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lonic Liquid-assisted Fabrication of Nanocellulose from
Cotton Linter by High Pressure Homogenization

Jian Huang,* Shuna Hou,® and Ruiying Chen &*

Nanocellulose (NC) was prepared from cotton linter using ionic liquid (IL)
1-butyl-3-methylimidazolium hydrogen sulfate ([Bmim]HSO4) as both
swelling agent and catalyst followed by high-pressure homogenization.
Evidence suggested that the IL played a significant role with respect to
hydrolysis of the linter cellulose. The effects of various reaction conditions
on the NC preparation were investigated in this study. The successful
conversion of the cotton to NC was analyzed, which showed that the
prepared NC had a uniform rod-like shape that was 50 nm to 100 nm in
diameter and 500 nm to 800 nm in length. The characterization of the NC
by X-ray diffraction and thermogravimetric analysis revealed that the
crystalline cellulose | structure was retained in the NC and it showed stable
thermal properties. The recycled ionic liquid exhibited a slightly decreased
cellulose hydrolysis ability. The application of [Bmim]JHSO4 as both a
catalyst and swelling agent introduced an effective and environmentally
friendly method for NC production.
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INTRODUCTION

Cellulose, which is composed of B-1-4-linked D-glucopyranose repeating units, is
a linear polysaccharide consisting of six-membered ring structures with many hydrogen
bonds (Hassan et al. 2012). It has been widely used as the source of energy and for the
building materials due to its biocompatible, biodegradable, and non-toxic properties. But,
cellulose is insoluble in water and common organic solvents, which limits its
functionalization in the aqueous phase. Nanocellulose (NC) is a type of cellulose with
nanoscale particles that can form a uniform and stable suspension in water (Atalla and
Vanderhart 1984; Hult et al. 2003; Kobayashi et al. 2011). This subject is currently under
very intensive investigation due to its various attractive properties such as high purity, large
specific surface area, and the unique mechanical and optical properties (Duong and Nguyen
2016). Therefore, it has potential for use in a wide range of applications including
nanocomposite materials, electronic devices, environmental protection, tissue engineering,
and cosmetics.

NC is generally divided into three categories according to size and preparation
method, cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), and bacterial
nanocellulose (Klemm et al. 2011). The concentrated sulfuric acid hydrolysis method
(Purkait et al. 2011) is the earliest method for preparing CNC, but the recovery of waste
acid liquid is difficult. CNF is commonly produced by mechanical fibrillation from
commercial pulp fibers (Hassan et al. 2012; Tingaut et al. 2012; Dwivedi et al. 2014). The
mechanical treatments usually involve high-pressure mechanical treatment of cellulose to

Huang et al. (2019). “lonic liquid & nanocellulose,” BioResources 14(4), 7805-7820. 7805



PEER-REVIEWED ARTICLE b | oresources.com

defibrillate the fibers and then separate nano-sized cellulose. However, special equipment
and a high energy consumption are generally required for its preparation (Han and Yan
2010).

lonic liquids (ILs), a new type of green solvent or swelling agents, has been
considered as an ideal alternative to separate cellulose nanowhiskers from cellulosic
matrices under less harsh conditions (Mahmoudian et al. 2012). The unique properties of
ILs, such as a low toxicity, non-flammability, recyclability, and high chemical and thermal
stabilities make them a promising media to separate NC from cellulosic sources. Li and
Taubert (2009) first produced rod-like nanowhisker-based materials by injecting a mixture
of chloroauric acid (HAuUCls) and cellulose dissolved in IL into aqueous sodium
borohydride (NaBH4). ILs can act as catalysts in cellulose hydrolysis to obtain high-
crystallinity CNC. The imidazole ILs with HSO4 or CI* anion, such as 1-butyl-3-
methylimidazolium hydrogen sulphate ([Bmim]HSO.) and 1-butyl-3-methylimidazolium
chloride ([Bmim]Cl) were reported to be the most suitable for that purpose. Zhao et al.
(2017) also used [Bmim]HSO4 as a catalyst and solvent and enzymatically esterified to
produce CNC. The facile one-pot method was simple and environmentally friendly. Tan et
al. (2015) synthesized rod-shaped CNC with high crystallinity by swelling microcrystalline
cellulose (MCC) with [Bmim]HSO4. The effects of synthesis parameters on the catalytic
ILs hydrolysis process of CNC from MCC were also investigated (Iskak et al. 2017).
Results showed that increasing the reaction temperature and time exerted positive effect on
the properties of CNC. Unlike mineral acids, ILs can be recovered and reused after
cellulose regeneration by common laboratory methods (Man et al. 2011). By evaporating
the anti-solvents, the recovery rate of [Bmim]CI can exceed 99.5% (Gutowski et al. 2003;
Quan et al. 2010).

