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 ABSTRACT 

In this project, several switchable ionic liquids (SILs) were synthesized 
including [DBU][Gly]-CO2, [DBU][Hex]-CO2 and [DBU][MEA]-CO2 (DBU: 1,8-
diazabicyclo-[5.4.0]-undec-7-ene, MEA: monoethanolamine, Gly: glycerol, Hex: 
hexanol and carbon dioxide gas CO2). These synthesized SILs were characterized by 
Nuclear Magnetic Resonance (NMR) techniques. After that, DBU-MEA-CO2 was used 
as solvent media for treatment of a commercially available sodium lignosulfonate 
(SLS) with various reaction parameters such as reaction temperature, reaction time 
and SLS loadings. The recovery of the SIL-treated and untreated fractions of the SLS 
were performed by employing ethanol and hexane anti-solvent system. The structural 
changes in the SIL-treated SLS were investigated by 2-Dimension Heteronuclear 
Single Quantum Coherence (2D HSQC) NMR spectroscopy. HSQC spectra showed 
that the β-aryl-ether units and linkages between lignin and sugar fractions in SIL-
treated materials have disappeared after SIL-treatment. The used reaction 
parameters had less influence in terms of the activity of SIL, as HSQC spectra showed 
that similar characteristic linkages in SLS have been disappeared after SIL treatment 
in all experiments. However, the evidence indicated that the used DBU-MEA-CO2 is 
capable of modifying the structure of SLS. 

In additional studies, equivalent to SIL synthesis based on CO2 gas, first time 
a new type of ionic liquid was synthesized based on DBU and MEA with an another 
acid gas (HX). The synthesized ionic liquid is solid at room temperature and highly 
hygroscopic with a melting point of 90 oC.  
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1. INTRODUCTION AND AIM AND OBJECTIVES 

1.1. Introduction 

Lignocellulosic biomass is the most abundant feedstock for chemical industry 
and it has been considered as potential sustainable resources for energy production [1]. 
These renewable resources are cheap, versatile and widely available which are derived 
from agricultural residues, grasses, plants and crops wastes. Lignocellulosic biomass 
can be converted into biofuels as an alternative to petroleum derived fuels. This way 
could help to minimize the fossil fuel burning as well as CO2 production which is 
directly concerned with global warming during the recent decades [1]. In this regard, 
lignocellulosic biomass is attracting more and more attention both at industrial as well 
as academic level. 

 
In a plant cell of lignocellulosic biomass, there are three major constituents 

that are cellulose, hemicellulose and lignin and the amount of these components 
depends on different species, geographical location and growing conditions [2]. Both 
cellulose and hemicellulose are composed of polysaccharide monomers. Cellulose is 
the most abundant single component of lignocellulose and it is a linear un-branched 

homo-polysaccharide composed of glucose monomers and linked by β 14 glycosidic 
bonds [3]. Hemicelluloses are considered as hetero-polysaccharides composed of 
different monosaccharides, such as D-mannose, D-galactose, D-xylose, and D-glucose. 
Lignin, on the other hand, is an aromatic, water-insoluble polymer bio-synthesized 
from three major phenolic monomers: coniferyl, sinapyl and p-coumaryl alcohols [4] 
(Figure 1). 

 

 
 

Figure 1: Phenolic monomers of lignin structure. 

Lignin is an important constituent of the cell walls of almost terrestrial plant, 
except some herbaceous plants such as moss, algal, grasses and lichen. The name 
“lignin” is originated from the Latin word “lignum” which meant “wood” [5]. 
Commercially, there are two available types of lignin that are SLS and Kraft lignin, and 
both of these are the products of lignin extraction processes in pulping industry. The 
structure of lignin is extremely complex and diversified based on the polymerization 
from the fractional phenolic monomers that are p-coumaryl alcohol, coniferyl alcohol 
and sinapyl alcohol, bearing p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, 
respectively (Figure 2)[6]. These units are bonded together through a variety of inter-
unit linkages including the β-O-4’, β–β’, β-5’, 5–5’ and 4-O-5’ in lignin structure. Their 
relative abundance in lignin varies from plant to plant but the β-O-4’ linkage is the 
most abundant [6].  

 
Cellulose and hemicellulose are widely utilized for biomass-to-ethanol 

processes due to their rich polysaccharide compositions. In contrast, lignin is 
considered as residue materials and currently it is mainly a source of power and heat 
in paper and pulp industry. However, lignin is attracting much attention since it has a 
potential to be a renewable source for the production of bio-based materials, fuels and 
high-value aromatic feedstock chemicals [6][7]. Therefore, many investigations 
nowadays focused on the transformation of lignin upgradation into various value-
added chemicals. One of the main challenges in lignin upgradation is finding green, 
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robust and cost-effective experimental technique to dissolve lignin which may further 
enable the selective and efficient depolymerization.  

 

 

Figure 2: Fragments of lignin structure including of (A) β-aryl-ether substructure 
formed by β-O-4 coupling; (B) Resinol substructure formed by β–β’ coupling and (C) 
Phenylcoumaran formed by β-5’ coupling [3] 

Since many switchable ionic liquids (SILs) have been already introduced as 
solvents to dissolve lignocellulosic biomass due to their remarkable features [8], here 
also we are going to use SILs as solvent media for treatment and fractionation of 
commercially available technical lignin such as SLS. SILs represent a new type of ionic 
liquids (ILs) with favorable characteristic due to their easy synthesis. SILs can be 
formed from a mixture of a strong base, hydroxyl-based compounds and acid gases 
such as CO2 and SO2 [9]. The typical superbases for SILs can be either amidine 
derivatives, such as 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) or guanidine 
derivatives such as 1,1,3,3-tetramethylguanidine (TMG) [9][10]. The common hydroxyl 
compounds are primary alcohols from methanol to decanol or a tri-alcohol such as 
glycerol. The molar ratio between superbases (DBU/TMG) and alcohols depends on 
the number of hydroxyl groups in the chosen alcohol structure [11]. 

