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(Graphical Abstract)

Abstract: Strategic valorization of agricultural waste can serve as waste management and promote

sustainable biorefineries. Sugarcane bagasse is a readily available lignocellulosic biomass and can be

converted into valuable cellulose-based thermoplastics. However, the cellulose purity significantly

influences the material properties of the resulting thermoplastics, potentially limiting their
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applications. Therefore, conventional production necessitates harsh pretreatment of lignocellulose to

isolate high-purity cellulose, followed by chemical modification. Here, we demonstrate a facile and

green pretreatment method for complete removal of hemicellulose by incubating bagasse in a mixed

system of an ionic liquid, 1-ethyl-3-methylimidazolium acetate (EmimOAc), and dimethyl sulfoxide

(DMSO) at 140 °C, followed by precipitation in water, achieving >99% hemicellulose removal. The

pretreated bagasse, containing 71% cellulose and 28% lignin, underwent homogeneous

transesterification with vinyl decanoate and isopropenyl acetate, using EmimOAc as both the solvent

and catalyst, assisted by a co-solvent of DMSO. The polysaccharide derivative in the resulting

acylated bagasse was separated from the lignin derivative by precipitation in methanol. The obtained

polysaccharide derivative with high cellulose purity displayed a high weight-average molar mass of

1.5%10% g mol ! and a polydispersity of 4. It also exhibited superior thermal stability (thermal

degradation temperature, Tq-s%: 359 °C; glass transition temperature, 7: 144 °C) compared to pulp-

derived cellulose acetate decanoate (7u-se: 349 °C; Ty: 129 °C).

Keywords: Lignocellulosic biomass * Cellulose * Hemicellulose * Ionic liquid -

Pretreatment *+ Transesterification

Abbreviations: IL, ionic liquid; EmimOAc, 1-ethyl-3-methylimidazolium acetate; IPAc,
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isopropenyl acetate; VDec, vinyl decanoate; CAD, cellulose acetate decanoate; PSAD,

polysaccharide acetate decanoate.

INTRODUCTION

Sugarcane bagasse is a readily available agricultural waste, but its current use is limited, for example

burning as a fuel in the sugar industry. Strategic valorization is crucial for creating new commercial

opportunities for future bagasse-based biorefineries (Shabbirahmed et al. 2022). Lignocellulosic

biomass, such as bagasse, mainly consists of cellulose (32—45%), hemicellulose (20-32%), and

lignin (17-32%) (Kostag et al. 2019; Alokika et al. 2021), and its efficient conversion into cellulosic

materials has been attempted by many researchers (Suzuki et al. 2020; Thai et al. 2020; Torgbo et al.

2021). However, the cellulose purity affects the mechanical, thermal, and optical properties of the

products, limiting their practical applications (Iglesias et al. 2020). For instance, contamination of

cellulose derivatives with merely 5% xylan derivatives caused rapid thermal degradation and

embrittlement of the products (Figs. S1-S3).

Cellulose-based products require consistent quality (Iglesias et al. 2020), and highly pure

cellulose pulp is used generally as the starting material. However, the severe conditions required for

conventional lignocellulose pulping have shifted current research focus toward alternative methods

(Roy and Chundawat 2023). Over recent decades, ionic liquids (ILs) have emerged as
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environmentally friendly solvents owing to their nonvolatility and nonflammability (de Jesus and

Filho 2022). Among various ILs, 1-ethyl-3-methylimidazolium acetate (EmimOAc) is particularly

effective for dissolving lignocellulose (Mohan et al. 2022). EmimOAc offers the homogeneous

esterification of bagasse, and subsequent fractionation of polysaccharide and lignin derivatives can

be achieved by exploiting their differing solubilities in methanol (Suzuki, Shibata et al. 2018;

Suzuki, Hikita, et al. 2021). However, the further separation of cellulose and hemicellulose

derivatives poses a technical challenge owing to their structural similarities (Suzuki and Takahashi

2023).

Another application of ILs is in lignocellulose pretreatment (Zhang et al. 2021). When heated

above 110 °C, EmimOAc can disrupt non-covalent interactions and some covalent bonds within

lignocellulose components (Arora et al. 2010), such as lignin-carbohydrate complexes (Beck et al.