In order to obtain uniform size of NC, physical treatment often has been combined
with ILs to separate NC from cellulose (Alvarez-Guerra et al. 2014; Ahmad et al. 2016).
Han (2013) prepared regenerated cellulose nanoparticles including both elongated fiber
and spherical structures from MCC using [Bmim]Cl followed by high-pressure
homogenization process for 10 passes. The crystal structures of cellulose were transformed
from cellulose | to Il with decreased crystallinities during the ILs treatment. Wang (2015,
2017) reported the homogeneous isolation of NC from cotton and eucalyptus pulp by high
pressure homogenization for up to 50 cycles in [Bmim]CI. Li (2012) pretreated the bagasse
with [Bmim]Cl and the dissolved bagasse cellulose were cyclically processed 50 times in
a high pressure homogenizer to separate the NC. The combination of physical treatment
could greatly reduce the particle size distribution, but the number of mechanical process
cycles still needs 50 times to obtain satisfactory particle size, when natural biomass used
as raw material. Compared with [Bmim]CI, [Bmim]HSO4 exhibits higher catalytic
capability due to its stronger acidity (due to proton from [HSO4]) (To 2012). Moreover,
the less viscous [Bmim]HSO4 favored the catalytic activity in which the mobility of ions
are improved. The stronger acidity (active acid sites) with low viscosity acidic ILs are well-
suited and more effective for catalyzing hydrolysis of cellulose to accelerate the fracture
of glycosidic linkages to produce more NC (Liu et al. 2013). Thus, it is expected that the
homogenization cycles or process time will be reduced when [Bmim]HSOg is used.

In this study, [Bmim]HSO4 was utilized as dual functions of swelling and catalyzing
to induce hydrolytic cleavage of glycosidic bonds of cotton cellulose. The subsequent
10~60 min high pressure homogenization process was coupled to obtained NC with rod-
like shape. The effects of the reaction parameters on the NC yield and crystallinity were
investigated, and the recovery and reuse of IL were also investigated. The structural and

Huang et al. (2019). “lonic liquid & nanocellulose,” BioResources 14(4), 7805-7820. 7806



PEER-REVIEWED ARTICLE b | oresources.com

physicochemical properties of the NC were studied using X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, scanning electron microscope (SEM),
transmission electron microscope (TEM), atomic force microscopy (AFM), and
thermogravimetric analysis (TGA). The low complexity of process and less time-
consuming process were strongly augmented by using [Bmim]HSOs as catalyst and
swelling agent, thus suggesting that the process is suitable for evaluation in a production
facility.

EXPERIMENTAL

Materials

Cotton linter was obtained from Gauke Cotton Supplies Co. Ltd. (Fu Jian, China).
The IL [Bmim]HSO4 with a melting point of 28 °C and molecular weight of 236.29 was
purchased from Cheng Jie Chemical Co. Ltd. (Shanghai, China). All of the other reagents
and chemicals used were of analytic grade and used as received.

Preparation of Nanocellulose
Hydrolysis of cotton cellulose in IL

Defatted cotton cellulose was first cut into pieces, and then it was washed with
ethanol and distilled water to remove impurities before use. The cotton cellulose with
different mass fraction was added into [Bmim]HSO4 with continuous mechanical stirring
and heated to 80~120 °C. After reacting for 2 h, the suspension was sonicated for 30 min
and then poured into an excess of acetone and off-white precipitates formed immediately.
After being stirred for about 10 min, the precipitates were filtered under vacuum and
washed repeatedly with acetone. Subsequently, the filtered products were re-dispersed in
distilled water for washing and then centrifuged at room temperature for 10 min with
10,000 rpm (CTK48 Superspeed Centrifuge, Xiangyi centrifuge instrument Co., Ltd., CN)
to further remove the residual IL. This washing and centrifuging procedure was repeated
for 3~5 times. After that, the precipitates was dialyzed using DI-water until the
conductivity of the mixture approached that of DI-water, indicating near-complete IL
removal. The obtained IL-treated cellulose were designated as IL-C.

Homogenization process

The IL-C was uniformly dispersed in ultrapure water to form a uniform aqueous
phase dispersion. The final concentration of the cellulose aqueous suspension was about
1% (w/w)). And then The IL-C suspension was homogenized by a high pressure
homogenizer (UK-12, Union-Biotech (Shanghai) Co., Itd., CN) under an operating
pressure ranging from 25-100 MPa for 10-60 min. After homogenization process, the
turbid supernatant was collected and the NC yield (NY, %) was gravimetrically obtained
after freeze-dried according to Eq. 1,

NY (%)=(M1/Mo)x100% 1)

where Mz is the mass of the dried NC and My is the mass of the initial mass of the dried
cotton (g).
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Recovery of ionic liquid

The collected IL/solvent mixture was passed through a chromatography column,
which was packed with activated carbon (5 cm in length), thin layer chromatography silica
gel (diameter > 38 pum; and 1.0 cm in length), column chromatography silica gel (100 mesh
to 200 mesh; 3 cm in length), and cotton (1.0 cm in length) from top to bottom. The column
had a diameter of 5 cm and height of 50 cm. After passing through the column, the mixture
was concentrated in a rotary evaporator to remove the solvent under vacuum (70 °C and -
0.1 MPa), and then vacuum-dried for 24 h. The recycled IL was reused to dissolve and
hydrolyze cellulose with the same operation conditions as using the fresh IL. The reuse-
recovery cycles were repeated five times, and the recycled ILs were labelled as 1st-I1L, 2nd-
IL, 3rd-IL, 4th-IL, and 5th-IL.

