESI-MS Analysis. The mass profiles of the non-
irradiated sample (a) and samples after irradiation at 9.1 μm
following 7.2 μm (b) and 3.5 μm (c) are shown in Figure 2.
Clearly, there were many peaks detected after irradiation
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compared to the case without irradiation, which indicates that
these irradiations caused structural fragmentation of the
cellulose aggregate. Interestingly, in both profiles after
irradiation, mass peaks at 203.0, 263.1, 365.1, 425.1, 527.2,
587.2, and 689.2 were detected accompanied by each
dehydration product (−18 Da), and those mass peaks were
not detected in the nonirradiation sample (the original spectral
data are shown in section 2.2 in the Supporting Information).
Dehydration is usually observed in the electrospray ionization
mass measurement of compounds containing the hydroxy
groups. In addition, 689.2, 527.2, 365.1, and 203.0 Da can be
assigned to tetrasaccharide, trisaccharides, cellobiose, and
glucose as each sodium ion adduct, respectively. Therefore,

not only mono- and disaccharides but also the oligomeric
sugars were derived from the cellulose aggregate by the laser
irradiation. The mass differences between 203.1 and 263.1,
365.1 and 425.1, and 527.2 and 587.2 were all 60 Da that can
correspond to CH3CO2H, which indicates the sample
employed here contains monoacetylated sugars.
Next, we estimated the yields of cellobiose and glucose by

mass chromatography analysis. The soluble fraction of the
cellulose powder after being suspended in water was eluted in
the liquid chromatography column (Figure 3). In the case of
single irradiation at 9.1 μm (red), both ion peaks of cellobiose
(left) and glucose (right) were obviously detected compared to
the case of nonirradiation (black). Interestingly, the serial

Figure 1. (a) SR-IRM spectrum of cellulose powder. Arrows indicate the target wavelengths for IR-FEL. The original spectrum is shown in section
2.1 in the Supporting Information. (b) Glucoside bonds and resonant wavelengths for νC−O (9.1 μm), δH−C−O (7.2 μm), and νC−H (3.5 μm).

Figure 2. ESI-MS profiles of nonirradiation (a), after serial irradiation at 9.1 μm following 7.2 μm (b), and after serial irradiation at 9.1 μm
following 3.5 μm (c). Green numbers indicate mono-, di-, tri-, and tetrasaccharides, in descending order.

Energy & Fuels pubs.acs.org/EF Communication

https://dx.doi.org/10.1021/acs.energyfuels.0c01069
Energy Fuels XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.0c01069/suppl_file/ef0c01069_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01069?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01069?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01069?fig=fig1&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.0c01069/suppl_file/ef0c01069_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01069?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01069?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01069?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01069?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01069?fig=fig2&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c01069?ref=pdf


irradiation at 9.1 μm following 3.5 μm (violet) and 7.2 μm
(green) afforded more cellobiose, and the irradiation following
3.5 μm was most effective for production of glucose. The
production yield was calculated to be about 1% for cellobiose
and about 0.2% for glucose based on the total ion peak
intensity. The irradiation at 3.0 μm (blue) that corresponds to
the O−H stretching mode was not effective for production of
those saccharides. This implies that the glucoside bond was not
affected by the activation of the hydroxy group.
2.2. SR-IRM Analysis. In the SR-IRM spectra (Figure 4),

the C−O stretch vibrational bands of cellulose were observed

from 1000 to 1150 cm−1 (right panel), and several peaks from
1050 to 1100 cm−1 in the nonirradiation sample (black)
correspond to glucoside bonds, which were assigned by
comparison of the spectrum of cellobiose having one glucoside
bond with that of glucose having no glucoside bond (the
spectral data are shown in section 2.1 of the Supporting
Information). After irradiation at 9.1 μm (red), 9.1 μm
following 7.2 μm (green), and 9.1 μm following 3.5 μm
(violet), this region was clearly concave compared to the
nonirradiation (black) and irradiation at 3.0 μm (blue)
samples, as indicated by a gray dotted frame. In the near-

infrared region (left panel), the O−H stretching band was
observed as broad band at around 3400 cm−1 (gray dotted
line). The half width (as indicated by a double-headed arrow)
was about 350 cm−1 for the nonirradiation sample (black) and
400 cm−1 for the sample after irradiation at 3.0 μm (blue). On
the contrary, all three irradiations at 9.1 μm (red), 9.1 μm
following 7.2 μm (green), and 9.1 μm following 3.5 μm
(violet) shortened the half width to about 300 cm−1. These
spectral changes in the hydroxy group region mean that those
irradiations except for 3.0 μm drastically changed the structure
of cellulose from the nonirradiation sample. Together with the
spectral change in the mid-infrared region, it is certain that the
irradiations targeting the acetal group caused the dissociation
of the glucoside bonds in the cellulose. We also observed the
morphological change of the cellulose fibril after irradiation at
9.1 μm following 3.5 μm by using scanning electron
microscopy (SEM). The fiberlike structure was substantially
destroyed and dispersed into the short fragments by the
irradiation (the images are shown in Figure S2 of the
Supporting Information).