 
SILs have some specific properties such as low vapor pressure, high viscosity, 

high polarity and high chemical stability [11]. Moreover, the most prominent property 
of SILs is the wide liquidus range than other normal solvents (such as water, acetone, 
dichloromethane, etc.). Thus, many SILs are non-volatile and stable at room 
temperature. The advantages of SILs are the ease of synthesis process by using 
inexpensive components, high of yield and recyclability. Moreover, SILs can be 
reversed back to initial reactants by exposure to nitrogen or argon gas, or heat.  
(Scheme 1) [12]. 

 
Scheme 1: General reaction for SIL synthesis (where R-OH could be various alcohols 

such as glycerol, monoethanolamine or hexanol, etc.) [11] 

1.2. Aim and objectives 

The objective of this project was to synthesize some SILs by using DBU 
superbase with various alcohols (such as glycerol, hexanol and MEA) and CO2 or acid 
gas. 2D-NMR HMBC and 1D-NMR (1H-NMR and 13C-NMR) were used to observe the 
evidences of SILs formation. The synthesized SIL DBU-MEA-CO2 then was used for 
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the treatment of sodium lignosulfonate (SLS) in various reaction parameters such as 
different amount of SLS as well as reaction time and temperature. After that, 2D-NMR 
HSQC spectroscopy was utilized to chemically characterize the different linkages as 
well as the structural changes in SIL-treated SLS. 

2. POPULAR SCIENTIFIC SUMMARY AND 
SOCIAL AND ETHICAL ASPECTS 

2.1. Popular scientific summary 

Lignin is an important constituent of plant cell wall apart from cellulose and 

hemicellulose and it is a renewable source for the production of biofuels and high-

value phenolic compounds. Now a days, lignin is considered as a waste component of 

in many pulp and paper industries and it is mainly used as a source of power and heat 

in same industries rather than transforming it in to value added materials. The lignin 

has quite complex and rigid structure which is a main obstacle to transform it in to 

low molecular moieties. Different approaches were used for overcoming negative 

impact of lignin structure by various chemical modifications and pretreatment 

methods.  

The present study was mainly focused on application of switchable ionic 

liquids as a solvents for dissolution and structural modification of commercially 

available technical lignin material such as sodium lignosulfonate. In actual study, 

various types of switchable ionic liquids were synthesized using organic superbase, 

alcohols and carbon dioxide gas and used for treatment of sodium lignosulfonate with 

various reaction parameters. The structural modifications concerned with various 

functional groups and linkages within sodium lignosulfonate were monitored by 

spectroscopic techniques. It was observed that cheaper switchable ionic liquids 

successfully performed dissolution followed by structural modification of sodium 

lignosulfonate.       

2.2. Social and ethical aspects 

Lignocellulosic biomass is the only renewable as well as sustainable energy 

source as long as fossil derived feed stocks are regularly depleting day by day. 

Amongst the lignocellulosic biomass, cellulose and hemicellulose were made 

imminent contribution to full fill enormous amount necessities for human beings. 

However, lignin is lacking behind in practical applications even it is one of the largest 

biopolymer on the earth comprising phenolic functionality. It is also worth to 

transform lignin to value added aromatic moieties as like cellulose and hemicellulose 

it is not directly involved in the food chains. Also transforming lignin is also 

contributing to minimizing waste from pulp and paper industries.  

Implementation of switchable ionic liquids for treatment of lignin is a 

sustainable approach as they are comparatively easy to synthesize, less toxic and 

cheaper than commercially available ionic liquids. However, considering marginal 

toxicity as well as high solubility in water the experimental work needs to perform in 

controlled laboratory environment.      
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3. EXPERIMENTAL 

3.1. Chemicals 

Major materials including of DBU (>99.0%, Sigma Aldrich), hexanol (99.0%, 
Merck), glycerol (>99.5%, Sigma Aldrich), MEA (99.0%, J.T.Baker) are shown in 
Table 1. Ethanol (99.5%, Solveco) and hexane (>97.0%, Sigma Aldrich) were used as 
solvent media for washing. Deuterium oxide (99.9 atom % D, Sigma Aldrich), DMSO-
d6 (99.8 atom % D, Armar) and chloroform-d (≥99.96 atom % D, Sigma Aldrich) were 
used for NMR analysis. CO2 and HX gases were purchased from AGA AB (Linde 
Group) and used without further purification. 

Table 1: Chemicals were used during SILs synthesis experiments. 

Base Alcohol Gas 

 
DBU 

 
Hexanol (Hex) 

CO2 

Carbon dioxide 
 

HX 

Acid gas 

 
Glycerol (Gly) 

 
Monoethanolamine (MEA) 

3.2. Preparation of SILs 

3.2.1. Preparation of SILs with CO2 gas 

The desired SILs were derived from DBU and CO2 gas with various alcohols 
(Table 1) and the synthesis processes were performed by following previously 
reported procedures [9],[10],[11]. Generally, a mixture of DBU superbase and alcohol was 
mixed in a stoichiometric amount. Then CO2 gas stream was bubbled through this 
mixture under mechanical stirring at room temperature. The increase in the weight of 
reaction mixture was regularly monitored. The formed SIL was solidified as complete 
transformation of reaction mixture into SIL (Scheme 2). The synthesized SILs were 
named as [DBU][Gly]-CO2, [DBU][Hex]-CO2 and [DBU][MEA]-CO2 where glycerol, 
hexanol and monoethanolamine used as alcohols along with DBU base and CO2 gas 
respectively. 

 

 

Scheme 2: Synthesis reaction of SIL based on DBU, CO2 gas and various alcohols 

(glycerol, monoethanolamine or hexanol, etc.) [13] 

3.2.2. Preparation of SIL with an another acid gas 

A new type of IL was synthesized by slowly bubbling the stream of acid gas into 
a neat mixture of DBU:MEA (1:1) under mechanical stirring at room temperature. The 
green colored solid salt was obtained as shown in Figure 16.  



5 

 

3.3. Characterization of SILs 

The structures of synthesized SILs were confirmed by NMR techniques, 
including of 1H-NMR, 13C-NMR and 2D-NMR HMBC. For instance, approximate 80 
mg of synthesized SIL were weighted and placed into NMR tube together with 500 µl 
CDCl3. The tube was capped and manually shaken several times until mixture become 
homogeneous. For comparison, a neat sample containing equilibrium molar amount 
of DBU and alcohol was also prepared in the same way (DBU:Gly 2:1, DBU:Hex 1:1 
and DBU:MEA 1:1). After that, all of the samples were analyzed at ambient 
temperature by either 400 MHz Bruker Avance instruments and the spectra were 
assigned by using Bruker’s Topspin 3.2 (Windows) processing software.  