Characterization

The crystal structure and crystallinity of the raw cotton cellulose, RCe, and NC
were measured using a Min Flex 600 X-ray diffractometer (Rigaku, Tokyo, Japan)
equipped with Cu Ka radiation at 40 kV and 40 mA in range of 5° to 40° with a 0.02°
resolution. The crystallinity index (Crl) was calculated using Segal’s method as described
at Eq.2 (Segal et al. 1959),

Cri(%) = 222 x 100% )

200

where I is the maximum intensity of the peak at 260=22.5° that corresponds to the
crystalline plane and lam represents the intensity of diffraction peak at 26=18°, which is
attributed to amorphous cellulose.

The FTIR spectra for the cellulosic samples were recorded using a Fourier
transform infrared (FTIR) instrument (Nicolet iS10, ThermoFisher, Waltham, USA) in the
range of 4000 cm™ to 400 cm™ at a resolution of 4 cm™. Dried samples were ground and
mixed with KBr powder and then compressed to form an ultra-thin pellets.

Thermogravimetric analysis (TGA) was performed on a Simultaneous Thermal
Analyzer (STA449C/6/G, Germany) in order to characterize the thermal stability of the
samples. Approximately 6 mg of each sample was heated from room temperature to 600
°C at a heating rate of 10 °C/min under nitrogen atmosphere.

The surface morphology and diameter of samples were investigated by scanning
electron microscope (SEM) on a Nova NanoSEM 230 (FEI, Hillsboro, USA) at an
acceleration voltage of 5.0 kV. The samples were sputter coated with gold to prevent
charging.

The morphologies of the NC samples were also analyzed by atomic force
microscopy (AFM) (Bruker Multimode 8, Karlsruhe, Germany). Samples were diluted to
solids consistency of 0.01wt% and cast on a clean mica substrate, and then air-dried
overnight at room temperature. The samples were then analyzed with a scanning probe
microscope.

The dimension of NC samples was determined by transmission electron microscope
(TEM) (FEI, TECNAI G2F20, USA) operating at 10 kV. A drop of the diluted suspension
of samples was dropped on the copper grid and dried at room temperature.

The proton nuclear magnetic resonance (*H NMR) analysis of the fresh and
recycled ILs was performed using a Bruker AMX-300 MHz instrument with chloroform-
d (CDCIs) as a solvent.
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The particle size distribution of the NC was measured with a NanoBrook Omni
(Brookhaven, New York, USA). All of the samples were dissolved in warm distilled water
prior to analysis.

A ZYP-1000E (Shanghai Zhaoyi Optoelectronic Technology Co., Ltd., China)
polarized optical microscope was used to observe the dissolution process of cellulose in
ILs.

The viscosity of ILs were tested using a DV2TLV viscometer (Brookfield,
Ringgold, USA) at a speed of 150 rpm and room temperature.

RESULTS AND DISCUSSION

Effect of Hydrolysis Temperature

Temperature is considered to be one of the important factors that influence the
hydrolysis of cellulose. It notably affected not only the yield but also the crystallinity of
NC. The effect of hydrolysis temperature on the crystallinity index and yield of NC at
different temperature (80, 90, 100, 110, and 120 °C) is shown in Fig. 1. The yield (NY)
increased significantly with increasing temperature initially, which meant that the
hydrolysis reaction was increased as the temperature was increased, giving 33.1% vyield at
100 °C. It is expected that the dissociation of ion pairs of [Bmim]HSO4 into individual
[Bmim]* cations and [HSO4] anions is promoted by high temperature, leading to an
increase in the diffusion coefficient of [H]* ions, which go into the interspaces of 1,4-linked
B-D-glucose units and disrupt intermolecular hydrogen bonds between the units (Jin et al.
2012; Hu et al. 2013). Moreover, when the temperature was increased, IL became less
viscous, which would enhance the movement rate of [H]* ions and then accelerate the
hydrolysis of cellulose and improve the yield of CNC. However, higher temperature (> 100
°C) would cause excessive degradation of cellulose, resulting in decrease in both the Crl
and NY.
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Fig. 1. Effect of the temperature on the Crl and NY for a condition of 10% cellulose concentration,
100 MPa and 60 min for high homogenization process
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On the other hand, the variation trend of crystallinity with temperature was the same
as that of yield. Crl increased with temperature initially and then gradually decreased when
heated beyond 100 °C. The first increase in the crystallinity with increasing temperature is
attributed to the increase in [H*] ions, which facilitated the hydrolytic cleavage of
glycosidic bonds, and individual crystallites are then released (Li et al. 2009). Therefore,
higher crystallinity of NCC is obtained at high temperature hydrolysis reaction with
BmimHSO4 because the removal of amorphous parts essentially increased the crystallinity
of the remaining NC (Man et al. 2011). The subsequent decrease in crystallinity is
presumably due to the hydrolysis of crystalline components taking place at higher
temperature after the removal of amorphous fractions. In addition, excessive hydrolysis of
cellulose into glucose monomers suggesting loss of NC, also leading to decrease in its
crystallinity indirectly.

