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Coconut shell, a natural biopolymer, is available in high amounts as 
waste in many countries. It could potentially be a crucial renewable 
source of raw materials for the carbon fiber industry. In this study, a 
series of aprotic ionic liquids, [Bmim][Ace], [Bmim]Cl, [Emim][Ace], and 
[Emim]Cl, were used in the dissolution and regeneration process of 
coconut shell. The results indicate that the dissolution of coconut shell 
(up to 70 mg of coconut shell per g of solvent) can occur in aprotic ionic 
liquids under a nitrogen atmosphere at 110 °C (6 h) and 150 °C (2 h). 
The extraction efficiency was greatly influenced by temperature, time, 
particle size, and types of cations and anions in the ionic liquids. At 150 
°C, 10% regenerated lignin was obtained in [Emim][Ace], which was 
higher compared with [Emim]Cl, [Bmim][Ace], and [Bmim]Cl. The 
recyclability of the ionic liquids during the dissolution process (up to four 
times) was also scrutinized. The structure and properties of the untreated 
coconut shell and regenerated lignin were characterized by Fourier 
transform infra-red (FTIR) spectroscopy, thermogravimetric analysis 
(TGA), differential scanning calorimetry (DSC), X-ray diffraction (XRD) 
analysis, and proton nuclear magnetic resonance (1H NMR). 
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INTRODUCTION 
 

The accumulation of greenhouse gases resulting from over-dependence on non-

renewable fossil fuel, has caused an increase in global warming (Xie and Gathergood 

2013). To counteract this problem, researchers have considered utilizing waste biomass 

materials and converting them into biorefinery products. Biomass includes all organic 

matter produced by photosynthesis (Sriram and Shahidehpour 2005). Lignocellulosic 

feedstock biorefinery products are derived from agricultural crops or waste biomass, such 

as wood chips, maize, and corn (Kamm and Kamm 2004; Cherubinin 2010; Chandra et 

al. 2012). Biomass is a great and important source of renewable energy in agriculture-

based countries because of the abundant supply and low cost (Stöcker 2008). This 

resource could be used in a more efficient manner as a preliminary material in the 

chemical industry. 

Coconut palm, Cocos nucifera L., is a source of income, especially in developing 

countries (Sivapragasam 2008). It is primarily a plantation crop in Brazil, the Philippines, 

India, Indonesia, Malaysia, and Sri Lanka (Kumar 2011). In this study, coconut shell was 

chosen as the biomass because it is not currently used commercially. Huge amounts of 

coconut shell waste are discarded, which is detrimental to the environment because of its 

poor biodegradability (Goh et al. 2010; FAO 2012; Kanojia and Jain 2017). The main 
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components of coconut shell are cellulose, lignin, and hemicelluloses (Rodrigues and 

Pinto 2007). In a previous study, powdered coconut shell was used for the biosorption of 

heavy metals such as cadmium, chromium, and arsenic, which can then be extracted by 

ultrasound to obtain high amounts of phenolic compounds (Pino et al. 2006). Coconut 

shell can also be used as an effective material precursor in water treatment and removal 

of impurities, and it produces high-quality activated charcoal (Cobb et al. 2012; 

Ewansiha et al. 2012).  

Lignocellulosic biomass is mostly composed of three chemical fractions or 

precursors, which are cellulose (a glucose polymer), hemicellulose (a sugar polymer 

predominantly containing pentoses), and lignin (a polymer of phenols) (Sivapragasam 

2008; Xie and Gathergood 2013). Lignin is an aromatic renewable resource and the 

second largest component of biopolymers. It has potential to be converted into desirable 

high-value phenolic products that can replace products derived from petroleum and fossil 

fuels (Ji et al. 2012). Unlike cellulose, lignin is an amorphous, polyphenolic polymer 

arising from the polymerization of phenylpropanoid monomers, including coniferyl, 

sinapyl, and p-coumaryl alcohols (Mathiasson and Kubát 1994; Pandey 1999; Kubo and 

Kadla 2005; Pu et al. 2007; Sivapragasam 2008; Ouyang et al. 2009; Cesarino et al. 

2012; Baker and Rials 2013). Lignin is difficult to dissolve or extract because of the 

strong lignocellulosic structure, and it is contained primarily in the cell wall of 

polysaccharides (Cesarino et al. 2012). The heterogeneous molecular structure of lignin 

and the ineffectual modification and depolymerization methods cause the applications of 

lignin to be focused only on low-value products. It has been used as a dispersant (Ouyang 

et al. 2009), binder (Mathiasson and Kubát 1994), emulsifying agent (Chatel and Rogers 

2013), and also in pharmaceutical processes, such as surface coatings and nanoglues 

(nanoparticles) (Lievonen 2015). Recently, lignin has attracted interest for its conversion 

into carbon fiber (Kubo and Kadla 2005; Baker and Rials 2013). 