2.3. Insight into the Laser-Induced Degradation
Mechanism. It should be noted that the vibrational excitation
at the C−H stretching mode and H−C−O bending mode
prior to the excitation at the C−O stretching mode are
remarkably effective for production of glucose and cellobiose
from the cellulose aggregate (Scheme 1). In the theoretical

study using nonequilibration simulation,27 the laser irradiation
at 1360 cm−1 that resonates with the C3−O3−H3 bending
vibrational mode can disrupt the hydrogen bond network in
the aggregate structure of cellulose. The bundle of carbohy-
drate polymers can be dissociated to free chains after 10 ns
irradiation. A similar dissociation mechanism was proposed by
a nonequilibrium simulation of peptide nanotubes.28 None-

Figure 3. Mass chromatograms of cellobiose (left) and glucose (right) before the laser irradiation (black) and after the irradiation at 9.1 μm (red),
9.1 μm following 7.2 μm (green), 9.1 μm following 3.5 μm (violet), and 3.0 μm (blue). Each mass peak was detected as a sodium ion adduct, 365
Da for cellobiose and 203 Da for glucose.

Figure 4. SR-IRM spectra of cellulose aggregates before laser
irradiation (black) and after irradiation at 9.1 μm (red), 9.1 μm
following 7.2 μm (green), 9.1 μm following 3.5 μm (violet), and 3.0
μm (blue). Left, near-infrared region; right, mid-infrared region.
Double-headed arrow: half width of the infrared absorption peak.

Scheme 1. Production of Glucose and Cellobiose from
Cellulose by Means of Infrared Free Electron Laser
Irradiation
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theless, the cleavage of covalent bonds such as C−O bonds was
unclear in those studies. We first observed that the serial
irradiation at 9.1 μm following 7.2 μm was more effective for
the cleavage of the glucoside bonds than the single irradiation
at 9.1 μm. Therefore, the vibrational excitation at the H−C−O
bending mode can unravel the fibril structure and thereby the
naked glucoside bonds are easily dissociated by the multi-
photon absorption reaction at C−O stretching vibrational
mode. Interestingly, the excitation of C−H bonds (3.5 μm)
afforded more amounts of glucose than the case of 7.2 μm
(Figure 3). In the cellulose aggregate, intermolecular hydrogen
bonds between H2−O6 have important roles for fiber
formation.27 It can be considered that the vibrational excitation
at 3.5 μm can disrupt the interchain hydrogen bonds and is
more effective for dissociation of the fibril structure of the
cellulose than the irradiation at 7.2 μm. This is a novel finding,
and the activation of C−H bonds by the infrared laser will be
applied to the structural alteration of other biomass materials
such as lignin in future studies.
2.4. Feature of the Method. This physical method using

IR-FEL needs no specific conditions such as acidic or alkaline
solutions, organic solvents, high pressures, and high temper-
atures.29−31 One more important point that we should suggest
is that both glycoside bond cleavage and dissociation of the
hydrogen bonds in the stacked carbohydrate chains can be
achieved in a one batch system by selecting the wavelength,
and the laser-induced dissociation reaction can proceed within
several hundred picoseconds due to the pulse structure of the
free electron laser.32,33 These features have an advantage over
the conventional system using microbial enzymes in terms of
the rapidness and simplicity.34,35 However, the production
yield of the glucose by using IR-FEL was comparatively low at
the present laboratory scale (milligram level). Therefore, a
successive irradiation system such as a continuous supply of
samples to the beamline should be developed for the mass
production of glucose at the gram scale. Nonetheless, securing
the utility expenses for the maintenance of the laser system is a
significant issue. Regarding the practical aspect of the process
for the degradation of cellulose, commercially available
enzymes such as cellulase may be superior to the laser system.
The present study first showed the primitive conditions such as
optimal wavelengths for degradation of cellulose by using the
IR-FEL to produce glucose and low-molecular-weight
saccharides. In the future, a compact-size and low-cost
operation system that possesses the same oscillation
parameters as the IR-FEL should be developed for the
practical use.

3. CONCLUSION

We performed laser degradation of cellulose aggregates by
tuning the wavelength of an infrared free electron laser to 9.1
μm (νC−O) following 7.2 μm (δH−C−O) and 3.5 μm (νC−
H). ESI-MS and SR-IRM analyses showed that the glucoside
bonds were cleaved and glucose and cellobiose accompanied
by the low-molecular-weight oligomeric sugars were produced
by the irradiation. This laser system can be operated at room
temperature under atmosphere and requires no cosolvents. It
can be expected that the use of IR-FEL contributes to a green
process for the production of glucose from carbohydrate
biomass.
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