3.4. Treatment of SLS with SIL [DBU][MEA]-CO2 

3.4.1. Treatment procedure   

It was previously demonstrated that SILs can be used for dissolution and 
fractionation of various types of lignocellulosic materials such as birch, pine and 
spruce wood [10],[11]. Considering this background of interaction of SIL with 
lignocellulosic biomass, here also the synthesized SIL was used as solvent media for 
treatment process of SLS (Scheme 3). In a typical experiment, ca. 2.0 g of 
[DBU][MEA]-CO2 was mixed with various amount of commercial SLS (0.3 – 0.5 g ) 
and then it was placed carefully in a round bottom flask at room temperature. Then 
the reaction mixture was heated up to desired temperatures (90 – 130 oC) and was 
also homogenized by magnetic stirring bar for various reaction times (3 – 9 h). After 
treatment, SLS was totally soluble in SIL in all experiments.  

The dissolved SLS in the SIL was further exposed to the various solvent 
systems namely ethanol and hexane in order to extract SLS to understand the 
structural changes during treatment with SIL.  After dissolution of the SLS in SIL with 
desired reaction parameters, the reaction mixture was mixed with 15 ml of ethanol at 
room temperature. The part of SLS was precipitate out which was separated from the 
mixture by centrifugation (5000 rpm). Further the solid was washed several times 
with ethanol to complete removal of SIL traces from the solid fraction. This solid was 
further dried overnight at 80 oC, weighted and analyzed by means of 2D-HSQC NMR 
technique. This obtained solid hereafter referred as a solid residue 1.    

 

 

Scheme 3: Flow sheet for SLS treatment with SIL and recovery of solid residues and 

SIL phase 

 

Sodium lignosulfonate 

Reaction 
mixture 

SIL 

EtOH 

phase 

Solid residue 1 

 

EtOH 

 SIL 

phase 

Analysis by 

NMR 

techniques 

Hexane 
addition Solid residue 2 

Filtrate 

 (EtOH + hexane 

and SIL) 

1. Hexane addition 

2. Solvent removal 
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Ethanol phase was further concentrated to the volume of 10 ml by rotation 
evaporator at 60 oC. Assuming that more solid material can be extracted from the 
ethanol phase, hexane was slowly added to the ethanol phase with constant stirring. It 
was observed that more solid was further precipitate out after addition of 14 ml of 
hexane. This solid was further separated from mixture by centrifugation and washed 
several times with ethanol. The solid was further dried at 80 oC overnight and 
weighted and analyzed by 2D-HSQC NMR spectroscopy. This solid hereafter referred 
as solid residue 2. In the filtrate after addition of 2 ml of hexane no more solid got 
precipitate out. However, more addition of hexane, brown colored viscous ionic liquid 
phase started settled at the bottom. The hexane and ethanol was further separated 
from SIL phase and recovered SIL phase was analyzed by 1H-NMR, 13C-NMR 
spectroscopy. 

3.4.2. Characterization of treated materials by 2D-NMR HSQC  

Both solid residues 1 and 2 were analyzed by 2D-HSQC NMR technique.  100 
and 40 mg of solid residue 1 and 2 respectively was mixed with 500 µl DMSO-d6 in 10 
ml round bottom flask and kept for stirring until homogeneous (for 6-8 h). The round 
bottom flask was tightly sealed to avoid moisture contamination. The dark brown 
color solution was further transferred to the NMR tube and analyzed by 600 MHz 
Bruker Avance NMR instrument at ambient temperature. For the comparison, the 
pure SLS was also analyzed by similar method. HSQC spectra were assigned by using 
Bruker’s Topspin 3.2 (Windows) processing software and the correlation peaks for 
various linkages and functionalities were confirmed by referring to previous 
references [6],[15],[16],[17],[18],[19]. The structural changes in the SLS were further examined 
by comparing the HSQC spectra of both treated and pure SLS materials.  

4. RESULTS AND DISCUSSION 

4.1. Synthesis and characterization of SILs  

The synthesis of SIL with DBU, alcohols and CO2 gas was an exothermic 
reaction. The weight as well as the viscosity of the reaction mixture was regularly 
increased as reaction mixture slowly transformed in to SIL. The appearance of SIL was 
whitish hard solid with monoethanol amine while it was whitish semi-solid when it 
was synthesized with glycerol and hexanol. 

4.1.1. Characterization of [DBU][MEA]-CO2 

NMR spectra were recorded with neat samples of DBU and MEA (1:1) as well 
as formed SIL [DBU][MEA]-CO2 after bubbling CO2 in DBU and MEA reaction 
mixture. The corresponding chemical shifts and signal assignments of 1H-NMR and 
13C-NMR spectra are shown in Table 2 and 3, respectively. The assignments for 
numbering of atoms of DBU molecule are shown in Figure 3. 

Table 2: Chemical shifts and signal assignments in 1H-NMR spectra of DBU: MEA 
(1:1) and [DBU][MEA]-CO2 

 DBU-MEA (1:1) [DBU][MEA]-CO2 
1H nH Analyzed (δ, ppm) Analyzed (δ, ppm) 

Solvent CDCl3 7.29 7.28 

3,4,5 6 1.25 – 1.32 1.46 – 1.53 
10 2 1.46 1.79 
6 2 2.05 2.59 
b 2 2.43 3.00 

2, 9, 11 6 2.86 – 2.91 3.21 – 3.27 

a 2 3.22 3.41 

-OH/-NH=/-NH2 3 * 4.70 

* Acidic protons exchanged with solvent. 
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Table 3: Chemical shifts and signal assignments in 13C-NMR spectra of DBU: MEA 
(1:1) and [DBU][MEA]-CO2 

 DBU-MEA (1:1) [DBU][MEA]-CO2  

13C nC Analyzed (δ, ppm) Analyzed (δ, ppm) (δ, ppm) 

