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Understanding the dissolution of hemicellulose in ionic liquids (ILs) is 
important in order to explore efficient utilization of ILs for fractionating 
lignocellulose and extracting hemicellulose. In this study, three ILs, namely 
1-butyl-3-methylimidazolium chloride (BmimCl), 1-butyl-3-methylimidazol-
ium bromide (BmimBr), and 1-butyl-3-methylimidazolium iodide (BmimI), 
were used as solvents to dissolve bamboo hemicellulose over the 
temperature range of 80 °C to 150 °C. Representative hemicellulose with 
a solubility higher than 9.0 g/100 g IL was regenerated and characterized. 
The interaction between the hemicellulose and ILs was evaluated using 
carbon-13 nuclear magnetic resonance. The results showed that the 
solubility of hemicellulose in the ILs was in the following order: BmimCl > 
BmimBr > BmimI. Though moderate degradation of the hemicellulose 
possibly occurred during dissolution, the main chain of the hemicellulose 
was almost unchanged. The enhanced solubility of the hemicellulose was 
because of the formation of hydrogen bonds between the hydroxyl proton 
of the hemicellulose and anion of the ILs. 
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INTRODUCTION 
 

Utilization of renewable lignocellulosic biomass has been paid considerable 

attention because of the deteriorating environment and energy crisis (Castro et al. 2017; 

López-Linares et al. 2018; Mazar et al. 2018). Lignocellulosic biomass is mainly composed 

of hemicellulose, cellulose, and lignin. In plant cell walls, hemicellulose is linked with 

lignin through covalent bonds, and the combined chemical structures are known as lignin-

carbohydrate complexes (Deshpande et al. 2018). Meanwhile, hydrogen bonds are 

assumed to cause the association between hemicellulose and cellulose (Lodish et al. 2000). 

Hemicellulose is a heterogeneous polysaccharide consisting of xylose, arabinose, 

galactose, glucose, mannose, and uronic acid (Liu et al. 2018; Santos et al. 2018). 

Hemicellulose can be used as a raw material to produce fuel (Castro et al. 2017), fine 

chemicals (Mazar et al. 2018), functional food ingredients (López-Linares et al. 2018), and 

bio-based materials (Du et al. 2018). Hence, given their economic value, hemicelluloses 

should be pre-extracted prior to value-added utilization of these polysaccharides. A 

traditional method with an alkaline or acidic extractant is usually adopted to obtain 
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hemicellulose (Hutterer et al. 2016; Stoffel et al. 2017; Liu et al. 2018). However, this 

technique commonly results in environmental problems and hemicellulose degradation. 

Ionic liquids (ILs), which are generally composed of ion-pairs with anions and 

cations, have low melting points and volatilities, negligible vapor pressures, and excellent 

thermal stabilities (Brandt-Talbot et al. 2017; Cao et al. 2017; Mohtar et al. 2017). Also, 

ILs can be recovered and reused, which are characteristics that are advantageous for 

reducing the economic cost and environmental pressure (Yang et al. 2013). Compared with 

alkaline and acidic extractants, ILs have been shown to have broad prospects for 

dissolution and fractionation of lignocellulosic biomass (Eisenhuber et al. 2013; Arni 2018; 

Magnin et al. 2018). However, deep understanding of the interaction between ILs and the 

three main components of lignocellulose is necessary to explore efficient utilization of ILs 

in the dissolution and pretreatment of lignocellulosic biomass. To date, numerous studies 

have been conducted on the dissolution mechanisms of cellulose and lignin in ILs (Vitz et 

al. 2009; Xu et al. 2010; Ji et al. 2012; Lu et al. 2014; Xu et al. 2014; Hart et al. 2015; 

Moyer et al. 2018). Nevertheless, the dissolution behavior of hemicellulose in ILs has 

rarely been reported (Zhao et al. 2010; Froschauer et al. 2012; Payal et al. 2012; Bylin et 

al. 2014; Castro et al. 2015). Bylin et al. (2014) showed that, although cellulose and xylan 

can be efficiently dissolved in a two-component solvent system consisting of the IL 1-

ethyl-3-methylimidazolium acetate and co-solvent 1-methylimidazole, xylan solvation was 

slower than cellulose solvation because of the diversity of xylans. Froschauer et al. (2012) 

reported that selective fractionation of xylan from hemicellulose-rich pulp could be 

achieved if the hydrogen-bond basicity (β value) of the IL 1-butyl-3-methylimidazolium 

dimethyl phosphate decreased. The solubility of xylan can be described well using different 

parameters for the β value (Froschauer et al. 2012). Density functional theory calculations 

predict that inter- and intramolecular hydrogen bonding play an important role in the 

dissolution of xylan, which was chosen as a model for hemicellulose, in the IL 1,3-

dimethylimidazolium acetate (Payal et al. 2012). Simulations of molecular dynamics have 

suggested that the strong interaction between the IL 1-allyl-3-methylimidazolium formate 

and hemicellulose is an important factor to enhance the solubility of lignocellulosic 

biomass in the IL (Moyer et al. 2018). Overall, no clear dissolution behavior has been 

determined for hemicellulose in ILs. 

