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Introduction
Lignocellulosic agricultural crop residues i.e., rice straw, are an 

abundant underused raw material with potential for conversion to 
valuable chemical feedstock’s and liquid fuels. However, lignocellulosic 
biomass is recalcitrant to biodegradation [1] and cannot be dissolved 
in water normally and in most organic solvents [2]. Developing 
effective and economical pretreatment processes for liquefaction 
and dissolution process models are extremely important for greater 
utilization of lignocellulosic biomass.

To date, biomass pretreatment research and development has 
focused on amorphization of the cellulose crystalline component 
and particle size reduction by milling to improve the dissolution rate. 
Ogura et al. revealed that ball milling converts rice straw containing 
cellulose from crystalline to amorphous material and results in physical 
changes [3]. Prolonged ball milling technique not only induces 
cellulose amphorization but also enhances the reactivity of cellulose 
during subsequent processing [4]. 

Previous work on ball milling of crystalline materials particularly 
on metallic alloy powders has shown that ball milling over a range 
of temperatures strongly influences alloy powder crystallinity 
and intermetallic mixing kinetics [5]. To our knowledge similar 
investigations on the physical and chemical changes in RS powder 
resulting from ball milling over a range of temperatures have not yet 
been reported. Pretreatment methods such as prolonged ball milling 
require high energy usage and it is unclear how ball milling conditions 
impact overall pretreatment energy consumption and subsequent 
dissolution. 

Recently, many researchers have reported using dilute acid, [6] 
alkali [7] and chemical combinations for pretreatment and liquification 

of biomass including enzymatic hydrolysis [8]. Gírio et al. pointed 
out that the use of harsh chemical solvents such as acids and bases 
can cause problems with process equipment corrosion and generate 
environmental pollutants which have to be treated before disposal [9]. 
Therefore, environmental friendly, novel green pretreatment processes 
using less energy that is also economical is needed. 

Roger et al. reported that many ionic liquids are green solvents 
and can effectively dissolve biomass alone or by mixing without 
other chemicals [2]. For example, they confirmed 1-ethyl-3-methyl 
imidazolium acetate [Emim][OAc] was more effective than the other 
ionic liquids for lignocellulosic biomass dissolution [10]. Pretreatment 
using dilute acid and [Emim][OAc] of switchgrass has investigated 
and dissolved it when heated at 120°-160°C, which appears to be an 
effective temperature range. This result indicated [Emim][OAc] was 
more effective for reducing cellulose crystallinity, increasing surface 
area and decreasing lignin content than dilute acid pretreatment [11]. 
In addition, a combined method of ammonia and [Emim] [OAc] 
pretreatment of rice straw exhibited higher cellulose dissolution rate 
and high sugar yields [12]. These publications outline the optimum 
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pretreatment process conditions for practicable dissolution of 
lignocellulosic biomass in [Emim][OAc]. 

Other researchers have investigated dissolution rate of wood chips 
in [Emim][OAc] by analyzing light changes of the material by using 
in-situ microscopy [13], however, this was not done quantitatively. 
Deguchi et al. confirmed complete cellulose dissolution in water 
at high temperatures and pressures by tracking the material relative 
brightness in micrographs without observing any swelling [14]. 
Subsequently, Olsson et al. investigated the swelling and dissolution 
rate of less crystalline portion of cellulose in [Emim][OAc] was very 
fast while some portions of cellulose showed slight swelling due to 
the inhomogeneity in the biomass [15]. The above published papers 
highlight the phase transformation of cellulose from crystalline to an 
amorphous material by ball milling. Secondly, usage of a green solvent 
such as [Emim][OAc] on biomass generally proceeds by the treated 
material swelling then dissolution when heated. Finally, the endpoint 
of lignocellulosic biomass dissolution can be followed by microscopic 
observations of particle transparency (color contrast and intensity) 
as a function of heat treatment time. What is currently lacking in the 
literature is a systematic process model relating ball milling conditions 
and dissolution in an [Emim][OAc] at various temperatures versus time.