Solvent CDCl3 77.68 77.57 -0.11 

10 1 22.03 19.79 -2.24 

5 1 25.57 24.17 -1.40 

3 1 28.12 26.95 -1.17 

4 1 29.38 28.99 -0.39 

6 1 36.34 32.35 -3.99 

9 1 43.38 38.52 -4.86 

b 1 44.03 44.52 +0.49 

11 1 48.01 48.38 +0.37 

2 1 52.50 53.80 +1.30 

a 1 63.01 64.25 +1.24 

-O-COO- 1 - 164.78 - 

7 1 161.60 165.29 +3.69 
 

 
Figure 3: Numbering of carbon atoms in the [DBU][MEA]-CO2 structure 

A shown in Figure 4, the most of proton signals in 1H-NMR spectra of 
[DBU][MEA]-CO2 were broad and quite shifted when compared with the respective 
signals in the spectra of DBU: MEA (1:1). This could be explained since the addition of 
CO2, the carbonate group (-O-CO2

-) of the anion was formed (Scheme 2) and it 
directly affected on the chemical shifts of the protons of DBU and MEA. These signals 
were shifted downfield in between 0.17 and 0.53 ppm. The broad signal at 4.70 ppm 
was observed in the NMR spectra of SIL which was absent in the spectra of neat DBU 
and MEA mixture. As reported previously, this broad signal with SIL is due to the 
exchangeable proton (N-H) associated with protonated DBU [11]. This evidence shows 
that the SIL was formed after a protonation of DBU molecule as mentioned in the 
reaction Scheme 2 [11]. 

  

 

Figure 4: 1H-NMR spectra of (A) DBU:MEA (1:1) and (B):[DBU][MEA]-CO2 

A 

B 
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According to previous studies, there were some broad chemical shifts had been 

observed in 13C-NMR spectra with C6, C9 and C7 of DBU cation in SIL molecule when 

comparing to the original DBU molecule [11]. In this project, the 13C-NMR spectra 

showed some chemical shifts with all DBU carbons but similar to previous studies the 

significant shifts were observed only in the carbons closed to the protonated nitrogen 

atom i.e. with C6, C9 (upfield shifts) and C7 (downfield shift). The changes in the 

chemical shift were varied between 3.5 – 4.8 ppm (Table 3, Figure 5). Besides that, 

a characteristic peak related to the carbonate carbon (C*) in the anion of SIL molecule 

was also observed at δ = 164.78 ppm and this signal was detected by NMR only in high 

concentrated sample of SIL (Figure 6). 

 

 

 

 

 

Figure 5: 13C-NMR spectra of (A) DBU:MEA (1:1) and (B):[DBU][MEA]-CO2 

 

 

Figure 6: 13C-NMR spectra of (A) C7 of DBU in mixture of DBU:MEA (1:1), (B): C7 of 
the protonated DBU and the new peak of carbonate group in [DBU][MEA]-CO2 

 
2D-NMR HMBC spectroscopy was also used to show the long-range 

correlations between carbon C* and proton Ha of carbonate anion in the synthesized 
SIL molecule. In this spectrum (Figure 7), the correlation contour observed at δH/δC 
3.00/164.82 ppm was the correlation between the protons alkyl in MEA and the 

A 

B 

A 

B 
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carbonate carbon in the anion of synthesized SIL. Therefore, all these evidences 
demonstrate that [DBU][MEA]-CO2 SIL was formed after bubbling CO2 through DBU 
and MEA mixture and confirmed the formation of DBU cation and MEA-CO2 anion 
where MEA was chemically bonded to CO2 molecule. 

 

 

Figure 7: A part of HMBC spectrum of the synthesized [DBU][MEA]-CO2 

4.1.2. Characterization of [DBU][Gly]-CO2 

NMR spectra of [DBU][Gly]-CO2 were presented based on DBU and Gly (2:1) 
before and after the addition of CO2. The assignments for numbering of atoms of DBU 
molecule are shown in Figure 8. The chemical shifts and signal assignments of 1H-
NMR and 13C-NMR spectra were shown in Figure 9, Figure 10, Table 4 and 5, 
respectively. 

Table 4: Chemical shifts and signal assignments in 1H-NMR spectra of DBU:Gly (2:1) 
and [DBU][Gly]-CO2 

 DBU-Gly (2:1) [DBU][Gly]-CO2 

1H nH Analyzed (δ, ppm) Analyzed (δ, ppm) 

3,4,5 12 1.48 – 1.56 1.53 – 1.61 

10 4 1.70 1.78 

6 4 2.28 2.41 

9, 2, 11 12 3.11 – 3.15 3.19 – 3.25 

Gly1, Gly3 4 3.52 – 3.55 3.51 – 3.57 

Gly2 1 3.65 3.98 

NH-OH 1 5.35 6.04 
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Table 5: Chemical shifts and signal assignments in 13C-NMR spectra of DBU:Gly (2:1) 
and [DBU][Gly]-CO2 

 DBU-Gly (2:1) [DBU][Gly]-CO2 

13C nC Analyzed (δ, ppm) Analyzed (δ, ppm) 

10 2 22.21 21.67 

5 2 25.74 25.43 

3 2 28.32 28.05 

4 2 29.61 29.54 

6 2 36.57 35.81 

9 2 43.54 42.46 

11 2 48.27 48.42 

2 2 52.78 53.20 

Gly1, Gly3 2 63.94 64.00 

Gly2 1 72.15 72.33 

-O-COO- 0.5 - 159.29 

7 2 162.24 162.97 

 

 

 

Figure 8: Numbering of carbon atoms in the [DBU][Gly]-CO2 structure 
 

A shown in figure 9, the most of signals in 1H-NMR spectra of [DBU][Gly]-CO2 

were shifted when comparing with the spectra of DBU: Gly (1:1). Also the  13C-NMR 

spectrum in  figure 10 shows that change in chemical shifts were observed with 

carbons C6, C9 and C7 of the protonated DBU molecules. The appearance of new peak 

at δ = 159.29 ppm confirmed the formation of carbonate carbon in the anion of 

[DBU][Gly]-CO2.  

 

Figure 9: 1H-NMR spectrum of [DBU][Gly]-CO2 
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Figure 10: 1H-NMR spectrum of [DBU][Gly]-CO2 

Formation of [DBU][Gly]-CO2 was also confirmed by HMBC NMR analysis 

and as shown in figure 11, the correlation peak between carbonate carbon and proton 

of glycerol was observed.   