To utilize this biopolymer (lignin) and convert it into high-value products, there is 

a need to find alternative solvents that efficiently dissolve lignocellulosic biomass. The 

traditional lignin separation processes, such as kraft pulping, sulfite pulping, and soda 

pulping, are known to use harsh solvents and harsh conditions that contribute to 

environmental pollution (Wegener 1992; Tan et al. 2009; Ji et al. 2012; Xie and 

Gathergood 2013; Espinoza-Acosta et al. 2014). Extracting lignin from biomass using 

this ionic liquid has several advantages, including reaction at low pressure, no emission 

of toxic or odourous gases, capability of recycling the ionic liquid, no requirement for 

prolonged drying of material, and the ability to produce lignin with particular functional 

groups (Tan et al. 2009; Rashid et al. 2016). Thus, effective pretreatment of biomass is 

necessary to reduce the recalcitrance of the lignocellulosic structure (Pielhop et al. 2016). 

According to Tan et al. (2009), the glass transition temperature of lignin is around 150 

°C; thus, high temperatures and high pressures are needed during the pretreatment 

process. Therefore, the aim of this study was to develop and investigate the use of aprotic 

ionic liquids for the purpose of dissolving and regenerating of coconut shell. The ionic 

liquids were based on imidazolium-salt of various anion, where the study were conducted 

under variety of conditions including various particle sizes, temperature, and duration 

time. 

This research focuses on regenerated lignin from coconut shell using aprotic ionic 

liquids (AILs). ILs are generally defined as salts  with a melting point below 100 °C, and 

they contain organic cations and organic/inorganic anions (Welton 1999; Sheldon et al. 

2002; Wasserscheid and Welton 2007). ILs are considered to be green solvents compared 
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with inorganic acids (sulfuric acid, hydrochloric acid, and nitric acid) because ILs have 

unique characteristics and they are suitable for use in safer and cleaner industries (Sriram 

and Shahidehpour 2005). Some distinctive features include a negligible vapor pressure, 

non-flammability, a low melting point, and they are found in liquid form at ambient 

atmosphere (Baranyai et al. 2004; Dorn et al. 2008). In addition, ILs also possess an 

excellent capacity to dissolve organic biomass (da Costa Lopes et al. 2013; Xie and 

Gathergood 2013). Previously, ILs have been used as the solvent media to dissolve 

biomass such as rice husk, Norway spruce sawdust, corn stover, and bamboo 

(Kilpeläinen et al. 2007; Ang et al. 2012; Yang et al. 2013; Mood et al. 2014). It has 

been demonstrated that ILs can dissolve biomass partially or completely, depending on 

the type of biomass (Sun et al. 2009; Brandt et al. 2011; Mora-Pale et al. 2011). The 

reaction process can be done at low or high temperatures (thermally stable) because ILs 

have wide liquidus ranges (Ignat’ev et al. 2005; Bejan et al. 2010). The liquidus range is 

defined as the temperature span between the freezing point and boiling point of a liquid 

(Wilkes 2002). Their tunable properties make ILs capable of being widely used in 

different fields of applications, such as the pharmaceutical, electrochemistry, catalysis, 

energy, and nanotechnology fields (Pârvulescu and Hardacre 2007; Ohno 2011; Armand 

et al. 2009; Wishart 2009; Dupont and Scholten 2010; Marrucho et al. 2014). 

ILs can be divided into two groups, aprotic and protic ionic liquids (King et al. 

2009). AILs are salts consisting solely of cations, which are not protonated, and anions 

(Freemantle 2010). Most AILs are prepared by the combination of alkylated organic 

cations (imidazolium, pyridinium, etc.) and various anions (chloride, bromide, 

dicyanamide, etc.) that are typically formed through ion exchange (King et al. 2009). The 

introduction of AILs into biomass is important to the sustainable chemical industry 

because they provide a variety of valuable chemical feedstocks. Recently, imidazolium-

based ILs with short side alkyl chains have been extensively used for the dissolution and 

delignification of biomass (Pu et al. 2007; King et al. 2009). Among the ILs explored, 

imidazolium chloride was discovered to be more suitable for cellulose dissolution, 

whereas imidazolium acetate was considered to be fit for lignin dissolution (Kilpeläinen 

et al. 2007; Vitz et al. 2009; Zakrzewska et al. 2010; Rashid et al. 2016). 