2022). Simultaneously, EmimOAc treatment leads to moderate depolymerization of hemicellulose

into water-soluble oligosaccharides that are subsequently washed away. For switchgrass and poplar,

the composition of the regenerated biomass after EmimOAc treatment differed with processing

temperature. After pretreatment at 120 °C, the xylan content in pretreated switchgrass decreased

from 19 to 6% (Barr et al. 2014). Temperatures above 150 °C caused significant delignification;

however, the pretreated biomass still contained 4% hemicellulose (Arora et al. 2010). Hence, the

complete removal of hemicellulose (< 1%) from lignocellulose via EmimOAc treatment has not yet
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been achieved.

Dimethylsulfoxide (DMSO) is an effective co-solvent for cellulose dissolution, presenting no

technical/safety issues that compromise the “green solvent” attribute of ILs due to its high boiling

point (189 °C) (Phadagi et al. 2021). When paired with EmimOAc, DMSO can enhance dissolution

speed (Villar et al. 2023) and capacity (Shamsuri et al. 2021). This benefit might be attributed to the

reduced solution viscosity and the preferential solvation of the Emim cation (Xu et al. 2013). This

interaction facilitates ion dissociation, allowing the naked-like anion with high hydrogen basicity to

penetrate the cellulose chains. By applying this co-solvent system, the deconstruction of recalcitrant

lignocellulose can be enhanced (Wu et al. 2013); thus, it is assumed that the efficiency of EmimOAc

treatment for hemicellulose removal is improved.

In this study, we examined the effects of DMSO on the EmimOAc treatment of bagasse for the

complete removal of hemicellulose toward its facile and green conversion into highly pure cellulose-

based thermoplastics. Bagasse was incubated in an EmimOAc/DMSO mixed system at different

temperatures to preferentially degrade hemicellulose into water-soluble forms. After washing, the

pretreated bagasse was transesterified with vinyl esters in a homogeneous reaction system, and the

resulting polysaccharide acetate decanoate (PSAD) was isolated by precipitation in methanol, while

the lignin derivative remained in the filtrate. The chemical structure, purity, and molar mass

distribution of the PSAD were analyzed, confirming improved thermal properties.
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EXPERIMENTAL

Materials

1-Ethyl-3-methylimidazolium acetate (EmimOAc) was purchased from Nippon Nyukazai Co. Ltd.

(Tokyo, Japan) and used as it is. Dimethyl sulfoxide (DMSO) anhydrous was purchased from Sigma-

Aldrich LLC. (St. Louis, MO). Isopropenyl acetate (IPAc) and vinyl deaconate (VDec) were

purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). Sugarcane bagasse was

purchased from Toyota Motor Co. (Miyoshi, Japan). It was milled using a grinder mill (Y-308B,

Osaka Chemical Co., Ltd., Osaka, Japan) and sifted to sort particles smaller than 250 um. After

vacuum drying at 70 °C for 24 h, the bagasse powder was washed with dichloromethane (150 mL) to

remove extractives by Soxhlet extraction at 60 °C for at least 16 h. The obtained extractive-free

bagasse powder was vacuum-dried at 70 °C until reaching a constant weight before use. The

composition was 41% of cellulose, 29% of hemicellulose, and 30% of lignin (Suzuki, Shibata et al.

2018). When hypothesized that hemicellulose was composed only xylan and lignin [OH] was 4.2

mmol g~! (Suzuki, Ishikuro et al. 2018), bagasse [OH] was calculated as 13.3 mmol g'.

Pretreatment of bagasse for hemicellulose removal

Bagasse powder (6.0 g) and EmimOAc (100 g) were mixed and stirred at 80 °C for 24 h under
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vacuum to remove moisture. DMSO (150 mL) was then added to the mixture under Ar atmosphere,

and the bagasse was incubated with stirring for 16 h at 110, 120, 130, and 140 °C. The temperature

range was selected as sufficiently lower than that of EmimOAc decomposition at ca. 175 °C (King et

al. 2012). The resulting homogeneous solution was poured into distilled water (6 L) and the

precipitate was collected by filtration. The regenerated bagasse was repeatedly washed with distilled

water to remove any water-soluble fractions, freeze-dried for 3 d, and vacuum-dried at 70 °C until

reaching a constant weight. This process yielded pretreated bagasse, abbreviated as Bag-X, where X

denotes the incubation temperature.

