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Abstract

Biomass was dissolved in ionic liquids under non-thermal atmospheric

pressure plasma irradiation. On plasma irradiation, the amount of dissolved

biomass in the ionic liquids increased from 15 to 29 mg for bagasse and from

26 to 36 mg for Japanese cedar. The high solubility is attributed to the

deconstruction of the lignin network by active chemical species generated by

the plasma. Selective extraction of cellulose from biomass was observed

under the plasma irradiation.



Introduction

Lignocellulosic biomass has attracted attention as a renewable

resource for materials and energy. Because lignocellulose cannot be used as

food, 1t 1s a potential fossil fuel substitute. However extraction of

polysaccharides, the main components of biomass, using solvents is very

difficult. This difficulty is mainly due to the tight lignin network,!- 2/ and the

inter and intra-molecular hydrogen bonding in cellulose.!3 4 Therefore, an

effective method for extracting polysaccharides is required.

Some liquids are known to act as solvents for cellulose, for example

NaOH/water mixtures,’ LiCl/N,N-dimethylacetamide mixtures,6! and

N-methylmorpholine MN-oxide monohydrate.l”? These solvents have some

disadvantages, which include their toxicity and limited range of suitable

conditions. Recently, ionic liquids (ILs) have been identified as promising

solvents for lignocellulose.[818! However, dissolution of lignocellulose into ILs

is still difficult because destruction of the lignin network with ILs is not easy,

while ILs easily dissolve crystalline cellulose. We also have confirmed that



native lignin (cellulolytic enzyme lignin) is hardly soluble in

1-ethyl-3-methylimidazolium acetate ((Emim]OAc, the structure is shown in

Fig. S2, Supplementary Material) (unpublished data). Even 1 wt% of the

native lignin did not completely dissolve in [Emim]OAc at 60 °C, but 14 wt%

of cellulose dissolved in [Emim]OAc at the same temperature. Li et al

overcame this problem by applying high temperatures (over 170 °C) because

high temperatures lead to liquefaction of lignin.[19) However, these harsh

conditions led to considerable decomposition of the ILs (40% decomposition

over 2 h).20 Abe et al have suggested methodology for the efficient

dissolution of lignocellulose under mild conditions.2!. 22! They generated OH

radicals by adding H20O2 to an aqueous solution of tetrabutylphosphonium

hydroxide, an analogue of ILs. The radicals decomposed the lignin structure

and the biomass became highly soluble, even at 60 °C. Although this method

suggested by Abe et al is attractive, it is only applicable to limited types of

ILs—only ILs that contain a hydroxide anion—because lignin decomposition

has been confirmed only under strongly basic conditions.[23! Therefore, this



method is not applicable to most types of ILs.

Plasma chemistry has been studied intensively in recent years for use in

green and clean techniques and reports have indicated that the plasma can

generate and chemically active species such as radicals and easily inject the

active species to various solutions.2430] In ILs, plasma techniques are

popular for the synthesis of metal nanoparticles,3 and there are several

reports involving organic chemical reactions.’32 When chemically active

species are generated in ILs, it is known that the ILs themselves can be

converted to secondary active species such as the imidazolium radical,

although this depends on the IL species. 33!

Plasma techniques are expected to be useful for the destruction of

the lignin network by generating primary and secondary active species, and

thus to assist efficient dissolution of biomass into various kinds of ILs.

However, there are no studies that use plasma techniques to efficiently

dissolve biomass into ILs. In this study, we attempted to efficiently dissolve

lignocellulose into the popular IL, [Emim]OAc, by irradiation with



non-thermal atmospheric pressure plasma.

Results and Discussion

Optical emission spectrum of the plasma

The setup for plasma irradiation is shown in Fig. 1. The optical

emission spectrum confirmed the presence of active species, OH (309 nm),

Ha (656 nm), and O (777 nm)[34 351 generated by the plasma (Fig. 2). Among

these, the OH radical is known to be a particularly strong oxidant; it is

stronger than ozone. 36 37
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Fig. 1. Experimental apparatus.
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Fig. 2. Optical emission spectrum of the plasma.