 

Figure 11: A part of HMBC spectrum of the synthesized [DBU][Gly]-CO2 

4.1.3. Characterization of [DBU][Hex]-CO2 

In this part, the structure of synthesized [DBU][Hex]-CO2 were characterized 
by NMR technique based on DBU and hexanol (1:1) before and after the addition of 
CO2. The chemical shifts of NMR spectra were analyzed compared with reference. The 
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numbered carbon atoms in SIL’s structure as well as chemical shifts and signal 
assignments of 1H-NMR and 13C-NMR spectra were shown in Figure 12, Table 6 and 
7, respectively. 

 
Table 6: Chemical shifts and signal assignments in 1H-NMR spectra of DBU: Hex 
(1:1) and [DBU][Hex]-CO2 

 DBU-Hexanol (1:1) [DBU][Hex]-CO2 

1H nH Analyzed (δ, ppm) 
Reference [12]  

(δ, ppm) 
Analyzed  
(δ, ppm) 

f 3 0.84 0.87 0.78 
d, e 4 

1.26 
1.29 

1.20 
c 2 1.37 
b 2 1.48 – 1.52 1.58 1.48 - 1.50 

3, 4, 5 6 1.54 – 1.60 1.75 1.56 - 1.64 
10 2 1.74 2.00 1.86 
6 2 2.33 2.81 2.65 

9, 2, 11 6 3.13 – 3.20 3.43 - 3.49 3.32 – 3.38 

a 1 3.53 3.90 3.83 

 
Table 7: Chemical shifts and signal assignments in 13C-NMR spectra of DBU: Hex 
(1:1) and [DBU][Hex]-CO2 

 DBU-Hexanol  (1:1) [DBU][Hex]-CO2 

13C nC Analyzed (δ, ppm) 
Reference [12]  

(δ, ppm) 
Analyzed  
(δ, ppm) 

f 1 14.03 13.7 14.09 
10 1 22.36 19.7 20.39 

e 1 22.63 22.2 22.60 

c 1 25.58 25.5 25.53 

5 1 25.87 24.0 24.59 
3 1 28.45 26.8 26.35 
4 1 29.70 28.8 29.22 
b 1 31.71 29.4 29.69 
d 1 32.89 31.5 31.67 

6 1 36.84 32.3 32.82 

9 1 43.90 38.6 39.64 
11 1 48.31 48.1 48.46 
2 1 52.78 53.5 53.72 
a 1 62.07 64.6 65.01 

-O-COO- 1  158.7 159.34 

7 1 161.77 164.9 164.83 
 

 

 

Figure 12: Numbering of carbon atoms in the [DBU][Hex]-CO2 structure 
 
Although the same solvent (deuterated chloroform, CDCl3) was used during 

NMR analysis, there were some shifts in 1H-NMR spectrum of [DBU][Hex]-CO2 when 
comparing with the spectra of DBU:Hex (1:1) and reference data. The triplet peak at δ 
= 3.55 ppm in 1H-NMR spectrum (X peak, Figure 13) indicated the presence of 
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unreacted hexanol containing in the reaction mixture after synthesis. Besides that, 
similar to MEA-based and Gly-based SILs, the 13C-NMR spectrum of [DBU][Hex]-CO2 

also showed some shifts of carbons C6, C9 and C7, which were closest to the 
protonation site of DBU molecule. The formation of the carbonate group in anion of 
[DBU][Hex]-CO2 were confirmed by the presence of a characteristic peak of carbonate 
carbon at δ = 159.34 ppm in 13C-NMR spectrum and its correlation with proton Ha of 
hexanol in the carbonate anion in HMBC spectrum (Figure 15). 

 

 
Figure 13: 1H-NMR spectrum of [DBU][Hex]-CO2 

 

 

 

Figure 14: 13C-NMR spectrum of [DBU][Hex]-CO2 
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Figure 15: A part of HMBC spectrum of the synthesized [DBU][Hex]-CO2 

4.1.4. Observations related to the preparation of SIL with an another 
acid gas 

The reaction of equivalent mixture of DBU and MEA with an alternative acid 
gas was an exothermic reaction similar to the synthesis of SIL with CO2 gas. The 
colorless liquid mixture of the DBU and MEA resulted in to green colored solid after 
bubbling of acid gas for 20 minutes (Figure 16). The synthesized solid material may 
be a neutral salt and composed of two cations and two anions as shown in Scheme 4. 
The formed solid was highly hygroscopic, however complete characterization of will be 
performed in the ongoing work.   

 

 
Figure 16: NMR samples of neat DBU (A) before and (B) after bubbling acid gas 

 

A 
B 
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Scheme 4: Synthesis reaction of SIL based on DBU, MEA and acid gas 

4.2. Treatment of SLS with [DBU][MEA]-CO2 

As it was mentioned in the experimental part, the SLS was treated by 
[DBU][MEA]-CO2 SIL with various reaction parameters such as different SLS loading 
as well as reaction time and temperature. As a result, SLS was soluble in 
[DBU][MEA]-CO2 in most of experiments with studied reaction parameters and this 
indicates that SIL is a suitable solvent for dissolution of lignin materials. The dissolved 
SLS in the SIL was further exposed to the various solvent system namely ethanol and 
hexane in order to extract solid residues (solid residue 1 and 2). After dissolution of 
the SLS in SIL with desired reaction parameters, observations related to the each 
experimental parameter are explained in the following sections.  

4.2.1. Effect of reaction time on the treatment process 

In order to understand the influence of the reaction time on the treatment of 
SLS with SIL, the reactions were performed with various reaction times such as for 3, 
6 and 9 h with constant SIL amount, SLS loading and reaction temperature. The 
recoveries of the solid residue 1 and 2 with ethanol and hexane as a solvent from the 
reaction mixture after SIL treatment are summarized in Table 8.   

Table 8: Percentages of treated residue solid and sugar-linked solid after various 

reaction times treatment processes 

Sr. No 
Reaction 
time (h) 

Residue 1 a 

(g) 
Residue 2 b 

(g) 
%A c 
(%) 

%B c 
(%) 

%A+B 
(%) 

EXP1 3 0.162 0.0295 53.46 9.76 63.22 

EXP2 6 0.131 0.0421 43.65 13.99 57.64 

EXP3 9 0.120 0.0496 39.88 16.46 56.34 
 

Reaction condition: amount of SLS = 0.30 g. Amount of SIL=2 g, reaction temperature = 90 
oC, a Amount of the weighted solid residue 1 precipitated by ethanol, b Amount of the weighted 
solid residue 2 precipitated by hexane, c recovery percentage of A/B when comparing with the 
original SLS material.  