As a result in this study, we propose a rice straw particle dissolution 
process time-based model investigating the relationship between ball 
milling temperature and by heat treatment in [Emim][OAc] at various 
temperatures while following the dissolution using optical microscopy. 
The objective is to understand how the milling temperature speeds up 
the dissolution rate based upon the milled powder material properties.

Materials and Methods
Sample preparation of RS powder with different grinding 
temperatures

A stainless steel milling jar containing 3 g of 1 cm cut rice straw 
strips with a 25 mm stainless steel ball was kept in an oven for 2 hr at 
either room temperature of 25°C or 60°C, prior to grinding. Cryogenic 
(-196°C) ball milling was also carried out by immersing the grinding 
jar containing the RS sample and a 25 mm sized stainless steel ball in 
liquid nitrogen for 10 min prior to milling. The RS sample was ground 
with a Mill Mixer (Retsch MM400, Germany) at a frequency of 28 Hz 
with a 25 mm stainless steel ball for 2 min followed by screening to 
achieve powder particles size ranges of 75-100 µm using a Vibratory 
Sieve-Shaker (ANALYSETTE 3, Germany). Ionic liquid 1-ethyl-3-
methylimidazolium acetate [Emim][OAc] (97% purity) was purchased 
from Sigma Aldrich and used without further purification. Dried rice 
straw stalks were obtained from a Machida City, Tokyo, Japan Tatami 
mat vendor in the Naruse district.

Inorganic material analysis by ICP-AES

The RS powder inorganic material was heated with an electric 
furnace at 500°C for 5 hr, dissolved with concentrated HF and analyzed 
by ICP-AES using standards (SPS 7800, Plasma Spectrometer, SII Seiko 
instruments Inc. Japan).

FTIR analysis of milled rice straw powder

Fourier transform infrared spectroscopy (FTIR) was performed 
using a FTIR spectro-photometer (JASCO 4100N FTIR, Japan). We mixed 
1 mg of rice straw powder with 100 mg of potassium bromide (KBr) in an 
agate mortar and compressed this mixture to form a pellet and measured it 
with 128 scans from 400 to 4000 cm-1 with a resolution of 4 cm-1.

XRD analysis of milled rice straw powder 

Rice straw was characterized using an X-ray diffractometer (Rigaku 
Crop., Japan Multiflex XRD, Japan) with Cu Kα radiation (λ=1.54 Å) 
set at 40 kV and 20 mA. The sample was scanned and intensity was 
recorded in a 2 theta range of 10-40°. The crystallinity index of the RS 
powder was calculated from the intensities of amorphous (2θ=16°) and 
crystalline regions (2θ=22.5°) of RS powder.

Characterization of surface area

A Brunauer, Emmett and Teller (BET) analyzer (AX1C-MP-LP, 
AUTOSORB-1, Japan) was used for measuring the sieved RS particle 
surface areas with nitrogen (LN2) adsorption/desorption isotherms 
at -196°C. The rice straw sample about (~0.5 g) was degassed for 1.5 
hr at 110°C under vacuum (5 mmHg) to remove moisture and other 
contaminants. The analysis of surface areas was evaluated by using a 
three point adsorption method.

Dissolution of rice straw in [Emim][OAc]

Prior to dissolution, sieved RS powder was put on a hot plate 
and dried at 140°C for 5 min on a glass slide to desorb moisture. For 
measurements of particle dimensions a Dino-Lite calibration grid was 
used and the magnification of approximately 60 times was calculated 
when using a 20X objective lens. In a typical dissolution trial, 0.01 mg of 
rice straw was added to 10 µl [Emim][OAc] on a 1.0 mm thick glass slide 
and heated on a hot plate (HP-1S, As One, Japan) with set temperatures 
of 120°C, 140°C and 160°C. The actual temperature of [Emim][OAc] 
on the glass slide was measured with a thermocouple (NI USP TC01, 
Japan). We plotted the [Emim][OAc] temperature versus the setting 
hot plate temperature as shown in the supplementary data (Figure S1) 
and the set point temperature was (5-10°C) higher than the [Emim]
[OAc] glass slide temperature. To follow the dissolution process, the 
glass slide containing the RS particles in the IL drop was removed 
from the hot plate and observed periodically by an optical (Olympus 
BX41, Japan) microscope after fixed intervals of time. Micrographs of 
the RS particles were captured using a (Olympus E330 Hyper Crystal 
LCD digital camera, Japan). The particle area and color intensity 
were analyzed using ImageJ software. After observation, the slide was 
returned to the hot plate and heating continued for a fixed period of 
time. Observations were repeated until dissolution was achieved, that 
is, the particle became too transparent to view the particle dimension 
or circumference compared to the surrounding background.