FEffect of plasma irradiation on biomass dissolution

Table 1 shows the amount of dissolved biomass in [Emim]OAc after
4 h with and without plasma irradiation. On the plasma irradiation, the
temperature of the solution increased and became stable at 55—-60 °C after 20
min, presumably owing to the electric resistance of [Emim]OAc. As a
comparative experiment, biomass was dissolved in [Emim]OAc in an oil bath
at 60 °C without plasma irradiation. Bagasse, a herbaceous biomass, was
first studied by adding 100 mg to 2.0 g of [Emim]OAc, and the dissolved

amount increased from 15 to 29 mg on plasma irradiation. In the case of



Japanese cedar, a woody biomass, the solubilized amount increased from 26

to 36 mg on plasma irradiation. From these results, we concluded that

plasma irradiation was effective for the dissolution of biomass.

Table 1. Amount of dissolved biomass and its components (cellulose,

hemicellulose, and lignin).

Solubilized amount (mg)

Bagasse Japanese cedar
Cellulose Hemicellulose Lignin Total Cellulose Hemicellulose Lignin Total
Oil bath (60 °C) —a —a —a 15 11 3 12 26

aNot measured. “The mismatch between the sum of the components and the total is due to rounding.

Biomass was dissolved in 2.0g of [Emim]OAc with oil bath heating or plasma irradiation for 4 h.

Added amount of biomass was 100 mg. Components of original Japanese cedar is as follows: 38% of

cellulose, 19 % of hemicellulose, and 42 % of lignin.

Next, the solubilized components of Japanese cedar were

investigated. As shown in Table 1, the amount of dissolved cellulose was 18

mg with plasma irradiation (38 mg of cellulose is included in 100 mg of



Japanese cedar, as shown in the footnote of Table 1). In contrast, the amount

of dissolved cellulose was 11 mg without plasma irradiation. The difference

in the amount of dissolved cellulose (7 mg: 18—11 mg) made up 70% of the

total increased amount of dissolved Japanese cedar (10 mg: 36—26 mg, as

shown in Table 1). These results therefore show that plasma irradiation

assisted not only the dissolution of biomass, but also the selective dissolution

of cellulose.

To confirm the mechanism for the dissolution, proposed to be the

destruction of the lignin network, the change in the molecular weight

distribution of lignin during plasma irradiation was tracked by gel

permeation chromatography (Fig. 3). We subjected isolated lignin to this

experiment because analysis of the lignin included in biomass is difficult.

Cellulolytic enzyme lignin was selected because this lignin is similar to

natural lignin. This lignin was partly soluble in [Emim]OAc. After plasma

irradiation, the dissolved part was subjected to gel permeation

chromatography.
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Fig. 3 Molecular weight distribution of lignin before and after plasma

irradiation for 4 h.

The average molecular weight of cellulolytic enzyme lignin without
any treatment was 8,781. After heating at 50 °C for 4h in an oil bath, there is
no significant change of the molecular weight distribution (Fig. S1). On the
other hand, after plasma irradiation for 4 h, the intensity of the peak
corresponding to high molecular weight lignin decreased without shifting
and a new peak in the low molecular weight region was observed. Minor
amounts of phenol, syringaldehyde, and p-cresol were found as

decomposition products. These results clearly show that lignin was



decomposed by plasma irradiation, and this is the reason for efficient

dissolution. Additionally, the appearance of low molecular weight compounds

may indicate that the lignin molecules are easily decomposed from the ends

of the network, rather than by random decomposition.

A model compound of lignin, 2-phenoxyacetophenone (5 wt%), was

subjected to plasma irradiation after dissolution in [Emim]OAc. It was

confirmed that 83% of the 2-phenoxyacetophenone was decomposed during

90 min of plasma irradiation. This indicates that the plasma irradiation

cleaves the £-O-4 bond.

Lignin is known to be easily decomposed by active species such as

radicals,[23] and the active species generated by the plasma must therefore be

involved, either directly or indirectly, in the decomposition of lignin. The OH

radical is recognized as a strong radical’36.37 and can thus decompose lignin.

Furthermore, the OH radical reacts with the imidazolium cation and

generates the imidazolium radical.33 Here, we speculate that the

imidazolium radical involves decomposition of lignin because there is excess



[Emim]OAc, relative to lignin molecules, at the plasma—solution interface.

However, further research is necessary to elucidate the mechanism for the

decomposition.

The stability of [Emim]OAc during the plasma treatment was

investigated by 'H NMR spectroscopy. Fig. S2 shows the 1H NMR spectra of

[Emim]OAc before and after plasma irradiation for 4 h. No new peaks

appeared and the integral values of the signals did not change after plasma

irradiation (Table S1). This indicates that plasma irradiation does not

decompose [Emim]OAc, although it does decompose lignin.