In this study, the dissolution of bamboo hemicellulose in imidazolium halide-based 

ILs, namely 1-butyl-3-methylimidazolium chloride (BmimCl), 1-butyl-3-methylimida-

zolium bromide (BmimBr), and 1-butyl-3-methylimidazolium iodide (BmimI), was 

evaluated. A set of comparative experiments were performed to elucidate the influence of 

the anionic structure on dissolution. The regenerated hemicellulose were analyzed by gel 

permeation chromatography (GPC), gas chromatography-mass spectrometry (GC-MS), 

Fourier transform infrared spectroscopy (FT-IR), and thermogravimetric (TG) analysis to 

examine their structural and thermal properties. Finally, the interaction between the 

hemicellulose and ILs was investigated by carbon-13 nuclear magnetic resonance (13C 

NMR) to determine the possible dissolution mechanism. 

 

 

EXPERIMENTAL 
 

Materials 
Bamboo (Phyllostachys pubescens Mazel) was obtained from a local farm in 

Nanchang (China). Prior to hemicellulose extraction, the fully dry bamboo stem was cut 
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into small pieces, ground to pass through a 40-mesh screen, followed by a 100-mesh screen, 

and dried further in an oven at 50 C for 12 h. The ILs BmimCl (> 99%), BmimBr (> 99%), 

and BmimI (> 99%) were purchased from Shanghai Chengjie Chem. Co., Ltd. (Shanghai, 

China) and dried further in a vacuum oven at 150 C before use. The water contents in 

BmimCl, BmimBr, and BmimI, which were measured using the Karl-Fischer method, were 

1857, 2130, and 2254 ppm, respectively. The schematic structures and numbering of these 

three ILs are displayed in Fig. 1. Trimethyl chlorosilane (TMS) (99%) and 1,1,1,3,3,3-

hexamethyldisilazane (HMDS) (> 99%) were purchased from J&K Scientific Co., Ltd. 

(Beijing, China). Acetic acid (> 99.8%), 95% ethanol, DMSO-d6 (> 99.9%), and sodium 

chlorite (NaClO2) (> 98%) were purchased from Shanghai Aladdin Chem. Co., Ltd. 

(Shanghai, China). Sodium hydroxide (> 96%), petroleum ether (> 90%), trifluoro acetic 

acid (> 99%), and anhydrous ethanol (> 99%) were purchased from Tianjin Damao Chem. 

Co., Ltd. (Tianjin, China). Neutral sugar standards, including xylose (> 99%), arabinose (> 

99%), ribose (> 96%), glucose (> 99%), mannose (> 99%), and galactose (> 95%), were 

obtained from Tianjin HEOWNS Biochem. Tech. Co., Ltd. (Tianjin, China). Distilled and 

deionized water was used as the solvent to prepare all of the reagent solutions. 
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Fig. 1. Schematic structures and numbering of the ILs 

 

Methods 
Preparation of the bamboo hemicellulose 

Bamboo hemicellulose was prepared according to the method previously reported 

by Peng et al. (2012) with some modifications.  

 
Dried bamboo powder (40-100 mesh)

Extraction with petroleum ether-ethanol 

(2:1, mL/mL) for 12 h at 75 oC

Dewaxed and defatted bamboo powder

Partial delignification with 0.6% NaClO2 at 

pH 4.2-4.7 for 6 h at 75 oC under stirring

Holocellulose
Extraction with 5% NaOH (1:20, g/mL) for 18 h 

at 30 oC under stirring, and then filtrated

Solid residue Filtrate

Washed with 70% 
ethanol,and freeze-dried

Hemicelluloses

PelletLiquid residue

Neutralized to pH 5.5 with acetic acid, 
and then centrificated

 
 
Fig. 2. Process for separation of hemicellulose from bamboo 
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The extraction scheme is illustrated in Fig. 2. First, the dried bamboo powder was 

dewaxed and defatted with petroleum ether-ethanol (2:1, mL/mL) for 12 h at 75 °C in a 

Soxhlet extractor. Second, the dewaxed and defatted bamboo powder was partially 

delignified with 0.6% NaClO2 (pH = 4.2 to 4.7) for 6 h at 75 °C under stirring, and the ratio 

of dry matter-to-liquor was 1:10 (w/v, g/mL). The obtained holocellulose was further 

treated with 5% NaOH at 30 °C for 18 h, and the ratio of dry matter-to-liquor was 1:20 

(w/v, g/mL). After filtration, the alkaline filtrate containing solubilized hemicellulose was 

adjusted to a pH of 5.5 using acetic acid, and the formed pellet was washed with 70% 

ethanol and then freeze-dried. The final bamboo hemicellulose powder obtained was stored 

in a desiccator before use. 

