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A B S T R A C T

A high biomass loading in ionic liquid (IL) pretreatments that reduces the total cost of the process is potentially a
key technique in biorefining. Previously, we demonstrated that, with microcrystalline cellulose, a higher cel-
lulose loading could lead to improved accessibility and consequently higher hydrolytic reactivity, when cata-
lyzed by an acid. In this study, we expand this concept to the lignocellulosic biomass such as bagasse. The
pretreatment of bagasse was performed with a representative IL,1-ethyl-3-methylimidazolium acetate, over a
biomass loading range of 5–50 wt% and was subsequently subjected to crystallinity measurements and acid
hydrolysis. The results indicated a criterion of the pretreatment condition, which showed a higher pretreatment
efficiency at a higher biomass loading. At the optimum pretreatment condition, the hydrolytic reactivity for
33 wt% biomass loading was 1.4 times higher than that at the conventional loading of 5 wt%. This concurred
with the results that demonstrated a high biomass loading condition produces a lower crystallinity.

1. Introduction

Lignocellulosic biomass from agricultural residue, forestry waste,
and energy crops is regarded as the most abundant renewable resource
for producing fermentable sugars (Brandt et al., 2013). Cellulose is the
largest constituent (35%–50%) of lignocellulosic biomass. Cellulose is a
highly crystalline polymer with strong intramolecular and inter-
molecular forces, which means it is recalcitrant to the hydrolysis pro-
cess (Brandt et al., 2013; Kumar et al., 2009; Wang et al., 2012).
Therefore, a pretreatment process is necessary to disrupt the structure
of lignocellulosic biomass to enable the conversion of lignocellulose to
platform chemicals and other fuels (Behera et al., 2014; Mosier et al.,
2005).

Many techniques have already been reported for the pretreatment of
lignocellulosic biomass. Ionic liquids (ILs), defined as salts in liquid
state below 100 °C, have been considered as possible candidates to
provide a breakthrough in pretreatment technology owing to their high
pretreatment efficiencies, and good designability (Fukaya et al., 2006;
Kilpelainen et al., 2007; Swatloski et al., 2002). Despite these ad-
vantages, the relatively high cost of ILs (i.e. the price of ionic liquid is
relatively higher when compared to other conventional organic solvent)
is a major barrier to their commercial use on an industrial scale (Baral

and Shah, 2016; Klein-Marcuschamer et al., 2011; Reddy, 2015; Sen
et al., 2012). To overcome this issue, a high biomass loading (or a low
amount of IL loading) in the pretreatment process is a feasible solution.
Conventionally, 5 wt% biomass loading was deployed (Brandt et al.,
2013; da Silva et al., 2011; Li et al., 2011; Qiu et al., 2012); the pre-
treatment has also been performed with higher loading, and the sub-
sequent hydrolytic reaction was catalyzed using cellulase (Cruz et al.,
2013; da Silva et al., 2013; Li et al., 2015, 2013; Modenbach and Nokes,
2012; Ninomiya et al., 2013; Wu et al., 2011). These studies con-
sistently reported that hydrolytic reactivity was maintained by loading
amounts greater than 5wt%.

Previously, we comprehensively investigated high-loading pre-
treatments using microcrystalline cellulose (as a model lignocellulosic
compound) and 1-ethyl-3-methylimidazolium acetate ([Emim][OAc],
as the most representative IL for the lignocellulose pretreatment (Endo
et al., 2016). It was found that, when microcrystalline cellulose was
pretreated with loading amounts six times higher, 24 wt% than the
conventional condition 5 wt%, the subsequent hydrolytic reaction cat-
alyzed by acid enhanced 1.6-fold (in the case of 5 wt%, it means [0.05 g
cellulose/(0.95 g IL+0.05 g cellulose)]. For 24 wt%, when 0.95 g IL is
used, it means that the amount of cellulose is 0.30 g. Therefore, “six
times higher” that we mentioned above corresponds to [0.05 g *
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6= 0.30 g cellulose]). This improvement was explained by the increase
in accessibility afforded by the crystallinity and in particular, by the
enlarged surface area (Endo et al., 2017). However, the reactivity was
not enhanced when cellulose was catalyzed using cellulase, which
agreed with previous research (Cruz et al., 2013; Li et al., 2013;
Modenbach and Nokes, 2012; Ninomiya et al., 2013; da Silva et al.,
2011; Wu et al., 2011). The reason for this is that, the higher cellulose
loading produces a smaller pore volume and pore size, thus reducing
the accessibility of larger catalysts. To prove that, a higher loading
amount can lead to higher hydrolytic reactivity, in this study, we uti-
lized bagasse as the lignocellulose biomass and performed the pre-
treatment using [Emim][OAc]. First, the pretreatment heating condi-
tions were investigated because, unlike microcrystalline cellulose (Endo
et al., 2017), in lignocellulose biomass, where cellulose, hemicellulose,
and lignin interact in a complex manner, heating is necessary for dis-
solution to occur (Li et al., 2011; Magalhães da Silva et al., 2013; Sun
et al., 2009). The crystallinity of the pretreated bagasse was assessed for
two different loading amounts using the wide-angle X-ray scattering
(WAXS) technique. The pretreated bagasse was then hydrolyzed with
sulfuric acid to calculate the hydrolytic reactivity. Second, the de-
pendency of crystallinity and reactivity on the loading amount was
investigated.

