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Dedication: This paper is dedicated to the memory of Professor Cinzia Chiappe, beloved friend, inspiring colleague 
and excellent researcher. 

Three novel deep eutectic solvents (DESs) were prepared with choline acetate (ChOAc) as hydrogen bond acceptor (HBA) 
and three hydrogen bond donors (HBD): glycolic acid (GlyA), levulinic acid (LevA) and imidazole (Im). They showed 
different, albeit remarkable capability of dissolving lignin (from 35% to 100% ) and hemicellulose (from 40% to 50%). The 
solubility was first tested on commercially available hemicellulose in neat DES and in DES aqueous solution. The high 
values of solubility observed (22-45 wt. %) demonstrated the potential of DESs as hemicellulose solvents. A proof of 
concept test was carried out on Kraft cellulose: our systems provided selective solubilisation of lignin and hemicellulose 
leading to cellulose purification, as demonstrated by the lignocellulosic content before and after DES treatment.

Introduction 
The importance of cellulose as a raw material with prominent 
environmentally friendly and biocompatible properties 
compared with petroleum-based products1 is constantly 
growing. The cellulose content of the total annual biomass 
productions is estimated in about 1.5 x1012 Tons.2 It is thus 
considered an almost inexhaustible source of both raw 
material for environmentally friendly and biocompatible 
products and source of C atoms for organic chemistry 
alternative to fossil sources.3 Cellulose functionalization4 
affords derivatives such as carboxymethylcellulose, cellulose 
acetate, nitrocellulose, used in a broad range of applications, 
from food to pharma, from textile to paint industries. The final 
quality of the cellulose-based materials very much depends on 
the purity of starting cellulose, its batch-to-batch variability, 
reactivity and efficient quality control throughout the whole 
production line. Moreover, the recovery of processing 

chemicals, reagents, and the purification methods are still 
open issues: these difficulties are still hampering the 
production of cellulose-based materials as valid and eco-
friendly alternative to fossil fuel-based products. To overcome 
all the problems, industrial processes require and use high 
purity cellulose.  
The industrial production of cellulose is generally obtained by 
the Kraft process. The first step consists of cooking woodchips 
in an alkaline solution at elevated temperature and pressure to 
dissolve lignin and leave fibres composed of cellulose and 
hemicellulose intact. The cellulose obtained at this stage 
typically contains 15–25 wt. % hemicelluloses and 5-10 wt. % 
lignin, depending on the wood species. Kraft cellulose, 
commonly used in paper industries, is not a suitable starting 
material for the industrial production of cellulose derivatives. 
Industries usually use cotton linters cellulose or purified 

cellulose.5,6 There are some drawbacks associated to this 
choice: i) Cotton cellulose is more expensive than Kraft 
cellulose (2.7€/kg vs 0.4€/kg, price for 1 ton)7. ii) The 
cultivation of cotton is extremely demanding in terms of water 
consumption and use of pesticides compared to that of many 