 
 
EXPERIMENTAL 
 

Materials 
The ILs 1-ethyl-3-methylimidazolium acetate ([Emim][Ace]), 1-ethyl-3-methyl-

imidazolium chloride ([Emim]Cl), 1-butyl-3-methylimidazolium acetate ([Bmim][Ace]), 

1-butyl-3-methylimidazolium chloride ([Bmim]Cl), 1-ethyl-3-methylimidazolium diethyl 

phosphate ([Emim][DEP]), 1-butyl-3-methylimidazolium octyl sulfate ([Bmim][OS]), 1-

ethyl-3-methylimidazolium ethyl sulfate ([Emim][ESO4]), and 1-butyl-3-methylimida-

zolium bromide ([Bmim]Br) were purchased from Sigma Aldrich (Missouri, United 

States) and dried under vacuum prior to use to remove any water content. 

The coconut shell was purchased at a market in Kuala Lumpur, Malaysia, initially 

washed with water to remove the impurities, and then dried in a vacuum oven at 65 °C 

for 24 h. The dried coconut shell was manually broken into small pieces before 

undergoing pulverization, which was followed by sieving to obtain different mesh sizes. 

Then, the sieved coconut was filtered into different particle sizes (10-65 µm, 65-125 µm, 

https://en.wikipedia.org/wiki/St._Louis,_Missouri
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125-250 µm, and 250-500 µm) using a Laboratory Test Sieve (Endocotts Ltd, London, 

England). 

 
Pretreatment of Biomass in Ionic Liquid: Dissolution and Extraction 

The dissolution of the coconut shell biomass in the ILs was carried out, followed 

by the fractionation of cellulose and lignin according to the method reported by Sun et al. 

(2009) with minor modifications. The dissolution of the coconut shell in the ILs was 

investigated with various particle sizes. The dissolution process was carried out in glass 

vials, which were placed on a heating block while stirring under a nitrogen (N2) 

atmosphere. A temperature range of room temperature, 80, 90, 100, 110, and 150 °C was 

used in this study because the different transition temperature range has been found to 

increase the solubility in the ILs and production of chemical compositions (Tan et al. 

2009).   

The brownish solution formed was gradually added to a mixture of acetone/water 

(6:4) and rapidly stirred until regenerated cellulose-rich material was precipitated. Then, 

the material was centrifuged (4000 rpm, 10 min) and dried in an oven at 60 °C after being 

washed three times with distilled water. The supernatant was transferred to a beaker, and 

the acetone was allowed to evaporate at room temperature. The precipitated lignin was 

filtered by vacuum filtration using 0.8-µm nylon filter paper because of the smaller 

particle size of lignin. Then, the regenerated lignin was dried in a vacuum oven at 60 °C. 

The experiments were replicated (forth times). 

 
Solubility Test 

Solubility was screened in a series of ionic liquids in glass vials,which were fitted 

into a heating block under N2 atmosphere. To quantify the solubility, the sequential 

addition of 10 mg of coconut shell was added into 1 g of IL and stirred until they were 

completely dissolved in the ionic liquid. The coconut shell that dissolved completely in 

ionic liquids resulted in a vicious solution. The limiting solubility was determined 

through the sequential addition of coconut shell until the dissolution became too vicious 

for rapid dissolution, where coconut shell were no longer can dissolve in ionic liquids. 

Complete dissolution was confirmed by using a Motic microscope (Hong Kong,China) 

and laser beam to detect any presence of small particles. The solubility experiments were 

run at 110 °C for 6 h. 

 
Recycling of Ionic Liquids 

The acetone and water in ILs were removed using a rotary evaporator at 60 °C. 

Then, the ILs were further dried under vacuum before being employed for the next 

dissolution to obtain a moisture content less than 1.0 wt.%. The moisture content in the 

ILs was measured using Karl Fischer titration. 

 
Characterizations 

Fourier transform infra-red (FTIR) spectroscopy of the coconut shell, kraft lignin, 

and regenerated lignins was performed with a Perkin-Elmer Spectrum RX1 FT-IR 

spectrophotometer (Waltham, United States) and KBr pellets made up of 1% of the 

sample. The FTIR was performed in the wavenumber range of 800 to 4000 cm-1. The 

spectra were recorded at a resolution of 4 cm-1 with 32 scans. The spectra were baseline-

corrected. 
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Powder X-ray diffraction (PXRD) analysis was performed to measure the coconut 

shell crystallinity. The PXRD analysis was done by calculating the area under the peaks 

of the XRD spectra obtained by a Bruker D8 Discover X-ray diffractometer (Madison, 

United States) using Cu-Kα-1 as the radiation source. For each experiment, 

approximately 1 g to 2 mg of finely ground sample was placed randomly on a locally 

designed flat brass sample holder fitted with an O-ring sealed Mylar sheet, which 

provided an airtight atmosphere. The sample was scanned and recorded with a 2θ of 5° to 

50° and with a step size of 0.02°. 