 

According to Table 8, the amount of recovered solid residue 1 and solid 
residue 2 was steadily decreased and increased respectively as time of reaction 
treatment was increased from 3 to 9 h. The ~60% of the treated solid residues were 
recovered by the solvent media and ~40% SLS material was dissolved in the SIL 
phase. This can be explained that the strong bonding between SIL and fractioned SLS 
may be formed during the treatment and result of it neither ethanol nor hexane could 
separate it out of SIL phase and hence the color of the viscous SIL phase was dark 
brown. Considering the nearly similar influence of various reaction times on reaction 
progress, the further experiments were performed with 3 h of reaction time. 

4.2.2. Effect of reaction temperature on the treatment process 

In this reaction part, influence of the reaction temperature was examined for 
the treatment of SLS with SIL with constant amount of SIL, SLS loadings and reaction 
time. Based on the influence of reaction temperature, the recovery of the solid residue 
1 and 2 with ethanol and hexane as a solvent from the reaction mixture after SIL 
treatment is summarized in Table 9. 
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Table 9: Percentages of treated solids after various reaction temperatures treatment 

processes 

Sr. No. 
Temp. 
(oC) 

Residue 1 a 

(g) 
Residue 2 b  

(g) 
%A c 
(%) 

%B c 
(%) 

%A+B 
(%) 

EXP1 90 0.162 0.0295 53.46 9.76 63.22 

EXP4 100 0.142 0.0399 47.29 13.29 60.57 

EXP5 110 0.130 0.0525 42.98 17.38 60.36 

EXP6 120 0.124 0.0572 41.07 19.02 60.09 

EXP7 130 0.123 0.0597 40.46 19.31 59.77 
  

Reaction condition: amount of SLS = 0.30 g, amount of SIL=2 g, reaction time= 3 h, a 

Amount of the weighted solid residue 1 precipitated by ethanol, b Amount of the weighted solid 
residue 2 precipitated by hexane, c recovery percentage of A/B when comparing with the 
original SLS material. 

 

According to Table 9, it is observed that the amount of solid residue 1 and 
solid residue 2 was steadily decreased and increased respectively up to 110 oC of 
reaction temperature (entry 1 to 3). Further increase in the reaction temperature did 
not showed any significant difference of the amount of recovered solids (entry 4 and 
5). The values of the recovered solids are again ~60% while ~40% of fractioned SLS 
was remained and dissolved in the SIL phase. As it is observed that even the reaction 
temperature of treatment increased from 90 to 130 oC, the recovery of the solid 
residues were not significantly affected. However this shows that used SIL was 
efficient to treat the SLS material even at 90 oC of with 3 h of reaction time.        

4.2.3. Effect of amount of SLS on the treatment process 

The efficiency of the SIL was examined by increasing SLS loading with during 
the SIL treatment. In actual treatment, the amount of SLS loading was increased i.e. 
from 0.3 to 0.5 g with constant amount of SIL, reaction temperature and time. The 
amounts of the recovered solids after solvent treatments are shown in Table 10 for 
each experiment with various initial amounts of SLS during the treatment process.  

Table 10: Percentage of treated solids after varying the amount of sodium 
lignosulfonate/SIL 

Sr. No. 
SLS amount 

(g) 

Residue 1 a 

(g) 

Residue 2b  

(g) 

%A 

(%) 

%B 

(%) 

%A+B 

(%) 

EXP5 0.3 0.130 0.0525 42.98 17.38 60.36 

EXP8 0.4 0.220 0.0718 54.81 17.90 72.71 

EXP9 0.5 0.283 0.0916 56.61 18.29 74.90 
 

Reaction condition: Amount of SIL=2 g, reaction temperature = 110 o C, reaction time= 3 h, 
a Amount of the weighted solid residue 1 precipitated by ethanol, b Amount of the weighted 
solid residue 2 precipitated by hexane, c recovery percentage of A/B when comparing with the 
original SLS material. 

 

As shown in the Table 10, efficiency of the used SIL was steadily decreased as 
the amount of recovered solid residue 1 and 2 was linearly increased as the initial 
amount of SLS in the reaction mixture was increased from 0.3 to 0.5 during the 
treatment. The decrease in the efficiency of the SIL was could be due to insufficient 
dissolution of the SLS in the SIL as it was observed that some amount of undissolved 
SLS in the inner wall of reaction flask when 0.4 and 0.5 g of SLS used in the reaction. 

Based on the study of above parameters to get sufficient activity with 2 g of SIL 
in the reaction of SLS treatment, it is necessary to treat 0.3 g of SLS at 110 oC for 3 h of 
reaction time. 
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4.3. Structural characterization of SLS by 2D-NMR spectroscopy 
before and after treatment with the SIL  

In this section, all the samples of the untreated and treated SLS after treatment 
with [DBU][MEA]-CO2, including of solid residue 1 and solid residue 2 were structural 
characterized by using 2D-NMR HSQC spectroscopy. The HSQC spectra of EXP4 were 
used for illustration in this discussion and it was compared with the spectra of 
untreated SLS material as well as previous references.  

For comparison, HSQC spectra were divided into three major regions that 
were named as aliphatic region, oxygenated aliphatic region and aromatic region 
(Figure 17). According to previous studies, the important linkages and functional 
groups of lignin materials were located in a range of 2.5 – 8.0 ppm in 1H-NMR which 
corresponded to the oxygenated aliphatic and aromatic regions [6]. Thus, in order to 
assign a part of these important signals, the oxygenated aliphatic region (δH/δC = 
3.03-5.15/52.2–105.6 ppm) and aromatic region (δH/δC = 6.30-7.52/108.0-136.0 
ppm) mainly focused for recovered solid residues. 