varieties of trees, thus rising environmental issues.6,8 iii) The 
alternative to Kraft cellulose is the purified cellulose, also 
known as dissolving pulp. Purified cellulose is obtained by a 
processes based on the sulfite pulping9 or pre-hydrolysis Kraft 
pulping,10,11. Both these chemical treatments work at harsh 
conditions (high temperature, high pressure, and reagents 
harmful to the environment).  
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In this scenario, and in the perspective of more sustainable 
processes, a wide range of non-chemical treatments have 
been developed in the last few years based on mechanical 
extrusion,12 milling,13 microwaves,14,15 ultrasounds,16,17 steam 
explosion, 18,19 and hot-water treatment.20 Additionally, 
several chemical treatments were proposed to break the 
binding between the lignin and the polysaccharides (cellulose 
and hemicellulose), to remove the hemicellulose fraction and 
to improve the cellulose reactivity towards chemical reagents 
and enzymes.21,22 The most used treatments are based on 
dilute acids23 or alkali,24 ammonia,25 ozone,25 mixture of 
solvents and acids (organosolvs)26 and ionic liquids27 but only a 
few of them can be used at industrial or pilot scale level. In 
particular, ionic liquids (ILs) showed high efficiency as reaction 
media for lignocellulosic waste pretreatment,28–32 and several 
studies highlighted their potential for improving cellulose 
digestibility33–35 by lignin dissolution.36,37  Nevertheless, all the 
industrial applications of lignocellulosic biomasses 
pretreatment based on ILs suffer from the high costs of ILs, 
thus posing limitations for large-scale development of ILs-
based processes.38–41 Additionally, toxicity and long-term 
recyclability can also represent severe issues.42  
For all these reasons, the use of green solvents for the 
treatment of biomass remains the main challenge for biomass 
processing. Moreover, higher product yields must be balanced 
with solvent costs (supply, operations/separations, and 
disposal). A valid alternative to ILs is represented by Deep 
Eutectic Solvents (DESs) that received considerable attention 
in different research fields since 2004,31 particularly in biomass 
processing.43–46 DESs are systems formed from an eutectic 
mixture of Lewis and Brönsted acids and bases, which can 
contain a variety of anionic and cationic species.43 DESs are 
considered a new class of ILs, characterized by high stability, 
low toxicity, ease of preparation, biocompatibility, 
biodegradability and sustainability.47,48 With respect to the 
synthesis of an organic ligand, the preparation of a DES is easy, 
does not require purification steps and gives quantitative 
yield.49 Several promising DESs for the solubilisation of 
lignocellulosic biopolymers are reported in the literature.45,50,51 
Some types of DESs, especially those based on lactic acid, malic 
acid and oxalic acid, have been reported to extract more than 
90% of lignin from many biomasses.52,53 In contrast, cellulose 
and hemicellulose are reported to be poorly soluble in 
DESs.49,51 In particular Ren et al. measured the solubility of 
cellulose in traditional DESs obtaining the order: 
ChCl:imidazole (2.48 wt. %) > ChCl:urea (1.45 wt. %) > 
ChCl:ammonium thiocyanate (0.83 wt. %).54 Unfortunately, a 
relationship between molecular composition of the biomass 
and the DES solvent properties is not fully understood. Morais 
et al. reported a pioneering work about the selective 
solubilisation of xylan in kraft cellulose but using a mixture of 
DES (ChCl:urea and ChCl:acetic acid) in NaOH solution.55  
Therefore, the development of DESs capable of dissolving 
cellulose and hemicellulose or able to separate cellulose from 

hemicellulose remains an outstanding goal and the first 
fundamental step in the more general problem of separation 
and exploitation of cellulose, hemicellulose and lignin. In this 
scenario, we present an approach based on three novel DES 
formulations able to selectively solubilize hemicellulose in high 
yields, thus providing an easy and efficient way of cellulose-
hemicellulose separation and valorization. The solubility data 
showed are based on commercially available hemicellulose. 
The three novel, halogen-free DES systems here presented 
(Table 1 and Fig. 1) are based on choline acetate (ChOAc), 
which was already reported as a biocompatible alternative to 
traditional ILs for the treatment of lignocellulosic material.56–58  

 
Table 1. DESs prepared for this study 

 

 

 

 

 

 

 

Fig. 1. Structure of HBA (Choline acetate) and HBDs (Levulinic acid, Imidazole and 
Glycolic acid) used to prepare DESs. 
 
The addition of water to DES was also studied.59 Indeed, water 
plays a fundamental role in improving the extraction 
performance of DESs which are able to promote the 
dissolution of lignin.60 The role of water in modulating the 
physico-chemical properties of DES is still a hot topic of the 
fundamental and applied research.61,62 As remarked,62 the 
addition of water to DES may lead to unpredictable, but often 
benign, change of the DES properties. For these reasons, the 
novel DESs were tested for hemicellulose solubilisation in both 
neat and in the presence of different amounts of water. 
Finally, the performance of the proposed DESs as solvents in 
biomass treatment was tested on a Kraft cellulose containing 
hemicellulose and lignin. The recovery of purified cellulose 

HBA HBD Molar ratio 
(HBA/HBD) 

Abbreviation 

Choline 
acetate 

Glycolic acid 1:1 ChOAc:GlyA 

Choline 
acetate 

Levulinic acid 1:1 ChOAc:LevA 

Choline 
acetate 

Imidazole 1:1 ChOAc:Im 
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with higher cellulose content due to removal of hemicellulose 
and lignin components is reported as a proof-of-concept. The 
paper is structured as follows:  i) the characterization of the 
novel DES systems is presented and discussed, ii) the solvent 
properties towards reference hemicellulose are described and 
discussed, and iii) the case study of purification of Kraft 
cellulose by treatment with DES is reported. 