Thermogravimetric analysis (TGA) of the coconut shell and regenerated lignin 

was carried out using a Perkin-Elmer Pyris 400 TGA (Waltham, United States). Samples 

with an average weight of 5 mg were placed in a ceramic pan and heated from 40 to 900 

°C at a rate of 20 °C/min in a flowing nitrogen atmosphere. The instrument was 

calibrated using nickel. 

Differential scanning calorimetry (DSC) was conducted on a TA Instruments 

DSC Q200 (New Castle, Delaware) with 5 to 10 mg of sample in closed aluminum pans, 

at a temperature ramp rate of 10 °C/min. The untreated coconut shell and regenerated 

lignin samples were heated from room temperature to 200 °C. The transition temperature 

was reported using the maximum peak of the thermal transition, while the glass transition 

temperature (Tg) was defined as the midpoint of the temperature range at which the 

change in heat capacity occurred. 

The Proton Nuclear Magnetic Resonance (1H NMR) spectra were obtained in 

deuterated DMSO and were recorded using a Bruker Advance 400 (Rheinstetten, 

Germany) at 400 MHz referenced to water at 3.67 ppm. 

 

 

RESULTS AND DISCUSSION 
 

The characterization of the coconut shell was done according to several TAPPI 

standard methods. The moisture content (5.66 ± 0.03 wt.%) was determined after drying 

the samples at 105 °C for 4 h (TAPPI T264 cm-97, 1997). The chemical composition, 

given on an oven-dry weight basis, was as follows: 1.7 ± 0.5% ash ((TAPPI T211 om-93, 

2002), 36.8 ± 0.7% aqueous NaOH soluble matter (TAPPI T212 om-98, 1998), 18.4 ± 

0.4% lignin (TAPPI T222 om-98, 1998), 23.8 ± 1% hemicellulose (Wise et al. 1946), and 

32.6 ± 0.2% cellulose (Rowell 1984). 

 

Stability of Aprotic Ionic Liquids 

The thermal properties and decomposition of the AILs, [Bmim][Ace], [Bmim]Cl, 

[Emim][Ace], and [Emim]Cl, were determined by TGA for the useful temperature range.  
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Fig. 1. TGA curves of the fresh AILs 

 

The plot of the weight percent loss temperature in Fig. 1 represents the thermal 

decomposition of the four AILs. Temperatures below 150 °C corresponded to the drying 

period where water evaporation occurred. The decomposition temperatures of the fresh 

AILs occurred between 210 and 300 °C, and the maximum decomposition temperature 

was 350 °C. A small weight loss was observed for [Emim]Cl between 100 and 150 °C 

because of water loss.  

The results (Fig. 1, Fig. 2, and Table 1) clearly show that [Bmim]Cl and 

[Emim]Cl were more thermally stable, both of which started to decompose at 260 °C. 

Meanwhile, [Bmim][Ace] and [Emim][Ace] were stable up to 210 and 220 °C, 

respectively. Thus, the temperatures 110 and 150 °C were chosen in this study to extract 

lignin from the coconut shell biomass. 
 

Table 1. Decomposition Temperatures of the Fresh Ionic Liquids 

Fresh Ionic liquids Degradation Temperature (°C), T10% 

[Bmim]Cl 260 

[Bmim][Ace] 210 

[Emim]Cl 260 

[Emim][Ace] 220 

T10%: Temperature at 10% weight loss 

 

Dissolution of Coconut Shell in Ionic Liquids 
Ionic liquids are known for their ability to dissolve large quantities of biomass 

(Swatloski et al. 2002; Hart et al. 2015; Teh et al. 2015), but coconut shell has not 

previously been explored. Hence, a range of aprotic ionic liquids were investigated to 

determine for their ability to dissolve the coconut shell. Initially, the dissolutions of 

coconut shell were attempted at room temperature, 80, 90 and 100 °C, however, no 

dissolution was observed. This could have been due to the highly crystalline structure of 

the lignocellulosic biomass (Stöcker 2008). At 110 °C, the coconut shell was completely 

dissolved in the ILs. This could have been due to the fact that the network of hydrogen 
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bonds was destabilized during the dissolution of the coconut shell (Kilpeläinen et al. 

2007; Xu et al. 2010). 

Table 2 shows the solubility testing of the coconut shells in common ILs with the 

sequential addition of 10 mg of coconut shell in 1 g of IL for 6 h. The solubility results 

showed low dissolution of coconut shell in [Emim][DEP], [Bmim][OS], [Emim][ESO4], 

and [Bmim]Br, which was likely due to the low viscosities and thermal stabilities of 

those ILs (Swatloski et al. 2002).  