Effect of the CE Concentration

Cellulose concentrations (expressed in mass ratio of cotton to IL) also influenced
the crystallinity of NC greatly. Effects of the cellulose concentration on the Crl and NY
are presented in Fig. 2. It is apparent that the crystallinity and yield of NC increased first
and then declined gradually with the increase in cellulose concentration. The highest
crystallinity and yield were obtained at 10%. The initial increase in the crystallinity and
yield of NC is attributed to the greater number of [HSO4]™ anions present in the system.
Lower cellulose concentration implies the presence of a higher concentration of IL. The
gradual reduction in both of crystallinity and yield is mainly attributable to the weakening
of the catalytic effect as well as swelling ability of [Bmim]HSO4 with increasing cellulose
concentration. Besides that, the more viscous and supersaturated state of [Bmim]HSO4
ascribed to the increase of cellulose would affect the diffusion of anions into the fibers, and
thus slow down or halt the hydrolysis reaction.
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Fig. 2. Effect of the cellulose concentration on the Crl and NY at 100 °C and 2 h for hydrolysis,
100 MPa and 60 min for high homogenization process

Effect of the Homogenization Process
The size and size distributions of NC were directly impacted by the homogenization
pressure and time (Table 1). The average size and polydispersity index (PDI) of NC at

Huang et al. (2019). “lonic liquid & nanocellulose,” BioResources 14(4), 7805-7820. 7810



PEER-REVIEWED ARTICLE b | oresources.com

different pressures and process times are shown in Table 1. It could be seen that the average
size of NC exhibited a significant reduction from 681 to 210 nm with an increase in
pressure from 25 to 100 MPa. The decrease in average size was principally due to the
stronger shearing and impact forces on cellulose caused by higher pressure (Kreze and
Malej 2003). The PDI of NC dispersions was no more than value of 0.3 during the
homogenization process, implying the stable and narrow particle size distribution of NC.
The effect of the processing time on the NC size was also evaluated. It appeared that the
processing time had little effect on the NC size, but greatly impacted the size distribution.
A longer processing time may result in a more uniform size distribution.

Table 1. Effect of Homogenization on the Size and Polydispersity of the NC

Pressure Average Size . . PDI Average Size
(MPa) PDI (%) (nm) Time (min) (%) (nm)
25 0.26 681 10 0.44 264
50 0.25 513 20 0.35 262
75 0.27 347 40 0.29 232
100 0.24 210 60 0.24 210

Conditions: Cellulose concentration 10%, 100 °C and 2h for hydrolysis; 100 MPa or 60 min
homogenization process

XRD Analysis

XRD analysis was conducted to determine the changes in crystallinity and
crystallite size of cotton cellulose, IL-C and NC prepared by [Bmim]HSO4 combined with
high pressure homogenization. The XRD patterns of the cellulose, IL-C, and NC are
presented in Fig. 3.

The presence of the (110), (110), (200), and (040) crystallographic planes of typical
cellulose I structure, respectively, are apparent from Fig. 3, where NC and IL-C exhibited
similar diffraction peaks as cotton cellulose at 26 =14.8°, 16.4°, 22.6°, and 35.5° (Li et al.
2012). The preservation of cellulose I structure was found in both RCe and NC, suggesting
that the crystal integrity of cellulose had been maintained.
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Fig. 3. XRD spectra of the cellulose, IL-C and NC
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In some literature, the transformation from cellulose I to cellulose 11 can be found
for regenerated cellulose from 1-butyl-3-methyl imidazolium chloride ([Bmim]CI). This
change might be ascribed to the dissolution and regeneration in [Bmim]CI (Quan et al.
2010; Han et al. 2013). However, in current study, cellulose just swelled in [Bmim]HSO4,
making the hydrolysis of cellulose a heterogeneous process. During the [Bmim]HSO4
mediated hydrolysis, the amorphous regions of cellulose were selectively hydrolyzed,
removed and dissolved in IL, whereas the crystalline structure was preserved as crystalline
regions retained in NC. Therefore, the calculated Crl of IL-C was higher than that of
cellulose. But further mechanical treatment of RCe would lead to a slight decrease in
crystallinity (Wang et al. 2017).

Morphology Analysis

The surface morphology of the NC was determined by SEM, TEM, and AFM
analysis. Figure 4 shows the FESEM images of cotton cellulose, IL-C and NC. Figure 4
(a) indicates that the pristine cotton cellulose primarily consisted of bundles of aggregated
cellulose fibrils with irregular shape and relatively large size of about 20 pm. Obviously,
the pristine cellulose had a significantly larger diameter than the other specimens with
rough surface morphology and low aspect ratio. After treatment with [Bmim]HSOa, IL-C
showed a nano-scale sized fibrous network with a smooth surface, as shown in Fig.4 (b).
As presented in Fig. 4 (c), the aggregated structure of cellulose was broken down to a
greater extent when high pressure homogenization was conducted. NC exhibited a
cylindrical-shape crystal with a diameter of 50 nm to 100 nm and length of 500 nm to 800
nm. These substantial changes were attributed to the hydrolytic cleavage of the glyosidic
bonds of the cellulose during the hydrolysis and the subsequent fibril separation from the
fibrous network to form individual cellulose crystallites by mechanical treatment.
Corresponding TEM and AFM images of NC are also presented in Fig. 4 (d), (e), and (f),
which further confirm that rod-like NC are obtained from cotton cellulose using IL-
mediated hydrolysis assisted mechanical method.