Homogeneous transesterification of pretreated bagasse and subsequent fractionation

Pretreated bagasse samples (Bag-110 and Bag-140, weighing 3.0 g each with [OH] = 14.9 and 14.4

mmol/g, respectively) were placed into a Schlenk flask (1 L) containing EmimOAc (50 g). The

mixture was stirred under vacuum at 80 °C for 24 h. Subsequently, DMSO (75 mL) was added under

Ar atmosphere and stirred at 80 °C for 16 h, resulting in a viscous black-brown solution. Vinyl

decanoate (VDec; 2.5 mL, 0.25-0.26 eq./[OH]) was added to the solution and stirred at 80 °C for 30

min to achieve partial decanoylation of the pretreated bagasse. Subsequently, an excess of

isopropenyl acetate (IPAc; 114 mL, 24 eq./[OH]) was added and the mixture was stirred at 80 °C for

an additional 30 min to ensure peracetylation of all residual OH groups. This two-step acylation was
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conducted for precise control of the substitution rates of Ac and De groups (Suzuki, Hikita et al.

2021). The reactant mixture was then poured into acetone (0.6 L), and the acetone-insoluble residue

was removed by filtration. The filtrate was concentrated using a rotary evaporator at 40 °C and then

poured into methanol (2 L) to precipitate the polysaccharide derivative, while the lignin derivative

remained in the supernatant.!! The precipitate was collected by filtration and washed repeatedly with

methanol and distilled water. After freeze-drying for 2 d and subsequent vacuum drying at 70 °C for

24 h, polysaccharide acetate decanoate (PSAD-X) was obtained, where X indicates the Bag-X used

as the starting material. The yields of PSAD-110 and PSAD-140 were averaged over three runs.

Compositional analysis of pretreated bagasse

Carbohydrate and lignin contents in the pretreated bagasse at different temperatures (110-140 °C)

were determined in triplicate using concentrated acid hydrolysis followed by dilute acid hydrolysis

according to the standard laboratory analytical procedures developed by the National Renewable

Energy Laboratory (NREL) standard LAP 002 protocol (Sluiter et al. 2008). The monomeric sugars

were quantified by high-performance liquid chromatography (HPLC) equipped with a refractive

index (RI) detector (Shimadzu Co., Kyoto, Japan). The HPLC measurements were performed at

85 °C using a CARBOSep CHO-682 column (Tokyo Chemical Industry Co. Ltd., Tokyo, Japan)

with an ultra-pure water mobile phase and flow rate of 0.4 mL min™!. Mixed sugar standards of
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known concentrations were used to generate the standards curves (Fig. S4) to calculate the

concentration of each monosaccharide derived from the pretreated bagasse. A DU® series 700

UV/VIS scanning spectrophotometer (Beckman Coulter, Inc, Tokyo, Japan) was used for UV

measurements at 240 nm with a quartz cell (path length: 1 cm) to determine the acid-soluble lignin

content (Sluiter et al. 2008).

Instruments

Fourier transform infrared (FT-IR) spectroscopy was performed using a Thermo Fisher Scientific

Nicolet iS10 (Thermo Fisher Scientific, Inc., Tokyo, Japan) spectrometer equipped with an

attenuated total reflection (ATR) unit. The FT-IR spectra were measured in the range of 4000—400

cm!, and 64 scans were accumulated per spectrum. The resolution was maintained at 4 cm™!, and

the signal-to-noise ratio (S/N) was 35 000:1.

'H and 3C nuclear magnetic resonance (NMR) spectroscopy was performed using a INM-ECA

600 spectrometer (JEOL Ltd., Tokyo, Japan) in DMSO-ds or CDCIs at the Advanced Research

Center of Kanazawa University. All NMR spectra were analyzed using delta NMR (JEOL Ltd.,

Tokyo, Japan), and the chemical shifts (6, ppm) were referenced to tetramethylsilane (TMS, 6 = 0

ppm) as an internal standard.

For PSAD-110 and PSAD-140, the DS ratios (mol/mol) of decanoyl (Dec) and acetyl (Ac)



163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

substituents were determined by '"H NMR analysis. Based on our previous reports,(Hernandez et al.

2023) the residual OH content of similarly synthesized PSADs from bagasse was <1 mol%.