Although, Brandt et al. (2013) reported the solubility of lignin on the ionic liquid 

was based on the sulfate anion. However, the highest dissolution of coconut shell was 

found in [Bmim][Ace], [Bmim]Cl, [Emim][Ace], and [Emim]Cl, which had up to 70 mg 

of coconut shell in 1 g of IL. Therefore, they were selected to determine the extraction 

efficiency of lignin from coconut shell. 

In this study, the parameters that affected the regeneration of lignin from the 

coconut shell biomass were investigated, which are time, temperature, particle size of 

biomass, types of cations and anions in the ILs, and efficiency of the recycled ILs. 

 

 

Table 2. Solubility Testing of Coconut Shell in Common Ionic Liquids 

Ionic Liquid (IL) Coconut shell (mg)/IL (g) dissolved  

[Emim][DEP] < 10 

[Bmim][OS] < 10 

[Emim][ESO4] < 10 

[Bmim]Br < 10 

[Bmim][Ace] 70 

[Bmim]Cl 70 

[Emim][Ace] 70 

[Emim]Cl 70 

[Emim] = 1-ethyl-3-methylimidazolium; [Bmim] = 1-butyl-3-methylimidazolium; [DEP] = diethyl 
phosphate; [OS] = octyl sulfate; [ESO4] = ethyl sulfate; Br = bromide; [Ace] = acetate; Cl = 
chloride 

 

Effect of Time and Temperature 
There are several factors that need to be explored to improve the solubilization of 

coconut shell, including time and temperature. The pretreatment process of 70 mg of 

coconut shell in 1 g of IL was carried out at different temperatures (110 and 150 °C) and 

incubation times until the coconut shell (with particle size of 10-65 µm) was completely 

dissolved in the ILs. High temperatures and long incubation times influence the yield of 

regenerated materials from biomass (Espinoza-Acosta et al. 2014). Tan et al. (2009) 

reported that the delignification of biomass can be performed by increasing the 

temperature above the Tg of lignin (170 to 190 °C). The production of industrial lignin 

(kraft lignin, lignosulphonate lignin, and soda lignin) commonly involves a high degree 

of delignification in pretreatment (Xie and Gathergood 2013; Fisher and Fong 2014). 

Table 3 shows the percentage of the regenerated lignin from ILs at 110 (6 h) and 150 °C 

(2 h).  
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Table 3. Percentage of Regenerated Lignin from Ionic Liquids at Various 
Temperatures and Times 

Ionic Liquid Temperature (°C) Time (h) 
Percentage of regenerated 

lignin ± 2 (%) 

[Bmim][Ace] 
110 6 4.1 

150 2 8.6 

[Bmim]Cl 
110 6 2.8 

150 2 4.6 

[Emim][Ace] 
110 6 5.3 

150 2 10.3 

[Emim]Cl 
110 6 2.8 

150 2 4.3 

 
At 150 °C, the percentage of regenerated lignin was higher than when the 

temperature was at 110 °C. High temperatures (120 to 180 °C) were used previously in 

the delignification of hardwood and softwood biomass in molecular organic solvents 

(Kiran and Balkan 1994; Nagle et al. 2002). Those studies showed that the percentage of 

lignin was increased by increasing the temperature above the Tg of lignin, which 

improved the breaking of the cellulose-lignin bonds. Li et al. (2011) also stated that the 

yield of regenerated cellulose and lignin increased when the temperature increased from 

160 to 190 °C. This indicated that a high temperature accelerates the separation of 

cellulose and increases the precipitation of free lignin. 

 
Effect of Particle Size  

In order to increase the dissolution of biomass, milling or grinding is an important 

step to obtain smaller particle size. Small particle size of solutes provides a larger surface 

area, resulting in a higher rate of dissolution compared to larger particle sizes of solutes. 

This was due to the larger surface area, which allowed the IL to easily penetrate and 

break the lignocellulosic network (Sun et al. 2009). Table 4 shows the dissolution time 

with different particle sizes of [Emim][Ace]. The coconut shell started to dissolve after 

30 min, when the color changed to black. The color indicated the presence of the soluble 

lignin fraction in the ILs (Sun and Cheng, 2002; Kilpeläinen et al. 2007). It was crucial to 

choose the right particle size for dissolving the biomass in ILs. It was indicated that the 

smaller biomass particle sizes (10 to 65 µm) are easier to dissolve in ionic liquids. 