Fig. 4. SEM images of the Cellulose (a), IL-C (b) and NC (c); TEM images of IL-C (d) and NC
(e); AFM images of NC (f)
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FTIR Analysis

Further chemical information was obtained by comparing the FTIR spectra of
cellulose, IL-C, and NC. The results are presented in Fig. 5. As shown in Fig. 5, all
cellulosic samples were almost identical, which indicate no changes in the functional
groups. Characteristic peaks at 1424 cm™ (CH: scissoring), 1163 cm™ (C-O stretching or
O-H bending) and 897 cm for C; vibrational mode, respectively suggest that the native
cellulose | allomorph is preserved (Li and Taubert 2009; Han et al. 2013). It can be
concluded that the ionic liquid-assisted homogenization process had no influence on the
chemical composition of cellulose, even though the significant change in morphology was
observed.

Cellulose

IL-C

Transmittance (a.u)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

Fig. 5. FTIR spectra of the cellulose, IL-C, and NC

TGA and DSC Analysis

The thermal properties of pristine cellulose and NC samples were analyzed by TGA
and differential scanning calorimetry (DSC) at temperatures ranging from room
temperature to 600 °C at a rate of 10 °C/min under nitrogen flow. The decomposition
profiles of the cellulose and NC are presented in Fig. 6a. Both samples had an initial small
amount of weight loss at the temperature below 100 °C, corresponding to the evaporation
of water loosely bound to the surfaces of samples. The onset thermal degradation
temperature (Tonset), maximum weight loss temperature (Tmax), weight loss at Tonset (WL),
and char yield (CY) determined from curves of the cellulose and NC are summarized in
Table 2.

For the pristine cotton, a typical decomposition trend with a Tonset 0f 305 °C was
observed, and this coincided with a large mass loss, resulting in 20.2% CY at 550 °C. The
Tmax occurred at 365 °C. The NC exhibited significantly different thermal behavior than
the original cotton, showing more gradual thermal transitions that began at a relative lower
Tonset Of 240 °C with a relatively higher CY of 25.7% and Tmax 0f 417 °C, respectively. The
results clearly showed that the cellulose had a slightly higher thermal stability compared
with the NC. A decrease in the thermal stability after acid hydrolysis treatment has been
discussed in the literature and has been found to be typical of sulfuric acid-hydrolyzed
cellulose (Shankar and Rhim 2016). However, the NC samples displayed a higher Tonset
compared with the other nanocellulose prepared using sulfuric acid hydrolysis reported in
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the literature (Ping and Hsieh 2010; Yue et al. 2012; Feng and Hsieh 2013). The overall
improvement of the thermal stability performance of the NC samples was mainly because
of the less adhesion of sulfate groups on the surface of the NC during IL-mediated
hydrolysis (Wang et al. 2007). Additionally, the lower Tonset Values were attributed to the
smaller fiber dimensions that led to a higher surface area being exposed to heat and to the
partial disruption of the cellulose crystal structure (Shankar and Rhim 2016; Nepomuceno
etal. 2017).

The thermal difference between the CE and NCC was also revealed by the DSC
curves (Fig. 6b), in which the cellulose sample showed a one-step pyrolysis process, while
the NC sample exhibited a two-step pyrolysis process. This difference may have been
because of the different decomposition-gasification processes for the samples (Ping and
Hsieh 2010; Liu et al. 2016).
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Fig. 6. TGA (a) and DSC (b) curves of the cellulose and NC

Table 2. Comparisons of the Tonset, Tmax, WL, and CY at 500 °C for the CE, NCC,
and CNCs from the Literature

Sample Tonset (°C) WL (°C) Tmax (°C) CY (%)
Cellulose 303 7.7 365 20.2
NC 240 5.3 417 25.7
172 (Liu et al. 2016) 5.1 385 23.4
CNC 221 (Rosa et al. 2010) 35 333 22.6
180 (Ucar et al. 2013) 10.2 346 15.8

Recovery and Reuse of the lonic Liquids

The used IL was recycled via a reduced pressure distillation method. The fresh IL
and the recovered IL after used for 1, 2 and 5 times were characterized by FTIR. As shown
in Fig. 7, the spectra of the recovered ILs look identical to the spectrum of fresh IL except
for the presence of the broader peak within 3400~3600 cm™ and the extra tiny peak around
1000 cm™ in 5th-1L spectrum. The presence of broad band around 3400 cm™ for recovered
IL is assigned to the intermolecular hydrogen bonds between IL and water due to the water
retained in recovered IL. The extra tiny peak at 1000 cm™ might be ascribed to the trace
amount of sugar remained in the recovered IL (Anjos et al. 2015). Purity of the recovered
ILs was also ascertained with *H NMR, and the spectra are presented in Fig. 8. In both
fresh and recovered ILs, the same characteristic *H signals for the [Bmim]HSO4 (a~i) as
well as the identical signal integration and splitting pattern are observed. However, with
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the increase of cycles numbers, signals of detected impurity is more obvious, especially the

moisture protons appeared at a 6 =1.75 ppm.

The above results implied that the main chemical compositions of the recovered

ILs is unchanged.

The activity of the recycled IL was confirmed from the maintained high yield of
NC production upon reuse. Table 3 calculated the NY of NC upon reuse, the recovery
percentage (RP) and viscosity of the recovered ILs. It was observed that all of the index,
including NY, RP and viscosity showed a little decrease as the number of cycles increased.