Assuming that the residual OH content was negligible, the DS was calculated using the equations

below:

_ [ DecCH3
DSpec (mol%) = J AcCH3, DecCH2+1/5 [ Dec CH3 *100
DS (mol2) — LACCHS Dec /5 [ec O

J AcCH3, DecCH2+1/5 [ Dec CH3

Where [Dec CH3 represents the three methyl protons of the Dec group and [Ac CHj; Dec CH,
represents the overlapping signal peaks from the three methyl protons of the Ac group and the two
protons of Dec group.

Molar mass distributions of PSAD were determined using size exclusion chromatography
(SEC) equipped with a RI detector (Prominence UFLC system, Shimadzu Co., Tokyo, Japan), based
on polystyrene standards. SEC was performed at 40 °C using a TSK gel a-M (Tosoh Co., Tokyo,
Japan), and 10 mM LiBr/dimethylformamide (DMF) was used as the eluent at a flow rate of 0.5 mL
min .

Thermogravimetric analysis (TGA) was performed using a DTG-60AH/FC-60A/TA-60
apparatus (Shimadzu Co., Kyoto, Japan) from 50 to 500 °C at a heating rate of 10 °C min™' under an
N; flow of 50 mL min~!. Vacuum-dried samples (10 mg) were used for the measurement, and the

thermal decomposition temperature (74-s5%) was taken as the onset of 5% weight loss.

10
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Differential scanning calorimetry (DSC) was performed to measure the glass transition

temperature (7,) using a DSC-60A Plus (Shimadzu Co., Kyoto, Japan). For the DSC measurements,

all samples were prepared in an aluminum open cell pan. Each sample was cooled to =50 °C and

then heated to 160 °C at a scanning rate of 10 °C min~'. The sample was then maintained at this

temperature for 3 min (first heating scan), followed by immediate quenching to —50 °C at a rate of

—50 °C min"!. The second heating scan was performed from —50 to 180 °C at a scanning rate of

10 °C min!.

RESULTS AND DISCUSSION

Temperature effect of EmimOAc¢/DMSQO-pretreatment on bagasse composition

Mild pretreatment of bagasse was performed in EmimOAc/DMSO at various temperatures. Figure

S6 displays the ATR-mode FT-IR spectra of the untreated and pretreated bagasse samples (Bag-110

and Bag-140). Similar to the untreated bagasse, all pretreated bagasse samples exhibited bands at

897 cm™!, corresponding to C—O—C vibrations of glycosidic bonds of cellulose and/or hemicellulose

(Sharma et al. 2016; Schwanninger et al. 2004). Furthermore, several smaller bands within the 1400—

1600 cm™! range were assigned to the skeletal vibrations of the aromatic structures found in lignin

(Achinivu 2018). The combination of these characteristic bands indicated that the pretreated bagasse

samples contained both polysaccharides and lignin.

11
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Two bands at 1240 and 1730 cm™!, attributed to the vibrations of acyl groups, were observed in

the untreated bagasse and Bag-140, but not in Bag-110. Relative to the absorbance of a characteristic

band at 1030 cm™!, those at 1240 and 1730 cm™! were more pronounced in Bag-140 than in the

untreated bagasse. These bands in the untreated bagasse are due to the Ac groups found naturally in

hemicellulose, and their absence in Bag-110 suggests that the removal and/or deacetylation of

hemicellulose was proceeded through the pretreatment at 110 °C. In contrast, the increased relative

peak absorbances in Bag-140 could be attributed to incorporation of EmimOAc. However, the

characteristic bands of EmimOAc, C—C and C=C stretching vibrations in the Emim cation (Yesudass

et al. 2016), were not observed, and the broad band at 3300 cm ™!, attributed to OH stretching, was

present similar to other samples. Therefore, a trace amount of the OAc anion from EmimOAc was

chemically substituted to the OH groups possibly due to the higher incubation temperature at 140 °C.

Table 1 lists the mass yields of pretreated bagasse samples. The yield decreased from 4.76 to

2.18 g with increasing incubation temperature in EmimOAc/DMSO. A total mass loss of ~20% was

observed for pretreated bagasse at 110-130 °C, while Bag-140 exhibited the largest loss of 64%.