 

Dissolution of the bamboo hemicellulose in the ILs 

For a typical solubility measurement, the IL (10 g) was sealed in a round-bottomed 

flask immersed in an oil bath (DF-101S, Gongyi Yingyu Instrument Factory, Zhengzhou, 

China). After the IL was heated to the designated temperature, completely dry bamboo 

hemicellulose powder (0.5 wt.%) was added. The mixture was heated at a given 

temperature for 1 h with continuous magnetic stirring at 200 rpm. Then, additional 

hemicellulose (0.5 wt.% per time) was gradually added until the IL solution became 

optically unclear under a fluorescence microscope (LWD200-37FT, Shanghai 

Dimensional Measurement Factory, Shanghai, China). The solubility of the bamboo 

hemicellulose at a given temperature was calculated based on the amount of IL used and 

total amount of hemicellulose added. This parameter was expressed as the weight of the 

hemicellulose per 100 g of IL (g/100 g IL). The solubility of the bamboo hemicellulose in 

the three ILs were measured over the temperature range of 80 °C to 150 °C with an interval 

of 10 °C. All the measurements were performed in triplicate. 

 

Regeneration of the bamboo hemicellulose 

The bamboo hemicellulose was regenerated from the ILs by adding anti-solvent 

ethanol to the saturated mixture of IL and hemicellulose. Three volumes of 95% ethanol 

were added to the saturated mixture, and then the mixture was allowed to settle for 12 h. 

The precipitated hemicellulose was collected by centrifugation at 4000 rpm and washed 

repeatedly with 95% ethanol to completely remove the IL contaminant. Finally, the 

regenerated hemicellulose was freeze-dried and used for further characterization. After 

removing the anti-solvent ethanol, the ILs were recovered. The yield of regenerated 

hemicellulose was calculated based on the weight ratio of recovered hemicellulose to the 

totally dissolved hemicellulose. 

 

Characterization of the bamboo hemicellulose 

The weight-average molecular weight (Mw) of the original and regenerated 

hemicellulose was measured by GPC on a 1200 Series chromatograph (Agilent, California, 

USA) with a PL aquagel-OH MIXED column (7.5 mm × 300 mm). Sodium phosphate 

buffer (containing 0.02 wt.% 0.005 M NaN3; pH = 7.5) was used as an eluent and solvent 

for the hemicellulose. The column was eluted at 0.5 mL/min and 30 °C. The injection 

volume of the sample was 100 μL. Prior to injection, the hemicellulose was dissolved in 

0.005 M sodium phosphate buffer (0.1 wt.%), and then filtered through a 0.45-μm 

microporous cellulose membrane. The eluent was monitored with a refractive index 

detector (GPC RID) (BI-DNDC, BIC, New York, USA). Simultaneously, dextrans (Sigma-
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Aldrich, Buchs, Switzerland) with Mw values of 1270 Da, 5220 Da, 11600 Da, 23800 Da, 

and 48600 Da were used as Mw standards. 

The neutral sugar compositions of the original and regenerated hemicellulose were 

determined according to the method previously reported by Peng et al. (2012) with some 

modifications. Generally, 20 mg of the hemicellulose sample was hydrolyzed using 3.0 M 

trifluoro acetic acid (TFA) at 120 °C for 3 h in a 30-mL pressure vessel. The hydrolysates 

were then diluted with anhydrous ethanol, and the TFA was removed using a rotary vacuum 

evaporator at 55 °C. Anhydrous ethanol was then added to the solids, followed by re-

evaporation. This procedure was repeated several times, until the hydrolysates obtained 

were neutral. The fully freeze-dried hydrolysate was dissolved in anhydrous pyridine (1.2 

mL) in a tube. After heating to 50 C, 0.8 mL of TMS and 1.6 mL of HMDS were added. 

The tube was heated for 60 min at 50 C after sealing, then cooled and centrifuged. The 

supernatant of the silylated compounds was measured using GC-MS (7890B-7000D, 

Agilent) with a HP-PONA capillary column (50 m × 200 µm × 0.5 µm) (Agilent). One 

microliter of the sample was automatically injected. The oven temperature program was as 

follows: (1) the initial temperature of 45 °C was held for 5 min; (2) the temperature 

increased from 45 °C to 180 °C at 5 °C/min and was held at 180 °C for 2 min; and (3) the 

temperature increased from 180 °C to 280 °C at 8 °C/min and was then held at 280 °C for 

3 min. Highly purified He with a flow rate of 15 mL/min was used as a carrier gas with a 

split ratio of 50:1. The mass spectra were obtained by electron impact ionization at 70 eV. 

Simultaneously, six neutral sugar standards, including xylose, arabinose, ribose, glucose, 

mannose, and galactose, were converted to their TMS derivatives and analyzed using GC-

MS to more accurately determine the neutral sugar compositions of the hemicellulose 

samples. 