Results and discussion 

ChOAc based DESs purity and viscosity 

The chemical purity of the three DESs was ascertained via 1H- 
and 13C NMR spectroscopy in order to confirm the structure of 
the prepared DESs. The spectra are shown in Fig.S1-S6†. This 
analytical step is far from being unimportant, as it is 
reported63, that DESs containing carboxylic acids as HBD may 
undergo esterification side-reaction with choline. In the 
present case, the 1H NMR spectra of DESs after four weeks 
storage confirm that no esterification side-reactions occurred, 
thus providing important experimental evidence of the 
potential recyclability of DES in cellulose purification, as 
reported for choline chloride based DESs (Fig. S7†).  

The three novel DESs were also characterized in terms of 
viscosity, thermal behaviour63as well as thermal stability (See 
S8-15†). 

The viscosity of DES depends on different parameters such as 
the chemical nature of the HBA and HBD, temperature and 
water content.43 DESs with low viscosity are desirable for the 
biomass processing and for the industrial point of view.50  

 

Fig. 2. Comparison of the viscosity behavior of ChOAc:LevA (black), ChOAc:Im 
(red), and ChOAc:GlyA (blue) as a function of the temperature. 
As generally observed for DESs, the viscosity rapidly decreases 
on increasing the temperature (Fig. 2). As the HBA is the same 
and the water amount is similar (close to 200 ppm) for all DESs 
studied, the different viscosity values observed at 20 °C (Table 

S1†) depend mostly on the HBDs’ nature. In particular, 
imidazole-based DES is characterized by a lower viscosity than 
the corresponding glycolic and levulinic acid containing DESs. 
In the examined temperature range, the temperature 
dependence of viscosity follows, with good approximation, the 
Arrhenius equation (eqn 1) which can be defined as following: 

ln η = lnη∞ + 
𝐸𝑎
𝑅𝑅       [𝑒𝑒𝑒 1] 

In this equation, η is the dynamic viscosity (mPa s), η∞ is the 
viscosity at infinite temperature (mPa s), and Ea is the 
activation energy (KJ/mol) for viscous flows. Aparicio et al.64 
reported that Ea, which describes the difficulty for particles to 
move, is correlated to the nature of HBD and HBA 
constituents. As mentioned above, the HBA (ChOAc) is the 
same for all DESs, hence the difference in activation energy is 
due to the different interactions with each HBD. Therefore, by 
comparing the activation energies Ea of different DESs (Table 
S2†), it is possible to gain an insight in the strength of 
hydrogen bond interactions of the HBA and the different 
HBDs, which is a crucial aspect when DESs are used in 
biopolymer dissolution. A comparison of the viscosities at 20 °C of 
DESs studied in this work, and those featuring the most common 
ChCl as HBA and levulinic acid, glycolic acid and imidazole as HBD, 
was particularly interesting. ChCl:Im is solid at room temperature 
(melting point 54-56 °C)65, hence the viscosity cannot be evaluated. 
For ChCl:LevA, the viscosity value of 320.3 cP has been reported at 
higher molar ratio (1:2) and it is only slightly lower than 366.0 cP 
observed for ChOAc:LevA, albeit at 1:1 molar ratio.66  Finally, 
ChOAc:GlyA DES displays a significantly lower viscosity (456.1 cP) 
than its counterpart ChCl:GlyA (779.4 cP).66 

Hemicellulose solubilisation: a model study 

In this work, three different DESs based on ChOAc and 
different hydrogen bonds donors (HBDs) were tested. HBDs 
were chosen on the basis of some structural features likely to 
modulate the interaction of the HBD with the xylan portion. A 
first DES was prepared with glycolic acid (GlyA), an α-hydroxy 
acid with one carboxyl group and one hydroxyl group capable 
of forming hydrogen bonds. A second DES used levulinic acid 
(LevA), having one carboxyl and one carbonyl group and, 
finally, a third DES was prepared by using imidazole (Im). Last 
but not least, ChOAc:Im showed lower viscosity that the other 
two. 