Considering the total compositional breakdown, the proportion of cellulose increased from 41 to

71% at elevated incubation temperatures. In the case of lignin, the EmimOAc/DMSO-treatment at

110 °C led to the considerable reduction from 30 to 18%, suggesting its inherently lower thermal

stability compared to cellulose. The lignin proportion was constant at 18—19% across incubation

12
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temperatures from 110 to 130 °C. However, it increased to 28% at the incubation temperature of 140

°C. Conversely, the hemicellulose proportion gradually decreased from 29 to 19% as the temperature

increased to 130 °C, but drastically reduced to less than 1% at 140 °C. This complete removal of

hemicellulose, coupled with moderate losses of cellulose and lignin through water solubilization,

likely contributed to the significant yield loss observed in Bag-140.

(Table 1)

Table 2 summarizes the recovery rates of cellulose and lignin, as well as the removal of

hemicellulose from bagasse samples pretreated with EmimOAc/DMSO at different incubation

temperatures. Up to 130 °C, cellulose recovery was very high, while hemicellulose removal rates

were moderate (<53%). In contrast, Bag-140 achieved 99% hemicellulose removal, whereas

cellulose recovery was reduced to 63%. Lignin recovery was consistently less than 50% regardless

of the incubation temperature.

For comparison, the pretreatment efficiency using ILs in previous reports are summarized in

Table S2. On the pretreatment of switchgrass solely using EmimOAc, 120 °C or higher temperatures

caused significant hemicellulose removal of c.a. 50% (Barr et al. 2014), while lower temperature at

90 °C had no effect (Sun et al. 2014). Such temperature dependency was almost consistent in other

lignocellulose species (Rigual et al. 2020). The highest xylan removal in the EmimOAc-pretreatment

was achieved for switchgrass but still remained 83% even after incubation at 160 °C (Arora et al.

13
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2010). In contrast, the EmimOAc/DMSO-mixed system in the present study achieved almost

complete removal of hemicellulose by simply incubating at 140 °C. Similar to lignocellulose

dissolution in EmimOAc, DMSO is theorized to promote ion dissociation, which facilitates the

penetration of OAc anions into the complex macromolecular structures of lignocellulose for

deconstruction. Simultaneously, the weak acidity of the C2-proton in the dissociated Emim cation

can facilitate the depolymerization of hemicellulose (Varanasi et al. 2012). The activity of the

weakly acidic protons may increase with increasing incubation temperature, thereby boosting the

degradation of hemicellulose into water-soluble oligosaccharides. Finally, the resulting

hemicellulose-derived fraction was successfully removed from the bagasse during a subsequent

regeneration step using water.

(Table 2)

The lignocellulose pretreatment relies on dissolution ability of EmimOAc with strong hydrogen-

bond basicity and also moderate Bronsted acidity. In the latter context, protic ILs with acidic protons

in cation and/or anion can be powerful media for lignocellulose deconstruction despite their poor

dissolution ability. Their strong acidic behavior can offer almost complete hemicellulose removal (90—

100%) (Brandt-Talbot et al. 2017; Gschwend et al. 2018, 2019), but along with cellulose degradation

(Rigual et al. 2020). Therefore, to obtain pure cellulose retaining its high molar mass for material

utilization, DMSO-assisted EmimOAc pretreatment is more suitable.

14
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Here, the economic and environmental aspects should be discussed. One is the cost of EmimOAc;

its bulk production price has been estimated in 2017 to be 20-101 $ kg™! (Brandt-Talbot et al. 2017).

The efficient recycle must be crucial but still challenging in lignocellulose pretreatment, although the

recyclability of EmimOAc/DMSO after cellulose dissolution (and subsequent transesterification) has

been demonstrated (Nguyen et al. 2017). The difficulty is originated from the complex and

multicomponent nature of lignocellulose which causes various residues in the recovered EmimOAc

(Guilherme and Forte 2023). To solve this, not a simple distillation process but an innovative recovery

technique, e.g., phase separation system, would be required (King et al. 2017). Next, the green and

safe aspect of ILs including EmimOAc needs to be reconsidered by scientific community as recent

studies have suggested some ILs as potentially environmental hazard chemicals (Swami et al. 2024).

Dipolar aprotic solvents, often used as co-solvents, also present health and safety challenges. DMSO

is less toxic than others (e.g., DMF) but has a propensity to undergo highly energetic decomposition

when subjected to strong bases, electrophiles, and heat (Wang et al. 2012). Selecting greener IL and

cosolvent with regards to safety profiles and sourcing from renewable biomass can provide significant

improvements in lignocellulose processing to form more sustainable materials (Gale et al. 2016).