Conclusion

Non-thermal atmospheric pressure plasma was suggested as an

efficient method for dissolving biomass into [Emim]OAc. On plasma

irradiation, the dissolved amount of biomass increased from 15 to 29 mg

(bagasse) and from 26 to 36 mg (Japanese cedar). Selective extraction of

cellulose was also assisted by the plasma irradiation. The dissolution



mechanism was confirmed to be destruction of the lignin network. 'H NMR

spectroscopy confirmed that decomposition of [Emim]OAc did not occur at

all.

Experimental

Materials

Bagasse and Japanese cedar powder (approximately 3 mm particle

diameter) were purchased from Sanwa ceruciron. The biomass was ground

using a mill and then sieved to obtain a powder with 250—-500 um particle

diameter. The biomass was used after drying in a oven at 50 °C for 12h.

[Emim]OAc was purchased from Kanto Chemical Co., Inc. and used after

drying (water content: 0.3 wt%). 2-Phenoxyacetophenone was purchased

from Tokyo Chemical Industry Co., Ltd. and used as received.

Non-thermal atmospheric pressure plasma with a He jet



As shown in Fig. 1, a cylindrical glass vessel (15 mm in diameter, 45

mm in length) was partly filled with 2.0 g of [Emim]OAc. In a typical

discharge, the applied peak voltage was 3 kV, the pulse width was 5 us, the

repetition frequency was 10 kHz, the distance between the nozzle electrode

and the surface of [Emim]OAc was 4 mm, and the He gas flow rate was 600

ml/min. He gas was passed through water before using for plasma

irradiation.

Measurement of optical emission spectra

A system consisting of a 300-mm monochromator (ACTON,

SpectraPro 2358i) and a gated intensified charge-coupled device camera

(Princeton Instruments, PI-MAX-II, UNIGENII) was used.

Dissolution of biomass with plasma irradiation

Dried biomass particles (100 mg) were added to [Emim]OAc (2.0 g).

Discharge was performed under stirring for 4 h. The glass vessel was covered



with parafilm to maintain the He atmosphere. The film was perforated to

allow the successive flow of He gas.

To determine the dissolved amount of biomass, the solution was

filtered through a glass filter after 4 h irradiation and washed with dimethyl

sulfoxide. The solid was recovered and dried under reduced pressure. The

amount of dissolved biomass was calculated from the mass of the dried solid.

The dissolved components of the biomass (cellulose, hemicellulose, and

lignin) were also calculated from the components of the solid residue. The

components of the solid residue were analyzed using the NERL method.[38!

Preparation of cellulolytic enzyme lignin

We prepared cellulolytic enzyme lignin with referring the literature.[39

Bagasse (100 g) was added to a mixture of choline acetate (100 g and

dimethyl sulfoxide (100 g), and then stirred. The resulting mixture was

heated at 110 °C for 16h without stirring. The treated bagasse was washed

with excess of water three times. Ultrapure water (900 mL) and cellulase (10



mL, Cellic® CTec2, Novozymes Japan, Ltd.) was then added to the bagasse

and stirred at 50 °C for 72h. After washing the water-soluble fraction with

excess amount of water, residue was dried and used.

Decomposition of lignin by plasma irradiation and characterization by gel

permeation chromatography

Dried lignin (100 mg) was added to dried [Emim]OAc (2.0 g) and the

lignin partly dissolved. The [Emim]OAc/lignin mixed solution was irradiated

with the plasma for 4 h. The sample was then diluted to 5% of the original

concentration with N, N-dimethylformamide/LiCl (10 mM) and filtered before

analysis of the molecular weight distribution.

The molecular weight distribution of lignin was determined by gel

permeation chromatography. The system was composed of an SPD-20A UV

detector (Shimadzu Co., 280 nm) and a TSK-gel oM column (Tosoh

Bioscience). The injected volume of the sample was 20 pL, and the column

was heated at 40 °C. N, N-dimethylformamide/LiCl (10 mM) was used as the



mobile phase, and a flow rate of 1.0 mL/min was applied. A calibration curve

was created using standard samples of polystyrene (Tosoh Bioscience).

Supplementary Material

Components of Japanese cedar and their fractions, 1H NMR spectra
of [Emim]OAc before and after plasma irradiation for 4 h, and integral values of the
peaks of the protons in the *H NMR spectra of [Emim]OAc before and after plasma

irradiation for 4 h are available on the journal’s website.
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Figure captions

Fig. 1. Experimental apparatus.

Fig. 2. Optical emission spectrum of the plasma.

Fig. 3 Molecular weight distribution of lignin before and after plasma

irradiation for 4 h.