Leskinen et al. (2013) indicated that the preparation of starting materials strong influence 

the dissolution of biomass in ionic liquids because the particle sizes and milling types 

affect the dissolution of sawdust. In addition, Padmanabhan et al. (2011) reported that the 

reduction of particle size of Miscanthus also reduced the dissolution time.  
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Table 4. Rate of Dissolution [Emim][Ace] with Different Particle Sizes at 110 °C 

 
Effect of the Cations and Anions in the Ionic Liquids on the Dissolution 
Process 

Swelling and dissolution of the biomass depend on the types of cations and anions 

in the ILs (George et al. 2011). The results showed that [Bmim][Ace] and [Emim][Ace] 

produced higher percentages of regenerated lignin compared to [Bmim]Cl and [Emim]Cl. 

Imidazolium-based ILs have high polarities because of their ionic characteristics, 

resulting in enhanced biopolymer dissolving capacities (Pinkert et al. 2009). Acetate-

based ILs have been found to have low viscosities, low melting points, low toxicity, and 

are less corrosive than chloride-based ILs (Fendt et al. 2010). Previous studies also used 

acetate ions as a choice for the IL anion to dissolve lignocellulosic biomass (Swatloski et 

al. 2002; Stöcker 2008; Cobb et al. 2011; Li et al. 2011). The strong hydrogen bond 

acceptance of the acetate anion enabled the destruction of the hydrogen network of the 

polymer chain in the coconut shell. The high hydrogen basicity of acetate anion allows it 

to attack free hydroxyl groups and cleave intra and intermolecular hydrogen bonds, 

which lead to increase the dissolution of biomass (Sun et al. 2009; Brandt et al. 2012; 

Luo et al. 2013; Zhang et al. 2014). Anions influence the degree of lignin structural 

modifications, which leads to the cleavage of different linkages within lignin, and also 

controls the solubility of lignin (George et al. 2011; Sun et al. 2011). The interaction of 

ILs with terminal hydroxyl groups of lignin, resulting disruption of lignin-cellulose 

network of biomass, thus increase the release of the regenerated lignin. Lateef et al. 

(2009) also reported the disruption of the internal network within lignin molecule would 

affect the dissolution of lignin. Although, chloride anion showed good lignin extraction, 

but it has high liquid viscosity and high melting temperature compared to acetate anion. 

Therefore, acetate-based ILs are recognized as the best ILs for lignin dissolution.  

Moreover, ILs containing large, non-coordinating anions, such as PF6, OS, and ESO4, 

were unsuitable as solvents for lignin (Pu et al. 2007). The [Emim]-based ILs produced 

higher percentages of lignin compared with the [Bmim]-based ILs. This was due to the 

shorter alkyl side chain length on the imidazolium cation, which decreases the viscosity 

and toxicity of the ILs (Pinkert et al. 2009; Yu et al. 2009; Pinkert et al. 2011). 

[Emim][Ace] has a lower viscosity than [Bmim][Ace], which led to an increase in the ion 

mobility during the pretreatment process. According to Teh et al. (2015), [Emim][Ace] 

also was shown to have a high enough solubility to dissolve macadamia nut shells. 

Particle size (µm) Dissolution time (h) 

10-65 6 

65-125 24 

125-250 48 

250-500 72 
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Fig. 2. The percentage of regenerated lignin in ILs with various particle sizes of coconut shell at 
110 °C 

 

Characterization of Regenerated Lignin 
FTIR analysis 

To further understand the structural differences in the untreated coconut shell and 

regenerated lignins from the AILs, FTIR measurements were performed. Figure 3 

displays the absorption spectra of the untreated coconut shell, kraft lignin (standard), and 

regenerated lignins from the ILs. The absorption bands of all of the regenerated lignins 

were found to be similar to the commercial kraft lignin (standard) and were in agreement 

with the literature (Sun et al. 2009; Tan et al. 2009; Pinkert et al. 2011; Cesarino et al. 

2012; Financie et al. 2016). The FTIR analysis of the spectra confirmed the standard 

lignin and regenerated lignin from [Bmim][Ace], [Bmim]Cl, [Emim][Ace], and 

[Emim]Cl were similar to the data from previous studies (Tan et al. 2009; Hsu et al. 