Transesterification of pretreated bagasse and subsequent fractionation of PSAD

Figure 1a. displays the FT-IR spectra of PSADs obtained after the two-step transesterification

15
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of Bag-110 and Bag-140. Similar to the starting materials, the PSADs exhibited characteristic bands

indicative of the polysaccharide backbones. However, no bands corresponding to the skeletal

structures of lignin were observed. This indicates that the PSADs consist of polysaccharide

derivatives without lignin contamination. Furthermore, there was no band observed around 3300

cm!, while sharp bands corresponding to C=0 and C-O vibrational stretching of acyl groups

appeared at 1745 and 1240 cm™!, respectively. These results indicate that all OH groups of the

polysaccharides in the pretreated bagasse were acylated.

Figure 1b shows the "H NMR spectrum of PSAD-110, including a close-up of the region from

3.2-5.5 ppm where the skeletal signals of cellulose and hemicellulose are observed (Suzuki et al.

2020; Suzuki, Hikita, et al. 2021). The cellulose and xylan-based protons were assigned 1-6 and 1°—

5, respectively. Based on the ratio of peak areas of 4 and 4’ signals of PSAD-110 (Fig. S7), PSAD-

110 was estimated to consist of 80 mol% cellulose and 20 mol% hemicellulose. In contrast, all the

signals for PSAD-140 were assigned to cellulose only (Fig. 1¢). These results mirror the

polysaccharide composition in Bag-140 (Table 1). Moreover, the absence of signals in the aromatic

region (6.5-8.0 ppm) indicates that the residual lignin in Bag-140 was effectively separated during

the precipitation of PSAD-140 in methanol. Consequently, PSAD-140 consists of cellulose

derivatives with high cellulose purity.

In the '*C NMR spectra (Fig. 2), the cellulose (1-6) and hemicellulose (1°-5) carbons were

16
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identified from 62 to 101 ppm for PSAD-110 (Fundador et al. 2012), whereas only the signals of

cellulose carbons were detected for PSAD-140. In both spectra, no signals were detected in the 100—

150 ppm range (Shen et al. 2024), suggesting no lignin contamination. These results are consistent

with those observed in 'H NMR spectra (Figs. 1b,c).

As shown in Figs. 1b,c, the chemical shifts in the 0.8-2.5 ppm region were assigned to the acyl

groups of PSADs. The signals at 1.9-2.1 ppm were assigned to the three methyl protons of the Ac

group, whereas the aliphatic signals were assigned to the Dec group: (i) 0.88, (ii, iv, and v) 1.27, (iii)

2.19, and (vi) 2.34 ppm. The presence of these signals suggests that both acetylation and

decanoylation occurred in the polysaccharides of the pretreated bagasse. This is also supported by

the signals in the 169—173 ppm region in 3C NMR spectra (Fig. 2), attributed to C=O groups in Ac

and Dec groups, respectively.

(Figure 1)

(Figure 2)

Based on the ratios of peak areas of the Dec and Ac groups in the 'H NMR spectra (Figs. 1b,c),

the DS values of the PSADs were calculated (Table 3). PSAD-110 and PSAD-140 exhibited the

same DS values of 22 and 78% for the Dec and Ac groups, respectively. The conversion rates of

VDec were 85% for PSAD-110 and 88% for PDAS-140, indicating the sufficiently high reaction

efficiency of the EmimOAc/DMSO mixed system in the initial step of the transesterification

17
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reaction. Despite the differences in the starting materials, the two-step transesterification process

achieved precise control over the partial decanoylation and peracetylation of polysaccharides.

Table 3 summarizes the average masses and isolated yields of PSAD-110 and PSAD-140, with

the latter calculated based on the DS values. The isolated yield of PSAD-110 was 77%, likely due to

the hemicellulose fraction being depolymerized during the transesterification reactions and partially

solubilized in the methanol filtrate. In contrast, the isolated yield of PSAD-140 was 100%. This may

be attributed to Bag-140, which primarily consists of cellulose and lignin, with cellulose being more

resistant to depolymerization than hemicellulose (Brandt et al. 2013).

(Table 3)

The molar mass distributions of the PSADs were determined by SEC, as shown in Fig. S8.