The FT-IR spectra of the original and regenerated hemicellulose was recorded on a 

Nicolet iS5 FT-IR spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA) 

with KBr pellets over the range of 4000 cm−1 to 400 cm−1 at a 2 cm−1 resolution. 

The thermal properties of the original and regenerated hemicellulose was evaluated 

using a TGA 4000 (Perkin Elmer, Massachusetts, USA). The samples were heated from 30 

°C to 600 °C at a rate of 10 °C/min under a nitrogen atmosphere with a flow rate of 50 

mL/min. For the analysis, 10.1 mg to 16.9 mg of hemicellulose was used. 

 
13C NMR analysis of the interaction between the ILs and hemicellulose 

The 13C NMR spectra were recorded on a Bruker Avance 600 MHz spectrometer 

(Karlsruhe, Germany) with a 5 mm-PABBO probe at 25 °C. Hemicellulose (20 mg) was 

added to a NMR tube with 0.5 mL of DMSO-d6 and 200 mg of IL. Tetramethylsilane was 

used as the internal standard. Prior to the NMR measurement, the hemicellulose should be 

completely dissolved. As a control, 20 mg of the original hemicellulose and 200 mg of the 

IL were separately dissolved in 0.5 mL of DMSO-d6. The 13C NMR spectra were recorded 

at 100.6 MHz. 

 

 

RESULTS AND DISCUSSION 
 

Solubility of the Bamboo Hemicellulose in the ILs 
The typical solubilization of the bamboo hemicellulose in BmimCl at 100 °C under 

a fluorescence microscope is shown in Fig. 3. No hemicellulose particles were observed 

when the IL solution was not saturated (Fig. 3a). However, the microscope results showed 
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several hemicellulose particles when the IL solution was saturated (Fig. 3b). Furthermore, 

more undissolved hemicellulose particles were present after more hemicellulose was added 

to the saturated solution (Fig. 3c). Thus, the saturated state of the hemicellulose in the ILs 

could be evaluated using the microscope images. 

 

 
 
Fig. 3. Solubilization of the hemicellulose in BmimCl at 100 °C (400x magnification):  
(a) unsaturated, (b) saturated, and (c) oversaturated 

 

The solubility data of the bamboo hemicellulose in BmimCl, BmimBr, and BmimI 

from 80 °C to 150 °C are listed in Table 1. The solubility of the hemicellulose at a given 

temperature decreased in the following order: BmimCl > BmimBr > BmimI. This solubility 

order was in accordance with the literature concerning the solubility of cellulose in 

BmimCl, BmimBr, and BmimI (Vitz et al. 2009; Zhao et al. 2013). Considering that the 

same cation was present in each case, this result suggested that the anionic structure of the 

ILs plays a key role in the solubility of hemicellulose. According to Lungwitz and Spange 

(2008), the Kamlet-Taft β parameter values of Cl−, Br−, and I− are 0.94, 0.87, and 0.75, 

respectively (Table 1). Also, the Kamlet-Taft β parameter can be used to evaluate the 

hydrogen bond-accepting ability of anions in ILs (Lungwitz and Spange 2008; Xu et al. 

2010; Chen et al. 2011; Froschauer et al. 2012; Magnin et al. 2018). Thus, the hydrogen 

bond-accepting ability of Cl−, Br−, and I− is in the following order: Cl− > Br− > I−. The 

solubility result of hemicellulose was in accordance with the hydrogen bond-accepting 

ability of the anions in the three ILs. Therefore, it could be concluded that the hydrogen 

bond-accepting ability of an anion plays an important role in the solubility of 

hemicellulose. The formation of hydrogen bonds between the anions in the ILs and the 

proton in the hydroxyl groups from the hemicellulose resulted in the disruption of intra- 

and intermolecular hydrogen bonds in the hemicellulose and an increase in the solubility 

of hemicellulose in the ILs (Xu et al. 2010; Chen et al. 2011; Payal et al. 2012; Froschauer 

et al. 2012; Lu et al. 2014). The Cl− favored attacking the hydroxyl proton in the 

hemicellulose, which led to more hemicellulose that could be dissolved in BmimCl. 

Moreover, the solubility of the hemicellulose in the ILs increased with the 

temperature and then decreased with a further increase in the temperature. A possible 

reason was that the hydrogen bonds formed between the hemicellulose molecules and IL 

were unstable and partially disrupted at higher temperatures. Hence, an appropriate 

temperature should be selected for dissolving hemicellulose. The highest solubility of the 

hemicellulose in BmimCl was 18.8 g/100 g IL at 120 °C, and the solubility obtained at 110 

°C was 16.6 g/100 g IL. The solubility of bamboo hemicellulose in BmimCl at 110 °C was 

higher than that of xylan from oat spelt (7 g/100 g IL) (Zhao et al. 2010). However, the 

highest solubilities of the hemicellulose in BmimBr and BmimI were 10.0 g/100 g IL and 

0.6 g/100 g IL at 100 °C and 120 °C, respectively, which were lower than that in BmimCl. 