 
Figure 17: Three main regions in HSQC spectrum of the original SLS 

4.3.1. Untreated SLS 

i. Oxygenated aliphatic region (δH/δC: 3.03-5.15/52.2–105.6 ppm) 

HSQC spectrum of the untreated SLS (Figure 18a) showed the abundant of 
linkages and the dominant linkages in this region were β-aryl-ether (β-O-4’), 
phenylcoumaran (β-5’) and resinol (β–β’) linkages. The strong intensity of methoxy 
groups (-OMe) was found at δH/δC = 3.75/56.27 ppm in all HSQC spectra. The 
presence of Aα with intense signals at δH/δC = 4.96/72.08 and Aγ at δH/δC = 3.41-
3.65/61.45 ppm indicated β-O-4’ linkages were the most abundant linkage in SLS. 

Besides that, some cross peaks of xylose (X1X5) were clearly visible in this region 
which clarified the sugar content in the starting lignin materials. In order to confirm 
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this, a neat sample of pure xylose was also characterized by using NMR spectroscopy 
and its HSQC spectrum was compared with the untreated SLS (Figure 18b). As a 
result, strong intensities of xylose were coincided in both of the spectra. Moreover, 
some small cross peaks in a range of δH/δC = 3.89-4.72/71.71-77.70 (ppm) were 
assigned as the signals of linkages between lignin and hemicellulose (sugar especially 
xylan, X), according to previous study [17]. A characteristic cross peaks at δH/δC 

4.72/72.40 related to 2-O-Ac-β-D-Xylp(2) linkage [17][18] was also observed in this 
region.  
 
 

 

Figure 18:  Oxygenated-aliphatic regions in HSQC spectra of (a) untreated SLS; (b) 
xylose; (c) P1000 soda lignin [14]; and substructures of (A) β-aryl-ether (β-O-4); (B) 
Phenylcoumaran (β–β’), (C) Resinol (β-5’); (E) Cinnamyl alcohol end-groups and (X) 
Xylose [6][14] 

 

a 

b c 
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 ii. Aromatic region (δH/δC: 6.30-8.62/108.0-146.0 ppm) 

Likewise, the aromatic region of the untreated SLS was studied and shown in 
Figure 19. In this region, the large cross contours belonged to guaiacyl units were 
present and dominated in all of spectra. These guaiacyl signals were indicated with its 
C2–H2 linkage at δH/δC 6.94/114.4 ppm, C5–H5 linkage at δH/δC 6.66/115.2 ppm and 
C6–H6 linkage at δH/δC 6.71/122.0 ppm. However, the signals of syringyl units were 
not observed in this spectrum which indicated its absence in the starting material. 
Besides that, weak intensities of p-hydroxyphenyl units (H), ferulates (FA) and p-
coumarate (FAβ) were also observed in this region. 

 
Figure 19: Aromatic regions in HSQC spectra of (a) untreated SLS; (b) P1000 soda 
lignin and substructures of (G) guaiacyl units; (S) syringyl units; (H) p-
hydroxyphenyl units; (FA) ferulates and (FAβ) p-coumarates [6][14] 

4.3.2. Solid residue 1 

HSQC spectra of the solid residue 1 of experiments EXP1, EXP4, EXP5, EXP6 
and EXP7 (which were performed by varied the reaction temperature from 90 oC to 
100 oC, 110 oC, 120 oC and 130 oC, respectively) were compared and shown in Figure 
20.  

When compared the spectrum of EXP1 with the untreated SLS (Figure 20a 
and b), the most significant changes could be clearly obsearved that were the 
disappearances of sugar, resinol (C) and β-aryl-ether (Aα) signals. Besides that, the 
linkages between lignin and sugar were also disappeared and only the signals of OMe, 
Aγ and Bγ were retained in this spectrum. This could be explained that during the 
treatment of SLS with [DBU][MEA]-CO2, most (but not all) linkages between lignin 
and sugar were partially broken and thus, sugar fraction was washed out by ethanol 
and it was disappeared in the spectra of the residue solid. Moreover, the 
disappearance of β-aryl-ether (Aα) signals as well as sugar signals in the residue solid 
1 indicated that the used SIL was able to perform depolymerization as well as 
fractionation of used lignin under studied experimental conditions. 

a b 
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Figure 20: Oxygenated aliphatic region in HSQC spectra of solid residue 1 of (a) 

untreated SLS; (b) EXP1; (c) EXP4; (d) EXP5; (e) EXP6 and (f) EXP7 

 

From the Figure 20 it was observed that there no significant changes were 
observed when spectra of each solid residue were compared. However, the signals of 
EXP1, EXP4 and EXP5 were quite more intense and overwhelming than those signals 
of EXP6 and EXP7. This indicated that increase in the treatment temperature 
encourages more depolymerization and fractionation of SLS during the treatment with 
[DBU][MEA]-CO2. As shown in the aromatic regions (Figure 21), guaiacyl signals 
were observed in all treated solids. It was observed that with increase in treatment 
temperature, the amount of guaiacyl units was steadily decreased. It indicates that 
even though it observed previously that there is no significant weight loss with 
increase in treatment temperature in SLS, SIL is able to depolymerize the basic 
aromatic units in the lignin material.      

 

a b 

c d 

f e 
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Figure 21: Aromatic region in HSQC spectra of solid residue 1 of (a) untreated SLS; 

(b) EXP1; (c) EXP4; (d) EXP5; (e) EXP6 and (f) EXP7 

 

4.3.3. Solid residue 2 

The oxygenated aliphatic region of the recovered solid residue 2 was compared 
with the untreated SLS and solid residue 1 (Figure 22). As it was mentioned above, 
β-aryl-ether (Aα), sugar and the linkages between lignin and sugar were disappered  in 
the SLS during treatment and not oserved in the solid residue 1. However, as shown in 
the HSQC spectra of solid residue 2 (Figure 22c),  the β-aryl-ether (Aα), sugar and 
the linkages between lignin and sugar were retained in the recovered solid. It could be 
concluded that the recovered solid residue 2 may be unreacted SLS with SIL, as 
spectra showed that most of the signals are identical to the signals which observed for 
pure SLS. 

a b 

d c 

e f 
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Figure 22: Oxygenated-aliphatic regions in HSQC spectra of (a) Untreated SLS; (b) 

Solid residue 1 and (c) Solid residue 2 of EXP 

 

 