The solubility tests were carried out on a sample of 
hemicellulose commercially available. The sample was 
characterized by NMR in order to confirm the structure of 4-O-
methyl glucuronoxylan (Fig. S20-S21†) and then used to study 
the solubility in ChOAc based DESs presented in the 
Introduction. The mixture of DES, prepared according to the 
experimental procedure (see Experimental Section), and 
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hemicellulose was stirred at the fixed temperature of 80°C. 
The hemicellulose was added by consecutive additions of 1 wt. 
% to the DES until saturation was reached. The DESs solutions 
containing hemicellulose were very viscous and with the 
brownish colour from the commercial hemicellulose. The 
amounts of soluble hemicellulose was evaluated by using the 
cloud point method.67 When the turbidity or the presence of 
particles was noticeable, the samples were equilibrated to 
check the disappearance of the cloudiness. When solution 
saturation was reached, a 1 wt. % of water was added to the 
solution. In this way, it was possible to construct solubility 
graphs as a function of the percentage of water added in DES, 
up to 15% in weight. It is worth mentioning that even in the 
presence of such a large amount of water, we can assume that 
the DESs structure, characterized by a large and complex 
hydrogen bonding network, can be retained, and water 
participating as both HBD and HBA .68,69 

 

Fig. 3. Amount of soluble hemicellulose (wt.%) as a function of added water 
content (wt.%).   

We underline that our protocol allowed us to test the 
hemicellulose solubility in both pure DES and water-in-DES 
systems. In the latter cases, additional amounts of 
hemicellulose were added to the water-in-DES solutions till the 
cloud point.70 The solubility data in this way achieved are of 
particular interest in view of industrial scale applications. 
Indeed, the presence of water without collapse of 
performance may represent a strong economic factor in favour 
of the DES based process for biomass fractionation and 
valorization. The experimental points of the curves reported in 
Fig. 3 thus show the hemicellulose solubility in mixed DES-
water systems as a function of the water content. The steps 
described above were repeated up to the maximum 
hemicellulose wt. % experimentally detectable. The curves 
show that the worst performing DES is ChOAc:GlyA. The 
solubility of hemicellulose, in this case, is 19% in weight with 
respect to the solvent. The addition of water leads to a modest 

increase of solubility up to 22 wt. %. The ChOAc:LevA DES 
displayed a larger solubilizing power towards hemicellulose 
when water was added. Indeed, 24 wt. % hemicellulose is 
dissolved in the pure DES, whilst 31 wt. % and 34 wt. % 
dissolution are reached after the addition of 1 wt. % and 5 wt. 
% of water, respectively. However, further addition of water 
did not improve the solubility. The ChOAc:Im DES was the best 
performing system, providing 35 wt. % of dissolved 
hemicellulose without water addition. A significant 
improvement of hemicellulose solubility was observed upon 
progressive addition of water, without the plateau of the other 
two samples. The maximum solubility value within the 
explored DES-water composition range was 45 wt. % of 
hemicellulose dissolved in 15 wt. % water containing DES. 
Finally, the experimental points of Fig. 3 reveal two different 
behaviors: the ChOAc:GlyA and ChOAc:LevA on one side, and 
the ChOAc:Im on the other. The first two systems share the 
initial hemicellulose solubility burst followed by a plateau. The 
ChOAc:Im, on the contrary, shows constantly increasing 
solubility enhancement with added water.  

 

Fig. 4. Comparison of maximum values of hemicellulose solubility obtained in the 
novel choline acetate-based DESs +wt.% water, choline acetate IL and water. 

The solubility values of hemicellulose in DES herein described 
can be compared with the corresponding values reported in 
the ionic liquid choline acetate58 and the solubilization in water 
at the same temperature (80°C, this work): 13 wt. % and 18 wt. 
%, respectively. The results, summarized in Fig.4, point out the 
better performance of DESs compared to ILs and the synergic 
effect of DES and water on hemicellulose solubilisation.  

To better understand the role of choline acetate, solubility 
tests on hemicellulose using choline chloride (ChCl) and 
betaine (Bet) as HBA were performed. The results are shown in 
Table 2. Entries 3, 6 and 9 refer to the choline acetate-based 
DESs, the other entries to the homologous DESs obtained from 
traditional choline chloride and betaine. The tests were carried 
out on the pure DESs and on the mixture with 15 wt% water. 
The results can be summarized as follows: i) The direct 
comparison of the results for ChCl:LevA vs ChOAc:LevA (entry 
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1 vs 3) and ChCl:Gly vs ChOAc:Gly (entry 4 vs 6) indicate the 
superior performance of the acetate-based DES for 
hemicellulose dissolution both in the pure systems and in the 
water containing systems (fourth and fifth column, 
respectively). Same trend is observed when comparing 
betaine-based DES with choline acetate-based DES (entry 2 vs 
3 and 5 vs 6). ii) The entries related to DESs containing 
imidazole deserve further comments. The anhydrous systems 
(fourth column, entries 7, 8 and 9) confirm the picture 
described above. The data of the fifth column show the 
unexpected and intristing synergic action of water and 
imidazole for all the systems (fifth column, entries 7, 8 and 9) 
Nevertheless, the ChOAc:Im DES outperformed the two 
traditional DESs (45 wt% hemicellulose solubilization vs 18 
wt% and 5 wt% of ChCl:Im and Bet:Im, respectively). Overall, 
the results of Table 1 show that choline acetate-based DESs 
are promising media for hemicellulose solubilization with 
higher performance compared to traditional choline chloride or 
betaine analogues. From the structural standpoint, the novel 
finding of a synergistic action of imidazole and water prompts for 
deeper investigation of the complex network of interaction 
taking place in DESs in that range of water content. 