2010). It also showed the presence of functional groups in lignin, as reported in previous 

studies, such as hydroxyl, methyl, carbonyl, methoxyl, and carboxyl groups. The spectra 

showed a broad absorption band at 3500 to 3200 cm-1 that represents the stretching 

hydroxyl groups in phenolic and aliphatic structure. There was also C-H stretching in the 

methyl and methylene groups (2936 to 2938 cm-1), C-H stretching in the methoxy groups 

(2842 to 2849 cm-1), C=O stretching (1706 to 1653 cm-1), C=C stretching (1680 to 1640 

cm-1), and C-O stretching (1300 to 1000cm-1) (Pinkert et al. 2011). The regenerated 

lignin from AILs displayed a significant increase absorption for -OH groups (~3300 cm-1) 

stretching and increase in C-H groups (~2850 cm-1)  stretching in methoxy groups 

compared to kraft lignin. From the spectra, typical lignin structures were identified: 

aromatic skeletal vibrations (1597 to 1456 cm-1), syringyl ring breathing with C-O 

stretching (1120 cm-1), C-H in plane deformation in the guaiacyl ring (1113 cm-1), C-H 

in-plane deformation in the guaiacyl ring and C-O deformation in the primary alcohol 

(1033 cm-1), and aromatic C-H out-of-plane deformation (823 cm-1) (Prado et al. 2016). 

The bands located at 1270, 1033 cm-1 are corresponding to guaiacyl units of lignin, while 

1250 and 1120 cm-1 can be attributed to syringyl units of lignin (Boeriu et al. 2004; Qu et 

al. 2015). The regenerated lignin from [Emim]Cl showed enhancement of absorption at 

1250 and 1170 cm-1 , indicating the increase of syringyl units compared to the others. 
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Fig. 3. FTIR spectra of (a) untreated coconut shell, (b) kraft lignin, and regenerated lignin from 
the ILs (c) [Bmim][Ace], (d) [Bmim]Cl, (e) [Emim][Ace], and (f) [Emim]Cl 
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XRD analysis 
The untreated coconut shell and regenerated lignin from the ILs were 

characterized by XRD to study the crystallinity of the materials. The XRD results are 

presented in Fig. 4. Two peaks for the crystal structure in the untreated coconut shell 

were observed, which typically happens in biomass (Darji et al. 2013). The peaks 

appeared at 2θ values of 13° and 18.9°. The XRD patterns were compared with the raw 

material and regenerated lignin from [Bmim][Ace], [Bmim]Cl, [Emim][Ace], and 

[Emim]Cl. The spectra of the regenerated lignin showed a disappearance of the peaks at 

approximately 13° and 18.9° when compared with the untreated coconut shell. The 

dissolution and regeneration process reduced the crystalline structure of the regenerated 

materials (lignin). The formation of amorphous materials was observed.  

 
Fig. 4. XRD spectra of (a) untreated coconut shell and regenerated lignin from the AILs,  
(b) [Bmim][Ace], (c) [Bmim]Cl, (d) [Emim][Ace], and (e) [Emim]Cl 
 

Thermal stability and phase behavior 

The thermal decomposition of the untreated coconut shell and regenerated lignin 

from AILs were studied by TGA. The thermal stability of all of the samples were 

evaluated by their weight loss as the temperature increased from 50 to 900 °C. The TGA 

curves showed the thermal decomposition of the untreated coconut shell and regenerated 

lignin from [Bmim][Ace], [Bmim]Cl, [Emim][Ace], and [Emim]Cl after the dissolution 

process and are displayed in Fig. 5. The thermal stability of the untreated coconut shell 

showed a higher stability compared with the regenerated lignin from the ILs, as it started 

to decompose at 250 °C. This was due to the high crystallinity of the untreated coconut 

shell, which contained high amounts of hydrogen bonds and led to an increase in the 

thermal decomposition temperature (Kim et al. 2010). In contrast, the regenerated lignin 

from [Bmim][Ace], [Bmim]Cl, [Emim][Ace], and [Emim]Cl showed lower thermal 

decomposition temperatures (190 °C) compared with the untreated coconut shell. These 

materials have lower crystallinities compared with the untreated biomass. This 

corresponded to a  noticeable drop in weight for all of the samples, which was due to the 

liberation of volatile hydrocarbons by thermal decomposition of the lignocellulosic 

biomass (Yang and Wu 2009). The regenerated lignin from AILs also displayed lower 

thermal decomposition compared with Kraft lignin, which around 260 °C. This might be 
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due to the cross-linked network of hydrogen bonding in the regenerated lignin from AILs 

were disrupted, which led to lower stabilities. Previous studies also reported that the acid-

insoluble lignin from alkaline extraction of bagasse started to decompose at 186 °C (Sun 

et al. 2003; Tan et al. 2009). Heat and chemical reactions also influence the 

decomposition rate, product yields, and composition of lignin (Burhenne et al. 2013). The 

thermal analysis was important for understanding the properties of the regenerated 

materials to determine if they can meet the standards for industrial applications. 

 

 
Fig. 5. TGA plots of untreated coconut shell, Kraft lignin and regenerated lignin from the AILs 
 

DSC analysis 

The phase behavior of the kraft lignin and regenerated lignin from the ILs were 

studied using DSC.  