Results and Discussion

FTIR analysis 
The chemical and structural changes of milled RS powder at three 

different ball milling temperatures after sieving were analyzed by FTIR 
spectroscopy in the region of 400-4000 cm-1 Figure 1(a). The spectra 
showed lignin bands at 1642 cm-1 and C-H and O-H stretching band of 
cellulose at 3402 cm-1 was reduced after higher grinding temperature. 
This may be attributed hydrogen bond breakage of cellulose in the 
RS powder during milling [13]. For the sample ground at 60°C, the 
spectrum of C-H stretching of cellulose at 3340 cm-1 became broader 
and the peak intensity was higher compared with the other grinding 
temperatures of 25°C and -196°C, which indicated higher amorphousity 
and lower moisture content based upon O-H stretching band of water 
[16]. The methyl group (CH3) between 2915 cm-1 and 2847 cm-1 
indicates lignin [17]. The intensity of the peak attributed to C–O–C 
stretching at 1045 cm-1 slightly decreased due to the degradation of 
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the cellulose during milling with bond shortening observed at 1309.6 
cm-1 and 750.5 cm-1 [18]. The presence of silica was confirmed by the 
prominent Si−O−Si asymmetric and symmetric stretching peaks at 
1090 and 460 cm-1, respectively, and the Si−O deformation peak was 
also observed at 795 cm-1 [19]. Researchers reported that ball milling 
increased free hydroxyl groups by disrupting hydrogen bonding in 
the straw. These FTIR results confirm the chemical transformation 
such as hydrogen bonds breakage of cellulose, less water in RS powder 
resulting from processing at different ball milling temperatures. 

Effect of ball milling temperatures on rice straw crystallinity

XRD measurements of RS powder milled at temperatures of -196°, 
25° and 60°C showed crystalline cellulose peak intensity decreased 
with increasing milling temperature as shown in Figure 1(b). The peaks 
observed correspond to crystalline cellulose peaks of (101), (101 ̅), and 
(002) planes which were confirmed independently by XRD analysis 
of rice straw powder. By calculating the peak height ratio between the 
intensity of the crystalline peak I(002) – I(amor) and total intensity 
I(002) after subtraction of the background I(amor) by using the Segal 
method [20] which allows for quantitative comparison of the samples 
crystallinity, 

( ) ( )
( )

002
Crystallinity Index,  Crl 

002
−

=
I I amor

I
 .....................................(1)

Where I(002) is the height of maximum peak at 22.5° (in arbitrary 
units) and I(amor) is the height of the amorphous peak at 16°. The 
relative crystallinity indices of ball milled RS at -196°C, 25°C and 60°C 
were 0.8, 0.66 and 0.58 respectively. The results indicated that the ball 
milling at higher temperature partially damages the crystalline cellulose 

converting it into a more amorphous material [13]. Therefore, particle 
cellulose crystallinity was reduced significantly when ball milled for 
just 2 min at higher milling temperatures.

Characterization of surface area
The impact of milling temperature on the RS surface areas was 

analyzed by BET. Surface area slightly increased from 2.0 m2/g at 
-196°C to 2.6 m2/g at 25°C and then doubled to 5.2 m2/g when milled 
at 60°C. Previously, published results report BET values of popped 
RS powder range between 1.5 and 3.0 m2/g due to the removal of 
hemicellulose [21]. It was observed higher milling temperature induces 
cracking on particle surface due to the stress arising on the fractured 
surfaces [22]. The impact on surface crystallinity and surface roughness 
has on dissolution will be presented in the next sections.