Table 2. Hemicellulose solubility results for different DESs studied. Reference 
systems based on choline chloride and on betaine are also included for 
comparison. 

Entry HBA HBD Solubility 
in DES 
(wt. %) 

Solubility in DES 
+15 H2O wt. %  

(wt. %) 
1 ChCl LevA <1 <1 
2 Bet LevA <1 <1 
3 ChOAc LevA 24 34 
4 ChCl GlyA <1 <1 
5 Bet GlyA <1 <1 
6 ChOAc GlyA 19 22 
7 ChCl Im <1 18 
8 Bet Im <1 5 
9 ChOAc Im 35 45 

 

Finally, a simple test on cellulose solubilization was also carried 
out with microcrystalline cellulose (MCC). The mixture of DES 
and MCC was stirred at the constant temperature of 80 °C. 
Test with wt. 1% MCC in all of the three DESs did not show any 
appreciable dissolution of MCC. The three DESs here described 
are thus not suitable for the solubilisation of cellulose. 

Hemicellulose fraction was then recovered from the solution 
by adding a mixture of water and ethanol 1:5 v/v. In order to 
remove the residual DES, the precipitate was washed 4 times 
with ethanol and treated in batches with the cation exchange 
resin Amberlite IR-120. The recovered hemicellulose (85-92% 
in weight) was then analyzed by NMR and compared with the 

pristine hemicellulose (Fig. S22†). The 1H NMR indicates that 
the recovery protocol is efficient, providing recovered 
hemicellulose with no significant structural modification with 
respect to the pristine hemicellulose.  

Proof of concept: Kraft cellulose treatment 

Pure cellulose, named also dissolving grade pulp, with low 
content of hemicellulose, lignin and minerals, is widely used 
for the production of cellulose derivatives, especially for 
cellulose acetate or textile fibres.71 However, the high costs 
related to the production of this pulp has raised interest in the 
production of dissolving cellulose from paper grade cellulose 
through the selective removal of hemicellulose. Herein a 
purification process of Kraft cellulose using green solvents and 
mild conditions is proposed. For this purpose, a paper grade 
Kraft cellulose with a high content of hemicellulose (26 wt.%) 
and 6 wt. % lignin content (Table 2) was chosen to validate the 
DESs treatment. The structure of hemicellulose present in the 
Kraft cellulose was first characterized by NMR after alkaline 
treatment. In this way the structure of the hemicellulose 
present in the Kraft cellulose was assessed and then compared 
to the hemicellulose obtained after both the alkaline and the 
DESs treatments. To this end, a sample of Kraft cellulose (1g) 
was treated with NaOH 18 wt. % overnight at 25°C. The 
solution was then neutralized with Amberlite IR-120 resin, 
dried and re-suspended in D2O. The hemicellulose fraction was 
characterized by the 2D NMR experiments HSQC and TOCSY 
(Fig. S24-S25†). The peaks assignment, also supported by 
literature data,72,73 highlighted the presence of Xylose (X), 
Glucose (Glc) and Mannose (Man) units as major components, 
and of Galactose (Gal) and Arabinose (A) as minor 
components. The observed signals are compatible with 
galactoglucomannans and arabinoglucuronoxylans, which are 
the primary and secondary components in softwood.74 No 
glucuronic acid signals were detected, probably because of the 
low concentration, below the detection limit of the technique. 
The DES treatment effects on Kraft cellulose was evaluated in 
terms of: i) composition according to ISO 692:1982 standard 
(see Experimental for details), ii) physical chemical properties 
(crystallinity index, thermal behaviour and IR spectra), iii) 
technical benchmarks for cellulose: Fock’s reactivity, intrinsic 
viscosity and R18.  