This indicated that BmimBr and BmimI were not as good solvents for hemicellulose. This 

a c b 
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result was in accordance with the results for cellulose in halogen anion-containing 

imidazolium ILs (Zavrel et al. 2009). 

 

Table 1. Solubilities of the Hemicellulose in the ILs at Different Temperatures 

IL β 
Solubility (g/100 g IL) 

80 °C 90 °C 100 °C 110 °C 120 °C 130 °C 140 °C 150 °C 

BmimCl 0.94a 
2.5± 
0.1 

9.2± 
0.1 

12.8± 
0.1 

16.6± 
0.0 

18.8± 
0.1 

11.0± 
0.0 

3.0± 
0.1 

2.7± 
0.1 

BmimBr 0.87a 
0.6± 
0.0 

3.0± 
0.1 

10.0± 
0.1 

1.8± 
0.1 

2.0± 
0.1 

2.6± 
0.2 

2.5± 
0.1 

2.0± 
0.0 

BmimI 0.75 
0.1± 
0.0 

0.1± 
0.0 

0.2± 
0.0 

0.6± 
0.0 

0.6± 
0.0 

0.4± 
0.1 

0.4± 
0.0 

0.4± 
0.0 

a Measured at the melting point 

 

Characterization of the Regenerated Hemicellulose 
Representative hemicellulose samples with a solubility higher than 9.00 g/100 g IL 

in BmimCl and BmimBr were regenerated from the ILs using ethanol. The regenerated 

hemicellulose fractions from BmimCl were labeled RH1, RH2, RH3, RH4, and RH5, which 

corresponded to the dissolution temperatures of 90 °C, 100 °C, 110 °C, 120 °C, and 130 

°C, respectively. The sample regenerated from BmimBr at a dissolution temperature of 100 

°C was marked RH6. Fractions RH1 through RH6 were characterized and compared with 

the original hemicellulose. 

 

Yield and molecular weight distribution 

The yields of regenerated hemicellulose are provided in Table 2. Only 64% to 85% 

of the hemicellulose could be recovered from BmimCl and BmimBr by adding three 

volumes of ethanol. This phenomenon may have been caused by residual low-molecular 

weight hemicellulose kept in the IL solutions. 

The molecular weight distributions for the original and regenerated hemicellulose 

were determined by GPC to evaluate the degradation degree during dissolution, and the 

results are shown in Table 2. The weight-average molecular weights (Mw), number-average 

molecular weight (Mn), and polydispersity (Mw/Mn) of the original hemicellulose were 

50,200 g/mol, 398,00 g/mol, and 1.262, respectively. The Mw values for the hemicellulose 

regenerated from BmimCl and BmimBr were in the range of 49,300 g/mol to 50,100 g/mol, 

which were close to that of the original hemicellulose. This result confirmed that almost 

no depolymerization occurred during dissolution of the bamboo hemicellulose in the ILs.  

 

Table 2. Weight-average and Number-average Molecular Weights and 
Polydispersity of the Original and Regenerated Hemicellulose 

 
Hemicellulose 

OH0 RH1 RH2 RH3 RH4 RH5 RH6 

Yield (%) - 64 72 74 85 72 76 

Mw (g/mol) 50,200 49,900 49,400 49,400 49,700 49,300 50,100 

Mn (g/mol) 39,800 47,000 45,700 44,400 45,300 46,600 46,900 

Mw/Mn 1.262 1.060 1.088 1.074 1.098 1.057 1.068 

OH0 – Original hemicellulose 
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Meanwhile, all of the regenerated hemicellulose resulted in a markedly smaller 

polydispersity (1.002 to 1.213) compared with the original hemicellulose (Mw/Mn = 1.262). 

This event indicated that the regenerated hemicellulose showed a higher molecular 

homogeneity than the original hemicellulose. The decrease in the polydispersity may have 

resulted from the unrecoverable low-molecular weight hemicellulose fraction. 

 

Neutral sugar composition 

The neutral sugar contents in the regenerated and original hemicellulose are shown 

in Table 3. The original hemicellulose was rich in xylose (87.6%) and arabinose (8.7%), 

and these components accounted for 96.3%. Compared with xylose, the relative arabinose 

content was lower. Xylose (ranging from 72.4% to 88.7%) and arabinose (ranging from 

9.4% to 19.0%) were the dominant component sugars in all of the regenerated 

hemicellulose samples. Moreover, the total content of xylose and arabinose in all of the 

regenerated hemicellulose accounted for 89.5% to 98.1%, which was similar to that of the 

original hemicellulose. The relative contents of glucose in the regenerated and original 

hemicellulose ranged from 1.7% to 9.7%, which were lower than for arabinose. 