SEM and optical microscopy analysis 

To better understand the milling temperature impact on the RS 
surface structure, the ball milled samples were observed with an optical 
microscope and SEM as shown in Figure 2(a-c) and 2(d-f). SEM image 
shown in Figure 2(a) indicated milled particles with cryogenic milling 
at -196°C showed less surface roughness. A moderately rough surface 
was found at 25°C in Figure 2(b-e). The RS powder milled at 60°C had 
the most surface texture. Higher milling temperature increased surface 
area observed by optical microscope and SEM images in Figure 2(c-f). 

We observed color differences in the milled rice straw powder 
related to the milling temperature, for example, when milled at -196°C 
the RS powder exhibited a pale yellow color; both 60° and 25°C milled 
powder were reddish yellow in color. The milled RS color changes 
showed a clear correlation with higher milling temperatures which is 
consistent with previous work [23].

Swelling behavior of rice straw in ionic liquid 

Particle dissolution experiments were carried out in [Emim][OAc] 
at 120°, 140° and 160°C (since dissolution experiments conducted at 
temperatures of 100°C or less did not proceed within one hour). Upon 
heating the RS particles in [Emim][OAc], the particle’s circumference 
gradually increased with an expanding cross-sectional area as the 
heating time increased. The results indicated the cellulose in RS plant 
wall was disrupted and dissolving. The particle cross-sectional area was 
monitored periodically from initial heating time (0 min) up to when 

Figure 1: (a) FTIR spectra of ball milled rice straw powder and (b) 
X-ray diffraction patterns of ball milled rice straw powder under 
various ball milling temperatures at -196°C, 25°C and 60°C.

Figure 2: Optical microscope images of ball milled rice straw 
particles under different ball milling temperatures at (a) -196°C, 
(b) 25°C, (c) 60°C and comparative study SEM morphology of 
structural breakage of ball milled RS particles at (d) -196°C, 
(e) 25°C, (f) 60°C.
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the particle became so transparent that it was considered to be literally 
dissolved i.e., when the particle area could no longer be measured. 
The particle area ratio was calculated by measuring the particle 
circumference and calculating the area as a function of heating time 
versus the initial area prior to heating by the following equation,

( )RS Particle Area t
RS Particle Area ratio

RS Particle Area (t 0)
=

=
 .........................................(2)

The optical microscope images show (analysis by ImageJ software) 
the particle’s perimeter/cross-sectional area increased due to swelling 
shown in Figure 3. The RS dissolution process for [Emim][OAc] 
at 60°C and cryogenic milled particles is shown in Figures S2 and 
S3 (supplementary materials). In addition, equation 2 was used 
to calculate the RS particle swelling area ratio. The swelling area 
ratio of three different RS particles in [Emim][OAc] as a function 
of baking times were plotted when heated at temperatures of 120°, 
140° and 160°C and fit using linear regression in (Figure 4 and Table 
1a). Significant swelling as indicated by increasing the particle area 
resulted in the fastest dissolution time of 5 min when milled at 60°C 
and heated at 160°C in Figure S2 (supplementary material). In the 
Figure 4(a-c), higher slopes indicate faster dissolution rate with 
greater particle swelling. These results clearly show particle swelling 
varies from 1.5 to 3 times as a function of IL heating and milling 
temperatures. In a previous study, heat treatment of biomass with 
[Emim][OAc] showed swelling precedes dissolution due to the 
IL molecules disrupt the hydrogen bond sheet cellulose inside of 
the cell wall [24]. Therefore, the higher ball milling temperature 

pretreatment appears to be effective in enhancing the dissolution 
rate and particle swelling.