 
Fig. 6. DSC curves of untreated coconut shell and regenerated lignin from the AILs [Bmim][Ace], 
[Bmim]Cl, [Emim][Ace], and [Emim]Cl 
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The samples were subjected to three consecutive heating and cooling cycles to 

obtain reproducible results, and the third cycles are reported. DSC can be used to measure 

the Tg of a polymer, where changes in heat capacity occur. Additionally, the Tg of the 

regenerated lignin was measured to understand the behavior of the lignin, so that it can be 

used in current industrial applications, especially in making carbon fiber (Kubo and 

Kadla 2004). The Tg of the kraft lignin and regenerated lignin from different ILs are 

presented in Fig. 6. The kraft lignin showed a lower Tg (115 °C) than the regenerated 

lignin from the ILs (165 and 185 °C). This could have been due to the interaction of the 

intermolecular hydrogen bonding and decomposition temperature during the pretreatment 

process (Popescu et al. 2006). Previous literature reported the Tg of lignin to be between 

80 and 180 °C (Popescu et al. 2006; Tejado et al. 2007). Meanwhile, Tan et al. (2009) 

reported that the Tg of dried lignin from [Emim] alkylbenzenesulfonate was 144 °C. 

 

Characterization of Fresh and Recycled Ionic Liquids 
One of the challenges of ionic liquid pretreatment is that the ILs are expensive; 

however, many researchers have demonstrated the reusability and the stability of ionic 

liquids, allowing them to be reused as many as four times (Lee et al. 2009; Nguyen et al. 

2010). In this study, the ILs [Bmim]Cl, [Bmim][Ace], [Emim][Ace], and [Emim]Cl were 

recycled up to four times. Reliable results were shown for the fresh ILs. Sometimes, there 

are impurities in recycled imidazolium-based ILs that affect the dissolution results 

(Badgujar and Bhanage 2015). Therefore, it was necessary to maintain similar purities or 

stabilities for the recycled ILs. 

 

 
Fig. 7. 1H NMR of fresh and recycled [Bmim][Ace] 
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Additionally, Karl Fischer coulometry was used to evaluate the water content in 

the ILs. NMR was used to confirm the similarities in terms of the properties and 

characteristics between the fresh and recycled ILs. To determine how efficient the 

recycled ILs were, the regenerated lignin from the recycled ILs was characterized with 

FTIR-KBR. 

  

Nuclear magnetic resonance of fresh and recycled ionic liquids 
1H NMR analysis was used to determine any changes to the properties of the ILs 

before and after recycling several times. There were no noticeable differences between 

the spectra of the fresh and recycled ILs. No other peaks or impurities were detected, 

except for a water solvent peak detected in the NMR spectra (chemical shift 3.53 ppm). 

This showed that the properties of the recycled ILs remained the same compared with the 

fresh ILs. Although water was detected in the NMR, the value was less than 1%, as 

detected by KFC, which was acceptable for the dissolution process. Figure 7 shows the 
1H NMR spectra of the fresh and recycled [Bmim][Ace]. The 1H NMR spectra for 

[Bmim]Cl, [Emim][Ace], and [Emim]Cl are presented in the Supplementary Information. 
 
 

CONCLUSIONS 
 

1. Lignin extraction from coconut shell in ILs was dependent on the temperature and the 

cations and anions of the ILs to disrupt the lignocellulosic network.  

2. [Emim][Ace] and [Bmim][Ace] showed better properties for regenerating lignin 

compared with [Emim]Cl and [Bmim]Cl.  

3. The anions (acetate) of the ILs played an important role in regenerating lignin 

because of the cleavage of different linkages within the biomass. 

4. The regenerated lignin successfully extracted from the coconut shell from 

[Emim][Ace], [Emim]Cl, [Bmim][Ace], [Bmim]Cl and so did the regenerated lignin 

from the recycled ILs. ILs can also be recycled up to four times, as no impurities were 

observed from the 1H NMR spectra. Hence, the IL dissolution pretreatment of 

coconut shell can extract up to 10% of lignin. 
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APPENDIX – SUPPLEMENTARY INFORMATION 
 

Nuclear Magnetic Resonance 
1H NMR spectra for [Bmim]Cl, [Emim][Ace], and [Emim]Cl are presented here. 

 

 
Fig. S1. 1H NMR of [Bmim]Cl, fresh and recycled up to four times 
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Fig. S2. 1H NMR of [Emim][Ace], fresh and recycled up to four times 
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Fig. S3. 1H NMR of [Emim]Cl, fresh and recycled up to four times 
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Fig. S4. DTG curves for ionic liquids. 
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