 

a 

b 

c 

a 

a 

b 
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4.4. Effect of solvent media on the recovery of the treated SLS 

It was observed previously that a solvent system involving ethanol and hexane 
is working when aiming at extracting solid residue 1 and 2, respectively. After addition 
of ethanol may be the weakly linked SLS component to the SIL precipitate out as a 
solid residue 1 which composed of reacted part of the SLS with SIL. However, after 
slow addition of the hexane in the ethanol phase, the solid residue 2 started separating 
out slowly. After addition of nearly 14 ml of hexane, precipitation of solid residue 2 
was completed. It seems that due to a decrease in the polarity of the ethanol solution 
after addition of hexane may assist to release the strongly SIL-linked unreacted SLS 
from the ethanol solution. Figure 23 shows the profile for the amount of hexane 
required to precipitate out solid residue 2. The similar profiles for remaining 
experiments are summarized in the Appendix (6.3) 

 
Figure 23: The dependence of hexane on the amount of the precipitated sugar-linked 

solid and SIL in EXP4 

4.5. Characterization of the recovered SIL phase 

As it was mentioned in the experimental section, the recovered SIL after 
removal of washing solvent was deeply brown in color. It is obvious that nearly 40 
wt% of the SLS was remained in the SIL phase which imparting the brown color to the 
IL. It was hardly possible to separate this part of lignin from the SLS even various 
solvent systems (both polar and non-polar) were employed. This could be possible 
that strong bond between SLS or its fractionated components with SIL might have 
been established which hindered the separation of SLS from SIL phase.  

The structure as well as composition of SIL phase of EXP9 was determined by 
using 1H-NMR and 13C-NMR techniques. The 1H-NMR analysis showed some 
characteristic peaks related to the aromatic compounds in aromatic region (6.5 to 7.5 
ppm, Figure 24). This leads to the assumption that these peaks may be related the 
low molecular weight fractions such as aromatic monomers, oligomers which were 
separated from the SLS during treatment with SIL. The 2D-HSQC spectrum of this 
viscous phase was less informative for detecting SLS material as submitted sample 
was rich IL fraction. 
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Figure 24: (A) 1H-NMR spectrum of treated SIL phase of EXP9 and (B) comparison 

of [DBU][MEA]-CO2 SIL (red line) and SIL phase of EXP9 (blue line) in a range of δ = 

6.5 – 8.0 ppm  

 

  

A 

B 

[DBU][MEA]-CO2 SIL 

SIL phase – EXP9 
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5. CONCLUSIONS  

The switchable ionic liquids have been successfully synthesized based on DBU 
superbase, CO2 gas and various alcohols such as monoethanolamine, glycerol and 
hexanol and characterized by 1D as well as 2D NMR spectroscopy. The change in 
chemical shifts in 13C-NMR spectra of DBU, correlation contour in 2D-HMBC NMR as 
well as appearance of the chemical shift for carbonate carbon in 13C-NMR confirmed 
the formation of SILs. The synthesized SIL [DBU][MEA]-CO2 was able to fractionate 
the SLS and ~40% SLS was fractionated from initial material and dissolved in the SIL 
phase. The remaining ~60 wt% of solid was recovered as solid residue 1 and 2 by 
applying ethanol and hexane solvent system respectively. Solid residue 1 was 
comprised of treated portion of the SLS with SIL in which β-aryl-ether linkages and 
sugar component was disappeared while solid residue 2 was belongs to unreacted SLS 
with SIL. The dissolved part of SLS in SIL phase could be a sugar component xylan 
and fractioned aromatic oligomers or monomers from SLS during treatment. This 
dissolved part of SLS can be separated and SIL can be reused again by separating 
these dissolved fractions by transforming reversibly SIL in to its molecular building 
blocks or applying special anti-solvent systems. This will be a part of our forthcoming 
work. However, SIL was performed as an efficient solvent media to treat technical 
lignin and able to give the structural changes which was the aim of this represented 
work.  

As a part of learning from this represented work, the new type of solid material 
has been synthesized from equivalent mixture of DBU and MEA with a new type of 
acid gas. The ongoing work of characterization will confirm the structure of this solid 
formed from molecular moieties. 



26 

 

6. APPENDIX  

6.1. HMBC spectra of synthesized SIL based on CO2 gas 

 

 

Figure 25: HMBC spectrum of synthesized [DBU][MEA]-CO2 
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Figure 26: HMBC spectrum of synthesized [DBU][Gly]-CO2 
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Figure 27: HMBC spectrum of synthesized [DBU][Hex]-CO2 
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6.2. HSQC spectra of untreated SLS and solid residue 1 of all EXP 

 

Figure 28: HSQC spectrum of untreated SLS 

 

Figure 29: HSQC spectrum of solid residue 1 of EXP1 
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Figure 30: HSQC spectrum of solid residue 1 of EXP2 

 

 

Figure 31: HSQC spectrum of solid residue 1 of EXP3 
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Figure 32: HSQC spectrum of solid residue 1 of EXP4 

 

 

  

Figure 33: HSQC spectrum of solid residue 1 of EXP5 
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Figure 34: HSQC spectrum of solid residue 1 of EXP6 

 

 

  

Figure 35: HSQC spectrum of solid residue 1 of EXP7 
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Figure 36: HSQC spectrum of solid residue 1 of EXP8 

 

 

 

Figure 37: HSQC spectrum of solid residue 1 of EXP9 
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6.3. Dependence of hexane on the amount of the precipitated 
solid residue 2 and SIL  

 
Figure 38: The dependence of hexane on the amount of the precipitated solid residue 

2 and SIL in EXP4 

 

 

 
Figure 39: The dependence of hexane on the amount of the precipitated solid residue 

2 and SIL in EXP5 
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Figure 40: The dependence of hexane on the amount of the precipitated solid 

residue 2 and SIL in EXP9 

 

6.4. Comparison between HSQC spectra of solid materials 

 

 
Figure 41: Aromatic region in HSQC spectra of original SLS (blue/green) and xylose 

(red/purple) 
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Figure 42: HSQC spectra of solid residue 1 of (a) EXP1; (b) EXP2 and (c) EXP3 
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Figure 43: HSQC spectra of solid residue 1 of (a) EXP5; (b) EXP8 and (c) EXP9 
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