Changes of particle light intensity on dissolution 

Optical microscope images were used to characterize light intensity 
changes from the beginning of the RS particle dissolution time end 
point. The particle light intensity was calculated based upon integrating 
the average color contrast intensity between the particle and the 
[Emim][OAc] background intensity as shown by equation 3,

( )
[ ][ ] ( )

RS Particle Light intensity t
Particle Light intensity ratio 

Emim OAc Light intensity t
=   ....................(3)

Particle light intensity ratio data was fit with linear regression in 
Figure 5 and summarized in Table 1b when heated at temperatures of 
120°C, 140°C and 160°C. For each microphotograph, the background 
[Emim][OAc] light intensity was measured in three to five locations 
around the particle in order to calculate an average light intensity value 
since the background color changes slightly with time as the RS particle 
dissolved. The average particle light intensity ratio value ranged from 
0.5 to 1.0 as the dissolution progressed during heating. When the light 
intensities of the particle and IL background are the same value, the 
light intensity ratio is 1.0, which means that the particle dissolved in 
[Emim][OAc]. The light intensity ratio value linearly increases with 
the heating time in the [Emim][OAc] and the slopes are strongly 
dependent upon the milling temperature. This evaluation method 
provides a method for estimating the particle dissolution end point 
time based upon quantitative analysis which has application for end 
point estimation in other types of biomass dissolution in agreement 
with ref. [14]. 

Light intensity and end point determination

Initially, the particles have a granular mosaic appearance consisting 
of organic material such as cellulose, hemicellulose and lignin as well 
as inorganic material (Figure 3), where the results are shown in the 
supplementary data Table S1. Based upon the ICP-AES results we 
attributed the black specks in the micrographs to SiO2 nanoparticles 
that cannot be dissolved by [Emim][OAc] [25]. Although the 
dissolution process was followed until the particle became transparent, 
since the dissolution rate is linear it is believed this method is useful 
as a screening method for testing dissolution rates of RS particle 
dissolution at other temperatures. While the particle is dissolving, it 
should be noted that the light intensity of the [Emim][OAc] around the 
particle is becoming darker, which has also been confirmed by UV-VIS 
spectroscopy measurements (data not shown).

Figure 3: Dissolution of three RS particles ball milled at 25°C in [Emim]
[OAc] heated at the 160°C vs time (a) t=0 min initial, (b) 2 min, (c) 4 min, 
(d) 6 min; heated at 140°C vs. time (e) t=0 min initial, (f) 5 min, (g) 10 min, 
(h) 15 min; heated at 120°C vs. time (i) t=0 min initial, (j) 15 min, (k) 30 
min, (l) 45 min.

Figure 4: RS particle area ratio heated at (a) 160°C, (b) 140°C and (c) 120°C vs. time.
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Effect of milling temperature and hot plate temperature on 
RS dissolution time

Both ball milling temperature and [Emim][OAc] temperature 
significantly impact RS particle dissolution time as shown in Figure 6. 
For example, the elevated milling temperature at 60°C and heating at 
160°C had the shortest dissolution time of 5 min, whereas dissolving RS 
particles milled at -196°C when heated at 120°C in [Emim][OAc] led to 
a prolonged dissolution time of 1 hr. The chemistry of the dissolution 
of biomass in ionic liquids has been reported previously and higher 
temperatures are more effective in disrupting the hydrogen bonds of 
the 3D cellulose micro-bundles [26]. We assume the temperatures 
of the RS powder inside the milling jar, internal milling jar surface, 
milling jar and milling ball are all the same after heating for two hours 
in the oven prior to milling. Furthermore, heat generated from the ball 
kinetic energy resulting from the stainless steel milling ball striking the 
RS powder is also contributed to greater amorphization of cellulose 
at elevated temperature and greater surface damage and higher area 
[5]. As mentioned in the BET analysis section, the 60°C milled powder 
had the highest surface area and dissolved the fastest as a result due to 
the fractured surface of the milled RS particles. Therefore, the milling 
temperature significant impacts the particles’ micro-crystallinity 
(chemical bonding) and surface area as reported based upon XRD, BET, 
and FTIR analysis. These changes are attributed to the disruption of the 
cellulose structure and cleavage of carbonate and lignin linkages which 
releases hemicelluloses enhancing the dissolution rate in [Emim][OAc] 
[27]. At the highest temperature [Emim][OAc] viscosity is expected to 
be lower which promotes diffusion of particle chemical species away 

from the solid surface [28] as well as transports unreacted [Emim]
[OAc] to surface, which then penetrates into the fractured particle 
cell wall reacting with the cellular material leading to particle swelling 
[29]. Hence, both milling temperature and [Emim][OAc] temperature 
synergistically impact the RS dissolution rate.