Transmittance (a.u.)
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4000 3500 3000 2500

2000 1500

Wavenumber (cm™)

Fig. 7. FTIR spectra of the fresh and recycled ILs
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Fig. 8. 'H NMR spectra of the fresh IL (a), 1st-IL (b), 2nd-IL (c), and 5th-IL (d)
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Table 3. Properties of Recovered lonic Liquid

Sample Fresh IL 1st-IL 2nd-IL 3rd-IL 4th-IL 5th-IL
NY/% 33.1 30.6 30.4 28.9 29.1 27.4
RP/% 100 91.51 91.65 90.32 90.84 91.27

Viscosity/mPa:-s 180.8 178.3 175.2 172.1 167.9 165.4

Polarizing microscopy (POM) was further used to compare the hydrolysis behavior

of fresh and 5th-IL specimens, and the results are presented in Fig. S1. It is shown that after
stirring for 2 h, no visible particle was observed in fresh IL, while for the 5th-IL, there was
still asmall amount of black eyeshot detected. These results indicated that there was a small
decrease in the hydrolysis efficiency for the 5th-1L, which mainly can be ascribed to the
presence of water in the recycled ILs.

CONCLUSIONS

1.

Nanocellulose (NC) from cotton linter was obtained via IL-assisted high-pressure
homogenization treatment. The IL [Bmim]HSO4 here was used as both solvent and
catalyst.

The hydrolytic reaction temperature, cellulose concentration, high-pressure
homogenization time and pressure played an important role in the formation of NCC.

Compared with cotton linter, the basic cellulose I structure and chemical composition
were preserved with higher degree of crystallinity and slight decrease in thermal
stability. The obtained NC was found to have a rod-like shape with a diameter of 50
nm to 100 nm and length of 500 nm to 800 nm.

The IL was recycled by reduced pressure distillation and was then reused for cellulose
dissolution. More than 90% of IL with trace amount of residues was successfully
recovered and reused at least 5 times, where the NY of NC obtained by using the
recovered ILs showed a slight drop compared with that by using fresh one. It is
expected that the IL-assisted method can provide an environmentally friendly
approach for the extraction of NC from cellulose materials.

ACKNOWLEDGEMENTS

This study was supported by the foundation of Science and Technology Project of

Fujian Province Educational Department (Grant Nos. JAT160059 and JZ160416).

REFERENCES CITED

Anjos, O., Campos, M. G., Ruiz, P. C., and Antunes, P. (2015). “Application of FTIR-

ATR spectroscopy to the quantification of sugar in honey,” Food Chem 169, 218-223.
DOI:10.1016/j.foodchem.2014.07.138

Huang et al. (2019). “lonic liquid & nanocellulose,” BioResources 14(4), 7805-7820. 7816



PEER-REVIEWED ARTICLE b | oresources.com

Atalla, R. H., and VVanderhart, D. L. (1984). “Native cellulose: A composite of two
distinct crystalline forms,” Science 223(4633), 283-285.
DOI: 10.1126/science.223.4633.283

Dwivedi, A. D., Dubey, S. P., Hokkanen, S., and Sillanpaa, M. (2014). “Mechanistic
investigation on the green recovery of ionic, nanocrystalline, and metallic gold by two
anionic nanocelluloses,” Chem. Eng. J. 253, 316-324.
DOI: 10.1016/j.cej.2014.05.069

Duong, H. M., and Nguyen, S. T. (2016). “Nanocellulose aerogels as thermal insulation
materials,” in: Nano and Biotech Based Materials for Energy Building Efficiency,
Springer International Publishing, Cham, Switzerland, pp. 411-427.

Feng, J., and Hsieh, Y.-L. (2013). “Chemically and mechanically isolated nanocellulose
and their self-assembled structures,” Carbohyd. Polym. 95(1), 32-40.
DOI: 10.1016/j.carbpol.2013.02.022

Gutowski, K. E., Broker, G. A., Willauer, H. D., Huddleston, J. G., Swatloski, R. P.,
Holbrey, J. D., and Rogers, R.D. (2003). “Controlling the aqueous miscibility of ionic
liquids: aqueous biphasic systems of water-miscible ionic liquids and water-
structuring salts for recycle, metathesis, and separations,” J. Am. Chem. Soc. 125(22),
6632-6633. DOI: 10.1021/ja0351802

Han, D., and Yan, L. (2010). “Preparation of all-cellulose composite by selective
dissolving of cellulose surface in PEG/NaOH aqueous solution,” Carbohyd. Polym.
79(3), 614-619. DOI: 10.1016/j.carbpol.2009.09.008

Han, J., Zhou, C., French, A. D., Han, G., and Wu, Q. (2013). “Characterization of
cellulose 11 nanoparticles regenerated from 1-butyl-3-methylimidazolium chloride,”
Carbohyd. Polym. 94(2), 773-781. DOI: 10.1016/j.carbpol.2013.02.003

Hassan, M. L., Moorefield, C. M., Elbatal, H. S., Newkome, G. R., Modarelli, D. A., and
Romano, N. C. (2012). “Fluorescent cellulose nanocrystals via supramolecular
assembly of terpyridine-modified cellulose nanocrystals and terpyridine-modified
perylene,” Mater. Sci. Eng. B-Adv. 177(4), 350-358.
DOI: 10.1016/j.mseb.2011.12.043