PSAD-110 exhibits a bimodal distribution with peaks labeled Mp(i) and M,(ii). The peak height of

M,(i) is smaller than that of M,(ii). The latter represents the higher molar mass fraction, Mp(ii), and

can be assigned to the cellulose derivative, given that cellulose generally has a high degree of

polymerization of up to 10,000 (Brandt et al. 2013). Conversely, the lower molar mass fraction,

M,(i), is thought to consist mostly of branched hemicellulose (Scheller and Ulvskov 2010). In

contrast to PSAD-110, the M,(i) fraction of PSAD-140 is completely absent, while a relatively

narrow fraction of M, (ii) is present. This result indicates the successful removal of hemicellulose

from the final product.
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As shown in Table 4, both PSADs exhibit a very high weight-average molar mass (My) over

10° g mol ™!, which indicates that EmimOAc¢/DMSO-mixed system preferentially decomposes

hemicellulose while retaining most of cellulose. However, the peak width of M (ii) in PSAD-140

was thinner than that in PSAD-110 (Fig. S8), suggesting that the high temperature treatment at

140 °C caused partial depolymerization of cellulose fraction with ultra-high molar mass (~107 g

mol ™) in the original bagasse. As a result, the polydispersity of PSAD-140 was much narrower than

that of PSAD-110.

(Table 4)

Figure S9a depicts the TG curves of the PSADs. PSAD-140 exhibited a higher Tq.s at 359 °C

compared to that of PSAD-110 at 343 °C. Furthermore, PSAD-140 exhibited a higher 74 than the

CAD synthesized from cellulose pulp (74-5%: 349 °C) (Suzuki, Hikita, et al. 2021; Hernandez et al.

2023). As shown in Fig. S9b, the DSC curve of PSAD-140 exhibits a clear transition around 144 °C,

which represents the 7. Conversely, PSAD-110 shows a transition at approximately 134 °C. This

enhanced thermal stability, based on the higher 7450 and 7§, can be attributed to the effective

pretreatment of bagasse, resulting in the complete removal of hemicellulose and a significant

decrease in the low molar mass fraction of cellulose.

In general, thermal processability is assessed by the difference between T4.s¢ and the

temperature at which a material begins to melt-flow (71ow), which can be determined using a flow
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tester. Surprisingly, PSAD-140 exhibited a lower Thow at 190 °C than PSAD-110 at 222 °C (Fig.

S9c¢), despite its higher cellulose purity. The resulting thermal processing windows were 169 and

121 °C, respectively. Both values significantly exceed 100 °C, thereby, indicating good thermal

moldability, primarily due to the Dec group acting as an internal plasticizer (Tanaka et al. 2017,

Suzuki, Hikita, et al. 2021). The PSADs were then subjected to hot-press molding at 230 °C, and the

fabricated film-state dumbbell-shaped specimens were used for tensile testing. The stress—strain

curve of PSAD-140 exhibits a clear yield point (Fig. S10). The specimen then experienced a mode

of plastic deformation called necking. This phenomenon has also been reported for CAD synthesized

from cellulose pulp and is associated with ductile materials (Hernandez et al. 2023). Moreover,

PSAD-140 exhibited a tensile strength comparable to that of the pulp-derived CAD. These results

demonstrate that the EmimOAc/DMSO pretreatment at 140 °C for complete removal of

hemicellulose enhanced the thermal stability and moldability of PSAD-140 while retaining its good

mechanical properties.

CONCLUSIONS

Bagasse was dissolved in an EmimOAc¢/DMSO-mixed system at 110—140 °C, and the pretreated

bagasse was recovered by water regeneration (mass yields: 79-36 wt.%). The hemicellulose removal

efficiency was facilitated by DMSO, which improved the dissociation of EmimOAc. Pretreatment of
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bagasse at 140 °C achieved 99% hemicellulose removal, likely attributed to the high temperature

required to increase the activity of the C2-proton in the Emim cation. Pretreated bagasse (Bag-140)

was successively converted into a polysaccharide derivative (PSAD-140), which was isolated from a

lignin derivative using methanol. All OH groups of PSAD-140 were acylated, and the DS ratio of