Proposed dissolution process model

In Figure 7(a) and (b) is an illustration of the overall dissolution 
process based upon the milling temperatures from the particle 
point of view consisting of the three sequential steps. The first step 
is shown in Figure 7(a) illustrates the relationship between the ball 
milling temperature and rice straw particle morphology changes 
corresponding to the particles’ surface structure and the core-shell 
phenomenon when milled at temperatures of 60°C, 25°C, and -196°C. 
Elevated grinding temperature resulted in a cellulose crystallinity 
index decrease based upon equation 1. The particle color change is 
also influenced by the milling temperature and increased roughness 
of the outer surface shell of the RS powders with higher milling 
temperature as seen in step 1 based upon FTIR, XRD and BET results. 
The second step Figure 7(b) describes the overall dissolution process 
model on the glass slide observed by optical microscopy. Based upon 
the microphotograph image, step 3 in Figure 7(b) the time-elapsed 
dissolution showed particle swelling was dependent on the milling 
temperatures. As the dissolution progressed, the light intensity ratio 
approached 1.0. As mentioned earlier, ball milling temperature impacts 
particle amorphization, specific surface area and reduces the degree 
of polymerization. Therefore, the dissolution model in Figure 7 ties 
together the rice particle physical changes with the dissolution process 
overall. It should be noted that particle dissolution is strongly coupled 
with the swelling rate and milling temperature. In general, biomass 
particle swelling is often observed when heated in [Emim][OAc] with 
swelling proceeding dissolution. The presented results indicate that 
particle swelling as measured by cross-sectional area ratios shows great 
variability then light intensity ratios. Hence, light intensity ratios are a 
better monitor for tracking the dissolution rate since it is linear with 
heating time allowing predicting the endpoint, which has also been 
confirmed independently using confocal microscopy.

Conclusion
The rice straw chemical composition, crystallinity and particle 

surface area were strongly impacted by the milling temperatures 
which impacted the dissolution rate in [Emim][OAc]. That is higher 
grinding temperature reduced the cellulose crystallinity, accelerating 
RS dissolution rate in [Emim][OAc] at higher heating temperatures, 

Heating Temp. 160°C 140°C 120°C
Milling Temp. Equation (y) R2 Equation (y) R2 Equation (y) R2

25°C 0.19x+0.96 0.9 0.05x+0.97 0.6 0.02x+1.01 0.9
60°C 0.31x+0.96 0.6 0.13x+0.87 0.7 0.04x+0.81 0.7

-196°C 0.05x+0.95 0.8 0.05x+0.83 0.7 0.01x+0.97 0.7

(a) Area ratio results

(b) Light intensity ratio results

Heating temp. 160°C 140°C 120°C
Milling Temp. Equation (y) R2 Equation (y) R2 Equation (y) R2

25°C 0.04x+0.68 0.9 0.02x+0.69 0.9 0.004x+0.69 0.8
60°C 0.07x+0.64 0.9 0.02x+0.72 0.9 0.01x+0.66 0.9

-196°C 0.03x+0.65 0.8 0.0lx+0.65 0.9 0.0lx+0.62 0.9

Table 1: (a) Linear regression results of RS particles’ area ratios in [Emim][OAc] 
from Figure 4, (b) RS particles light intensity ratios in [Emim][OAc] from Figure 5.

Figure 5: RS Particle Light intensity ratio heated at (a) 160°C, (b) 140°C and (c) 120°C vs. time.
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with the milling temperature and fitting the change in the area ratio vs. 
heating time showed greater variation than the light intensity ratio vs. 
heating time due inhomogeneity in the particles. From these results, 
it appears that Japanese rice straw particle dissolution follows a linear 
relation overall with heating time in [Emim][OAc]. The results indicate 
that since the particle dissolves from the surface, making the particles 
thinner while surface area expands. Given the dissolution follows 
a linear relation with heating time and increases with temperature, 
the model put forward also could be used to predict dissolution at 
intermediate temperature and with other types of biomass.
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