Hu, X., Xiao, Y., Niu, K., Zhao, Y., Zhang, B., and Hu, B. (2013). “Functional ionic
liquids for hydrolysis of lignocellulose,” Carbohyd. Polym. 97(1), 172-176.
DOI: 10.1016/j.carbpol.2013.04.061

Hult, E. L., Iversen, T., and Sugiyama, J. (2003). “Characterization of the supermolecular
structure of cellulose in wood pulp fibres,” Cellulose 10(2), 103-110. DOI:
10.1023/a:1024080700873

Iskak, N. A. M, Julkapli, N. M., and Hamid, S. B. A. (2017). “Understanding the effect of
synthesis parameters on the catalytic ionic liquid hydrolysis process of cellulose
nanocrystals,” Cellulose 24(6), 584-591. DOI: 10.1007/s10570-017-1273-2

Jin, Z., Wang, S., Wang, J., and Zhao, M. (2012). “Effects of plasticization conditions on
the structures and properties of cellulose packaging films from ionic liquid [BMIM]
CL,” J. Appl. Polym. Sci. 125(1), 704-709. DOI: 10.1002/app.34975

Klemm, D., Kramer, F., Moritz, S., Lindstrom, T., Ankerfors M., Gray, D., and Dorris,
A. (2011). “Nanocelluloses: A new family of nature - based materials,” Angew Chem
Int Edi 54(24), 5438-5466. DOI: 10.1002/anie.201001273

Kobayashi, H., Ito, Y., Komanoya, T., Hosaka, Y., Dhepe, P. L., Kasai, K., Hara, K., and
Fukuoka, A. (2011). “Synthesis of sugar alcohols by hydrolytic hydrogenation of
cellulose over supported metal catalysts,” Green Chem. 13(2), 326-333.
DOI: 10.1039/COGCO00666A

Huang et al. (2019). “lonic liquid & nanocellulose,” BioResources 14(4), 7805-7820. 7817


http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=6D3rdmOhTEsmh37vXrA&field=AU&value=Iskak,%20NAM&ut=25010914&pos=1&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=6D3rdmOhTEsmh37vXrA&field=AU&value=Julkapli,%20NM&ut=886200&pos=2&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=6D3rdmOhTEsmh37vXrA&field=AU&value=Hamid,%20SBA&ut=109817&pos=2&excludeEventConfig=ExcludeIfFromFullRecPage

PEER-REVIEWED ARTICLE b | oresources.com

Kreze, T., and Malej, S. (2003). “Structural characteristics of new and conventional
regenerated cellulosic fibers,” Text. Res. J. 73(8), 675-684.
DOI: 10.1177/004051750307300804

Li, J., Wei, X., Wang, Q., Chen, J., Chang, G., Kong, L., Su, J., and Liu, Y. (2012).
“Homogeneous isolation of nanocellulose from sugarcane bagasse by high pressure
homogenization,” Carbohyd. Polym. 90(4), 1609-1613.
DOI: 10.1016/j.carbpol.2012.07.038

Li, Z., and Taubert, A. (2009). “Cellulose/gold nanocrystal hybrids via an ionic
liquid/aqueous precipitation route,” Molecules 14(11), 4682-4688.
DOI: 10.3390/molecules14114682

Liu, C., Li, B., Du, H., Lv, D,, Zhang, Y., Yu, G., Mu, X, and Peng, H. (2016).
“Properties of nanocellulose isolated from corncob residue using sulfuric acid, formic
acid, oxidative and mechanical methods,” Carbohyd. Polym. 151, 716-724.
DOI: 10.1016/j.carbpol.2016.06.025

Liu, Y., Xiao, W., Xia, S., and Ma, P. (2013). “SOsH-functionalized acidic ionic liquids
as catalysts for the hydrolysis of cellulose,” Carbohyd. Polym. 92(1), 218-222.
DOI: 10.1016/j.carbpol.2012.08.095

Lu, Z., Fan, L., Zheng, H., Lu, Q., Liao, Y., and Huang, B. (2013). “Preparation,
characterization and optimization of nanocellulose whiskers by simultaneously
ultrasonic wave and microwave assisted,” Bioresour. Technol. 146, 82-88.
DOI: 10.1016/j.biortech.2013.07.047

Mahmoudian, S., Wahit, M. U., Ismail, A. F., and Yussuf, A. A. (2012). “Preparation of
regenerated cellulose/montmorillonite nanocomposite films via ionic liquids,”
Carbohyd. Polym. 88(4), 1251-1257. DOI: 10.1016/j.carbpol.2012.01.088

Man, Z., Muhammad, N., Sarwono, A., Bustam, M. A., Kumar, M. V., and Rafig, S.
(2011). “Preparation of cellulose nanocrystals using an ionic liquid,” J. Polym.
Environ. 19(3), 726-731. DOI: 10.1007/s10924-011-0323-3

Nepomuceno, N. C., Santos, A. S. F., Oliveira, J. E., Glenn, G. M., and Medeiros, E. S.,
(2017). “Extraction and characterization of cellulose nanowhiskers from Mandacaru
(Cereus jamacaru DC.) spines,” Cellulose 24(1), 119-129. DOI: 10.1007/s10570-
016-1109-5