Meanwhile, mannose and galactose were identified in minor quantities in the original and 

regenerated hemicellulose. These results further suggested that the main chain of the 

hemicellulose (RH1 to RH6) was not damaged by the ILs during dissolution, and the main 

component of the hemicellulose was almost unchanged. 

 

Table 3. Neutral Sugar Contents in the Regenerated and Original Hemicellulose 

Sugar 
Hemicellulose a 

OH0 RH1 RH2 RH3 RH4 RH5 RH6 

Xylose (%) 87.6 88.7 76.0 73.5 78.3 72.4 73.8 

Arabinose (%) 8.7 9.4 13.7 16.0 13.7 19.0 16.7 

Mannose (%) 0.7 n.d 0.1 0.6 0.4 n.d 0.7 

Galactose (%) 0.9 0.1 0.5 1.9 0.9 2.0 1.0 

Glucose (%) 2.1 1.7 9.7 8.1 6.6 6.6 7.8 

Xylose + 
Arabinose (%) 

96.3 98.1 89.7 89.5 92.0 91.4 90.5 

a Corresponding to the hemicellulosic fractions in Table 2; n.d - not determined 

 

FT-IR spectral analysis 

The FT-IR spectra of the original and regenerated hemicellulose from BmimCl and 

BmimBr are shown in Fig. 4a. The FT-IR spectra of the regenerated and original 

hemicellulose were similar, which indicated that the main chain of regenerated 

hemicellulose (RH1 to RH6) was not destroyed by the ILs during dissolution. Characteristic 

peaks associated with hemicellulose were observed at 3433 cm−1 (OH stretching), 2934 

cm−1 (C-H stretching of -CH2-), 1420 cm−1 (-CH2- deformation), 1378 cm−1 (C-H bending 

vibration), 1167 cm−1 (C-O-C and C-C stretching), and 1250 cm−1 and 1050 cm−1 (C-O 

stretching or C-OH bending) (Kačuráková et al. 1994; Xu et al. 2010; Peng et al. 2011; 

Peng et al. 2012). The characteristic FT-IR peak of the adsorbed water was at 

approximately 1640 cm−1. The weak peaks at 1510 cm−1 were attributed to aromatic 

skeletal vibration in the associated lignin. This result implied that the hemicellulose was 

slightly contaminated with minimal amounts of bound lignin (Peng et al. 2012). The bands 

at 1568 cm−1 corresponded to symmetrical stretching of carboxylic anions (Peng et al. 

2011). Additionally, the weak band at 987 cm−1 indicated the presence of arabinose 
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attached at the O-3 position of the xylopyransyl constituents (Ebringerová et al. 1992). The 

sharp band at 897 cm−1 was assigned to the C-1 group frequency or ring frequency, which 

was characteristic of β-glycosidic linkages between sugar units (Gupta et al. 1987). From 

the neutral sugar composition results (Table 3) and FT-IR spectra (Fig. 4a), it was 

concluded that both the original and regenerated hemicellulose mainly consisted of 

arabinoxylans (Peng et al. 2012). 

 

Thermal stability analysis 

The thermal stabilities of the original and regenerated hemicellulose underwent TG 

analysis, and the results are given in Fig. 4b and Table 4. The regenerated hemicellulose 

exhibited a slightly higher initial temperature (220 °C to 232 °C) for fast decomposition 

compared with the original hemicellulose (203 °C). Also, in the fast pyrolysis stage, the 

weight losses were 44.8%, 48.4%, 50.4%, 50.4%, 49.3%, 49.9%, and 47.8% for the 

original hemicellulose (OH0), RH1, RH2, RH3, RH4, RH5, and RH6, respectively (Table 4). 

The regenerated hemicellulose showed slightly faster pyrolysis rates compared with the 

original hemicellulose in the fast pyrolysis stage. Meanwhile, the regenerated 

hemicellulose showed slightly lower residue yields at 600 °C (26.2% to 29.9%) compared 

with the original hemicellulose (33.4%) (Table 4). These results indicated that the thermal 

stabilities of the regenerated hemicellulose were slightly weakened, which may have been 

caused by disruption of the hydrogen bonds by the ILs. This phenomenon loosened the 

hemicellulose and decreased the thermal stability, which led to higher weight losses in the 

fast pyrolysis stage and lower residue yields at the final temperature of 600 °C.  