Dec and Ac groups were 22/78 (mol/mol), respectively. NMR analysis indicated the high cellulose

purity of PSAD-140, supported by the unimodal molar mass distribution determined by SEC. Due to

the absence of hemicellulose and partial removal of low molar mass fraction of cellulose, PSAD-140

exhibited superior thermal stability (Tus%, 359 °C; T, 144 °C) to PSAD-110 and CAD synthesized

from cellulose pulp (74-5%, 343 and 349 °C; Ty, 134 and 129 °C, respectively). EmimOAc/DMSO

pretreatment and homogeneous chemical modification followed by simple fractionation transformed

hemicellulose into water-soluble oligosaccharides and cellulose and lignin into valuable polymeric

products. Consequently, all bagasse components could be efficiently utilized, contributing to the

sustainable development of industrial-scale sugarcane-based biorefineries.
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Fig. 1. (a) ATR-mode FT-IR of PSAD-110 (black line) and PSAD-140 (red line) and 'H NMR spectra
of (b) PSAD-110 and (c) PSAD-140, measured in CDCI3 containing 0.01 vol% TMS (6=0 ppm).
Enlarged images of the '"H NMR signals due to sugar backbones (H1-6 for cellulose and H1’-5" for
xylan) are shown as the inset. The chemical structures of two major component of PSAD (i.e., CAD

and XAD) are also described with their numbering.
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Fig. 2. 3C NMR spectra of PSAD-110 (black line) and PSAD-140 (red line), measured in CDCls
containing 0.01 vol% TMS (=0 ppm). Enlarged images of the '3C NMR signals due to acyl groups
and sugar backbones are shown as upper and lower insets, respectively. The numbering of each signal

is referred to Fig. 1.
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Tables

Table 1 Yield and composition of pretreated bagasse using the EmimOAc/DMSO mixed system at

different temperatures for 16 h

Composition * / wt.%
Entry Yield / g (%)
Cellulose Hemicellulose Lignin
Untreated bagasse ¢ 41+ 04 29+ 14 30+07

Bag-110 4.76 (79%) 55+1 26+0 18+1
Bag-120 4.32 (72%) 57+2 23+0 19+1
Bag-130 4.27 (71%) 63+0 19+0 19+2
Bag-140 2.18 (36%) 71£1 09=+0 28 +2

“ Average values (N>3), estimated by disregarding other components than cellulose, hemicellulose,
and lignin. ® Consisting of xylan as the main chain branching with other minor monomeric sugars
(Fig. S5 and Table S1). ¢ The initial mass (6.0 g) of bagasse used for pretreatment. ¢ Referred from

our previous report (Suzuki, Shibata et al. 2018).
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Table 2 Hemicellulose removal by EmimOAc/DMSO pretreatment at different temperatures and

recovery of cellulose and lignin in regenerated bagasse samples

Cellulose recovery ¢ Lignin recovery Hemicellulose
Entry
/% /% removal * / %
Bag-110 107£3 49 +£2 28+3
Bag-120 101 +£2 46 +£0 43 £2
Bag-130 110+3 45+ 6 532
Bag-140 63+1 34+£2 9 +1

@ Calculated based on a hypothesis that all glucose sugars originate from cellulose.  Calculated from

the combined mass of all monomeric sugars, excluding glucose.
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Table 3 Average isolated yields and DS ratios of Dec and Ac groups of PSADs (N=3)

Isolated yield DS ratio * / mol%
Entry Source
/g (%) Dec Ac
PSAD-110 Bag-110 2.7+0.3 (77%) 22 78
PSAD-140 Bag-140 3.1£0.3 (102%) 22 78

“ The respective theoretical yield was calculated from the composition of pretreated bagasse (Table

1) based on the hypothesis that hemicellulose was only composed of xylan.? According to our

previous-study (Hernandez et al. 2023), the residual OH contents of PSADs, synthesized from

bagasse in the similar manner to PSAD-110 and PSAD-140, were usually less than 1%. Thus, the DS

ratio of PSADs synthesized in this study was determined by assuming that all the OH groups in

pretreated bagasse were substituted with Dec and Ac groups.
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Table 4 Molar mass distribution of PSAD-110 and PSAD-140

Entry My / g mol™ Mn/ g mol™! b My(1) / gmol™ | M(ii) / g mol™
PSAD-110 1.8x10° 0.9x10° 18 2.7x10° 0.7x10°
PSAD-140 1.5x10°0 3x10° 4 1.5x10°6 n.d.
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