Ping, L., and Hsieh, Y.-L. (2010). “Preparation and properties of cellulose nanocrystals:
Rods, spheres, and network,” Carbohyd. Polym. 82(2), 329-336.
DOI: 10.1016/j.carbpol.2010.04.073

Quan, S. L., Kang, S. G., and Chin, I. J. (2010). “Characterization of cellulose fibers
electrospun using ionic liquid,” Cellulose 17(2), 223-230.
DOI: 10.1007/s10570-009-9386-x

Rosa, M. F., Medeiros, E. S., Malmonge, J. A., Gregorski, K. S., Wood, D. F., Mattoso,
L. H. C,, Glenn, G., Orts, W. J., and Imam, S. H. (2010). “Cellulose nanowhiskers
from coconut husk fibers: Effect of preparation conditions on their thermal and
morphological behavior,” Carbohyd. Polym. 81(1), 83-92.
DOI: 10.1016/j.carbpol.2010.01.059

Segal, L., Creely, J. J., Martin, A. E., Conrad, C. M. (1959). “An empirical method for
estimating the degree of crystallinity of native cellulose using the X-ray
diffractometer,” Text Res J. 29(10), 786-794. DOI: 10.1177/004051755902901003

Shankar, S., and Rhim, J.-W. (2016). “Preparation of nanocellulose from micro-
crystalline cellulose: The effect on the performance and properties of agar-based
composite films,” Carbohyd. Polym. 135, 18-26. DOI: 10.1016/j.carbpol.2015.08.082

Huang et al. (2019). “lonic liquid & nanocellulose,” BioResources 14(4), 7805-7820. 7818



PEER-REVIEWED ARTICLE b | oresources.com

Tan, X. Y., Hamid, S. B. A., and Lai, C. W. (2015). “Preparation of high crystallinity
cellulose nanocrystals (CNCs) by ionic liquid solvolysis,” Biomass Bioenerg. 81,
584-591. DOI: 10.1016/j.biombioe.2015.08.016

Tingaut, P., Zimmermann, T., and Sébe, G. (2012). “Cellulose nanocrystals and
microfibrillated cellulose as building blocks for the design of hierarchical functional
materials,” J. Mater. Chem. 22(38), 20105-20111. DOI: 10.1039/c2jm32956e

To, T. Q. (2012). Investigation of the Acidity and Nucleophilicity of lonic Liquid
Mixtures and their Effects on Reaction Rates. Imperial College London.

Ucar, N., Ayaz, O., Bahar, E., Wang, Y., Oksuz, M., Onen, A., Ucar, M., and Demir, A.
(2013). “Thermal and mechanical properties of composite nanofiber webs and films
containing cellulose nanowhiskers,” Text. Res. J. 83(13), 1335-1344.

DOI: 10.1177/0040517512450761

Wang, N., Ding, E., and Cheng, R. (2007). “Thermal degradation behaviors of spherical
cellulose nanocrystals with sulfate groups,” Polymer 48(12), 3486-3493.

DOI: 10.1016/j.polymer.2007.03.062

Wang, Y., Wei, X., Li, J., Wang, F., Wang, Q., Chen, J., and Kong, L. (2015). “Study on
nanocellulose by high pressure homogenization in homogeneous isolation,” Fiber.
Polym. 16(3), 572-578. DOI: 10.1007/s12221-015-0572-1

Wang, Y., Wei, X,, Li, J., Wang, F., Wang, Q., Zhang, Y., and Kong, L. (2017).
“Homogeneous isolation of nanocellulose from eucalyptus pulp by high pressure
homogenization,” Ind. Crop. Prod. 104, 237-241.

DOI: 10.1016/j.indcrop.2017.04.032

Yue, Y., Zhou, C., French, A. D., Xia, G., Han, G., Wang, Q., and Wu, Q. (2012).
“Comparative properties of cellulose nano-crystals from native and mercerized cotton
fibers,” Cellulose 19(4), 1173-1187. DOI: 10.1007/s10570-012-9714-4

Zhao, G. L., Wang, F. L., Lang, X. F., He, B. H., Li, J. R., and Li, X. F. (2017). “Facile
one-pot fabrication of cellulose nanocrystals and enzymatic synthesis of its esterified
derivative in mixed ionic liquids,” RSC Adv. 7(43), 27017-27023. DOI:
10.1039/c7ra02570j

Article submitted: January 20, 2019; Peer review completed: May 26, 2019; Revised
version received and accepted: July 29, 2019; Published: August 12, 2019.
DOI: 10.15376/biores.14.4.7805-7820

Huang et al. (2019). “lonic liquid & nanocellulose,” BioResources 14(4), 7805-7820. 7819



PEER-REVIEWED ARTICLE b | oresources.com

APPENDIX

The POM photographs of cellulose dissolution in the ILs (Fig. S1) can be found in
the Appendix.

0 (@

Fig. S1. POM photographs for cellulose dissolution in fresh IL for Oh (a), 1 h(b), 2 h(c) and 5th-IL
for Oh (d), 1 h(e), 2 h(f) and 4 h(g) under the conditions of 5% cellulose concentration, 100 °C.

(d)
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