 

 
 

Fig. 4. FT-IR spectra (a) and TG curves (b) of the original (OH0) and regenerated hemicellulose 
(RH1 - RH6) 

 

Table 4. Thermal Parameters for the Original and Regenerated Hemicellulose 

Hemicellulose 
Temperature Range for 

Fast Pyrolysis (°C) 
Weight Loss at the Fast 

Pyrolysis Stage (%) 
Residue at 
600 °C (%) 

OH0 203 – 340 44.8 33.4 

RH1 220 – 340 48.4 27.4 

RH2 220 – 340 50.4 26.2 

RH3 220 – 340 50.4 26.2 

RH4 220 – 340 49.3 27.8 

RH5 220 – 340 49.9 26.9 

RH6 220 – 340 47.8 29.9 
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Interaction Between the ILs and Hemicellulose 
The interaction between the ILs and hemicellulose during dissolution was 

examined by employing the 13C NMR technique to obtain the changes in the chemical 

shifts of carbons in the hemicellulose and ILs at 25 °C. The 13C NMR spectrum of the 

original hemicellulose is shown in Fig. 5a. The peaks at 102.22 ppm, 75.82 ppm, 74.48 

ppm, 73.08 ppm, and 63.75 ppm were attributed to XC1, XC4, XC3, XC2, and XC5 of the 

xylopyranose unit of the hemicellulose, respectively (Peng et al. 2012). Because of the low 

concentration of hemicellulose in the DMSO-d6 solution (20 mg of hemicellulose dissolved 

in 0.5 mL of DMSO-d6) and the low relative content of arabinose in hemicellulose (Table 

3), the 13C NMR signals for arabinose were weak and could not be detected. Therefore, 

only the chemical shift change for the xylopyranose unit of the hemicellulose was 

considered. The 13C NMR spectra of the pure BmimCl and mixture of BmimCl + 

hemicellulose are presented in Figs. 5b and 5c. The NMR signals for the pure BmimCl, 

BmimBr, and BmimI were assigned according to the literature (Xu et al. 2010, 2014). 

Moreover, the changes in the NMR data are summarized in Tables 5 and 6. 

 

 

     
 

Fig. 5. 13C NMR spectra of the original hemicellulose (a), pure BmimCl (b), and mixture of 
BmimCl + hemicellulose (c) (25 °C, DMSO-d6) 

 

The 13C NMR chemical shifts of the solvent DMSO-d6 and the imidazolium cations 

of the ILs in the pure liquid and mixture of IL + hemicellulose are shown in Table 5. The 

change in the chemical shift for all of the carbons of solvent DMSO-d6 and the imidazolium 

cations could have been neglected (-0.05 ppm < Δδ < 0.05 ppm). These findings 

demonstrated that there was no synergistic interactions occured with the deuterated solvent. 

DMSO-d6 only had the function of solvent and mainly served to dissociate the ion pairs in 

ILs into solvated cations and anions (Xu and Zhang 2015). This result also suggested that 

almost no interaction, such as the formation of hydrogen bonds, occurred between the 

c 
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imidazolium cation and hemicellulose. Hence, the imidazolium cation 1-butyl-3-methyl-

imidazolium did not play an important role in the dissolution of hemicellulose in the ILs. 

Otherwise, the interaction between the hemicellulose and ILs would have caused 

redistribution of the electron cloud density around the C2 to C10 atoms and subsequently 

the corresponding change of chemical shifts. 

 

Table 5. 13C NMR Chemical Shifts of the Solvent DMSO-d6 and the Imidazolium 
Cations of the ILs in the Pure Liquid and Mixture of IL + Hemicellulose 

 

Chemical Shift (δ, ppm) 

DMSO-d6 
Imidazolium Cations of the ILs 

C2 C4 C5 C6 C7 C8 C9 C10 

BmimCl + 
Hemicellulose 

40.02 137.26 122.74 123.92 36.11 48.71 31.87 19.12 13.61 

BmimCl 40.05 137.30 122.75 123.93 36.10 48.70 31.87 19.13 13.63 

Δδ -0.03 −0.04 −0.01 −0.01 +0.01 +0.01 0.00 −0.01 −0.02 

 

BmimBr + 
Hemicellulose 

40.04 136.92 122.65 123.84 36.34 48.84 31.84 19.11 13.65 

BmimBr 40.06 136.94 122.67 123.86 36.31 48.84 31.84 19.13 13.66 

Δδ -0.02 −0.02 −0.02 −0.02 +0.02 0.00 0.00 −0.02 −0.01 

 

BmimI + 
Hemicellulose 

40.12 136.82 122.62 123.85 36.64 49.01 31.77 19.16 13.73 

BmimI 40.15 136.82 122.63 123.87 36.62 49.01 31.77 19.16 13.73 

Δδ -0.03 0.00 −0.01 −0.02 +0.02 0.00 0.00 0.00 0.00 

 

Table 6 shows that the chemical shifts of carbons on the xylopyranose unit of the 

hemicellulose changed remarkably. The signal of the XC2 atom moved distinctly 

downfield (an increase in the chemical shift). The Cl−, Br−, and I− of the ILs most probably 

interacted with the hydroxyl proton at the XC2 position to form hydrogen bonds, which 

resulted in a reduced electron cloud density around the corresponding XC2 and an increase 

in the chemical shift value (Xu et al. 2010; Chen et al. 2011). Moreover, Table 5 indicates 

that the change in the chemical shift for XC2 on the xylopyranose unit of the hemicellulose 

in the mixture of IL + hemicellulose was in the following order: BmimCl > BmimBr > 

BmimI. With an increase in the β value of the anion (Table 1), the change in the chemical 

shift for XC2 increased. Also, the increase in the chemical shift for the XC2 atom was more 

evident than that for the XC3 atom on the xylopyranose unit. This phenomenon indicated 

that the anions preferentially interacted with the hydroxy protons at the XC2 atom to form 

hydrogen bonds. Another possible reason was the presence of arabinose attached at the O-

3 position of the xylopyransyl units (Ebringerová et al. 1992). Thus, the number of hydroxy 

protons at XC3 to form hydrogen bonds with anions was smaller than that at XC2. 