2. Materials and methods

2.1. Pretreatment of bagasse

Bagasse powder (approximately 3mm particle size), purchased from
the Toyota Motor Corporation (Miyoshi, Japan), was used as the lig-
nocellulosic material. The bagasse sample was ground by a mill and
sieved to obtain a powder with a particle diameter of 75–125 μm. It was
vacuum dried at 70 °C for 3 h to eliminate the adsorbed moisture. As an
IL, [Emim][OAc] (> 95%; IoLiTec, Germany) was vacuum dried at
50 °C overnight prior to the pretreatment.

Bagasse was pretreated using [Emim][OAc] with bagasse-to-IL ra-
tios of 1:0, 1:1, 1:2, 1:5, 1:10, and 1:20 (w/w). These ratios correspond
to untreated bagasse, bagasse concentrations of 50, 33, 17, 9, and 5wt
% (conventional biomass loading), respectively. The specified amount
of dried [Emim][OAc] and 0.1 g of dried bagasse was mixed at room
temperature for 5min using a spatula until homogeneous and incubated
in an oven at a particular temperature for a particular duration. After
incubation, the mixture was cooled, and the IL was removed by washing
with water for five times. Fig. S1 shows the sample appearances with
the pretreatment at 130 °C for 3 h. The composition of untreated and
pretreated bagasse was analyzed according to the NREL method (Sluiter
et al., 2012) as described in supplementary material.

2.2. WAXS

WAXS measurements were conducted using a NANO Viewer (IP
system; Rigaku, Japan) with a CuK α radiation source (λ=0.154 nm)
at an applied voltage of 40 kV and a filament current of 30mA. The
freeze-dried bagasse samples were packed into a Teflon cell (1 mm
thick) and sandwiched between two sheets of Kapton film. The samples
were irradiated for 1–4 h. To estimate the crystallinity index (CrI), we
used the Segal method (Segal et al., 1959). The peaks at 2θ=22° and
2θ=18.5° were assumed to represent the crystalline and amorphous
constituents, respectively.

2.3. Solid-state nuclear magnetic resonance

Solid-state Nuclear Magnetic Resonance (NMR) measurements were
conducted using a JNM-ECX 500II (JEOL) spectrometer operating at
resonance frequencies of 125.8 and 500.2MHz for 13C and 1H, re-
spectively. The sample was placed in a 3.2-mm zirconia rotor (49 μL) to
perform 13C cross-polarization/magic-angle spinning (CP/MAS)

measurements. An MAS speed of 10 kHz was employed for all samples.
13C NMR spectra were collected with a π/2 pulse (2.73 μs) and high-
power two-pulse phase-modulated decoupling (Bennett et al., 1995)
with a phase modulation angle of 15°. The 1H decoupling frequency was
73.3 kHz. These spectra were collected using a contact time of 2ms and
a recycle delay of 3 s. An 1H spin-locking frequency of 91.6 kHz was
used. Free induction decays of 4096–16,384 were collected and aver-
aged out to obtain each 13C spectrum. The 13C chemical shifts were
determined by reference to adamantane (29.5 ppm for CH). The order
fraction was estimated based on the areas of order (86.8–92.4 ppm) and
disorder (80.4–86.8 ppm). The peak integration regions for tg, gt, and
gg were 63.8–67.5 ppm, 61.4–63.8 ppm, and 58.5–61.4 ppm, respec-
tively.

2.4. Acid hydrolysis

The acid hydrolysis of bagasse was followed from our previous
study (Endo et al., 2017). A 0.5M H2SO4 aqueous solution with a vo-
lume of 3mL was placed in a sealed cell with 0.1 g bagasse and heated
with a roller oven (RDV-TM2; SAN-AI Kagaku, Japan). After heating for
the specified time, the reaction was halted by placing the sample in an
ice bath and centrifuging the hydrolysate for further analysis. The re-
leased glucose was detected by high pressure liquid chromatography
(HPLC; SHIMADZU system) equipped with a refractive index detector
and a CARBOSep CHO-682 column (Tokyo Chemical Industry Co.,
Japan). The analyzed condition of HPLC is as follows: the volume of the
injected sample was 20 μL, the column was operated at 70 °C, and
0.0085 N of the H2SO4 solution was used in the mobility phase with a
flow rate set at 0.4 mL/min. The hydrolysis measurements were done in
triplicate to reduce experimental error (to one standard deviation). It
should be noted that xylose was also released in the acid hydrolysis of
bagasse and detected with the same HPLC condition. The time courses
of the xylose yield are shown in Fig. S2.

3. Results and discussion

3.1. Exploration of pretreatment conditions

While a higher biomass loading does not usually lead to lower
crystallinity, which is a key parameter for cellulose accessibility (da
Silva et al., 2013; Ninomiya et al., 2013; Wu et al., 2011), two groups
discovered lower crystallinity at higher biomass loadings with parti-
cular pretreatment conditions (Cruz et al., 2013; Zhang et al., 2014).
However, no further investigations were made in those studies, and the
criterion has not yet been clarified. In our study, to discover the cri-
terion, we employed four different pretreatment conditions (as shown
in Table 1). Two samples with biomass loadings of 5 and 17wt% were
subjected to the IL pretreatment, and the crystallinity was subsequently
measured.

Fig. 1a shows the WAXS patterns of the pretreated bagasse. Native
cellulose forms the celluose I structure with the strongest peak at 22°
(Nishiyama et al., 2003). It is known that, when pretreated with IL,
cellulose I transforms into the less recalcitrant cellulose II structure with
the strongest peak at 20° (Cheng et al., 2011; Samayam et al., 2011).
The pretreatment also increases the fraction of the least recalcitrant
amorphous structure (Bian et al., 2014; Qiu et al., 2012; Zhang et al.,

Table 1
Pretreatment Condition of bagasse with EmimOAc.

Heating temperature (°C) Heating time (h)

110 3
110 6
130 3
130 6
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