Furthermore, compared with the downfield of the signal of the XC3 atom of the 

hemicellulose in the mixture of BmimCl + hemicellulose, the signals of the XC3 atom of 

the hemicellulose in the mixtures of BmimBr + hemicellulose and BmimI + hemicellulose 

moved upfield. This event led to corresponding reductions of 0.05 ppm and 0.13 ppm in 

the chemical shifts. One possible reason was the inability of Br− and I− to interact with the 

hydroxyl proton at the XC3 position because of their weak hydrogen bond-accepting 

ability. At the same time, the interaction between the hydroxyl proton at XC2 and Br−/I− 

probably caused an increase in the electron cloud density around the XC3 atom. Hence, the 

variation in the chemical shifts for the XC2 and XC3 atoms of the hemicellulose in the 
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mixtures of ILs + hemicellulose was consistent with those of the hemicellulose solubilities 

in the three ILs (Table 1). Considering the Kamlet-Taft β parameters obtained by Lungwitz 

and Spange (2008), when the hydrogen bond-accepting ability of the anions of ILs was 

stronger, the ability was stronger to form hydrogen bonds with the hydroxyl protons of the 

XC2 and XC3 atoms of the hemicellulose. This characteristic resulted in a higher solubility. 

Simultaneously, the electron cloud density was redistributed because of the destruction of 

the inter- and intra-chain hydrogen bonds in the hemicellulose. This phenomenon resulted 

in a change in the chemical shifts of the other carbon atoms, such as XC1, XC4, and XC5. 

Hence, the interaction between the anion in the ILs and hemicellulose by forming hydrogen 

bonds remarkably affected the solubility of the hemicellulose in the ILs (Youngs et al. 

2011). 

 

Table 6. 13C NMR Chemical Shifts of the Xylopyranose Unit of Hemicellulose in 
the Original State and Mixture of IL + Hemicellulose 

 
Chemical Shift (δ, ppm) 

XC1 XC2 XC3 XC4 XC5 

Hemicellulose 102.22 73.08 74.48 75.82 63.75 

 

BmimCl + Hemicellulose 101.99 73.72 74.72 75.79 63.70 

Δδ −0.23 +0.64 +0.34 −0.03 −0.05 

 

BmimBr + Hemicellulose 101.97 73.37 74.43 75.95 63.68 

Δδ −0.25 +0.29 −0.05 +0.13 −0.07 

 

BmimI + Hemicellulose 101.96 73.27 74.35 75.91 63.74 

Δδ −0.26 +0.19 −0.13 +0.09 −0.01 

 

 

CONCLUSIONS 
 

1. In this study, the solubilities of the bamboo hemicellulose in BmimCl, BmimBr, and 

BmimI were measured as a function of the temperature. Representative hemicellulose 

with solubilities higher than 9.00 g/100 g of ionic liquid (IL) were regenerated from 

BmimCl and BmimBr at a saturated point and then characterized. The 1H NMR and 
13C NMR techniques were performed to elucidate the interaction between the 

hemicellulose and ILs. 

2. The anion structure and temperature markedly affected the solubility. The solubility of 

hemicellulose in the three ILs had the follwing order: BmimCl > BmimBr > BmimI. 

When the temperature increased from 80 °C to 150 °C, the solubility first increased 

and then decreased. 

3. The gel permeation chromatography (GPC) results showed that the hemicellulose 

degraded slightly in the ILs. The neutral sugar analysis, FT-IR spectra, and TG results 

showed that the main chain of the hemicellulose was almost unchanged during 

dissolution. The regenerated hemicellulose exhibited structural features similar to those 

of the original hemicellulose. However, the thermal stability of hemicellulose slightly 

decreased after dissolution treatment by the ILs. 
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4. According to the 13C NMR analysis, a hydrogen bond possibly formed between the 

anion of the ILs and hydroxyl proton of the hemicellulose, and this process resulted in 

the dissolution of hemicellulose in the ILs. The hydroxyl proton at XC2 of the 

xylopyranose units more easily formed a hydrogen bond with the ILs than the hydroxyl 

proton at XC3. The anion with a higher hydrogen bond-accepting ability more easily 

formed a hydrogen bond with the hemicellulose, and this phenomenon resulted in a 

higher solubility of the hemicellulose. 
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