The quantitative analysis of the lignocellulosic content of Kraft 
cellulose and cellulose after DESs treatment was carried out 
according to the ISO 692:1982 method. The results are 
described in Table 3. The result show that the DES treatment 
leads to the decrease of both lignin and hemicellulose content 
and the increase of cellulose from 67.7 % (Kraft cellulose) to 
values in the 82.2-86% range. The initial lignin content was 
around 6.3%. It was reduced to 4.1% and 2.1% after ChOAc:Im 
and ChOAc:GlyA, respectively. Interestingly, the lignin was 
completely removed after the treatment with ChOAc:LevA. 
The decrease of the hemicellulose content was in the 40-50% 
range.  

Table 3. Yield of recovered cellulose after DES treatment (cellulose recovery %), 
quantification of lignocellulosic content (cellulose composition) of the enriched 
cellulose fractions according to ISO 692:1982 standard for all studied samples and 
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crystallinity index (C.I.%) of cellulose and cellulose treated with DESs evaluated by 
XRD. The asterisk* indicates cellulose II.  

 

In Table 3 a cold caustic treatment of cellulose is reported as 
comparison with the DES treatment.  For the correct data 
interpretation, it is important to underline that the conversion of 
cellulose I polymorph (native cellulose) into cellulose II occurs after 
caustic treatment only.75    

The best result was obtained by using ChOAc:Im. Such a 
system successfully removed 50% of hemicellulose. A further 
test was performed using DES ChOAc:LevA containing  15 wt. 
% water. Noteworthy, neat ChOAc:LevA and the same DES in 
the presence of 15 wt. % water showed comparable results: 
these data reveal that such a DES  retains its activity even with 
quite a high water content. This result could have interesting 
implications from an industrial point of view. Indeed, the 
beneficial effect of water on the viscosity of these media is 
well-known and this would consequently reduce the 
operational costs of the process. Furthermore, in the recycling 
step, a substantial reduction of energy costs (more than 3500 
KJ per Kg of Kraft cellulose treated) can be envisaged by 
avoiding the water removal.  

Kraft cellulose samples, after DES treatments, were analysed 
by XRD, TGA and IR to understand if significant changes in the 
structure ensued. The Powder XRD patterns of Kraft cellulose 
and recovered cellulose after DES treatment are reported in 

Fig.S27-32†. The diffractograms show some common features: 
all the samples present broad peaks at 2θ 14.7°, 16.8°, 22.7° 
and 34.8°, corresponding to the reflection planes (1-10), (110), 
(200), (004), respectively, consistent with the cellulose I crystal 
lattice.64,76 The X-ray data show that cellulose I lattice is 
preserved upon treatment in DES. Indeed, no reflexes 
assignable to cellulose II are present in the diffractograms of 
cellulose treated with DESs. The intensity differences around 
2θ=20° indicate a decrease of the amorphous halo (Fig. 

S28†).77 Given that amorphous regions derive from different 
components in lignocellulosic materials (e.g. cellulose 
amorphous regions, lignin, hemicellulose), the increase of 
apparent crystallinity of the cellulose showed by the increase 
of the crystallinity index actually represents an indirect proof 

of the successful purification treatment.78 Therefore, the 
crystallinity index (C.I. %) was evaluated of each sample (Table 
3). It was assessed as the ratio between the area of the 
crystalline peaks (ACr) and the total area of the spectrum 
(crystalline peaks and amorphous halo) (ATOT) (eqn 2). The 
peaks areas were evaluated by peaks deconvolution (Fig. S28-

S32†). 

𝐶. 𝐼. % =
𝐴𝐶𝐶
𝐴𝑇𝑇𝑇

∙ 100                  [𝑒𝑒𝑒 2] 

The C.I. % values (Table 3) confirm the increase of the 
crystallinity for all the samples treated with DES, including that 
containing 15 wt. % water. This suggests a reduction of the 
amorphous content after the DES treatment as already 
demonstrated in the work of Pan et al.49 This means that the 
tested DESs efficiently dissolve the amorphous components 
present in Kraft cellulose (hemicellulose and lignin) which 
contribute to the amorphous halo in Powder XRD 
diffractograms of cellulose. Cellulose samples treated with DES 
show similar crystallinity, in the range 52-54% (Table 3) and 
markedly higher that the starting Kraft cellulose (KC, 34%). This 
is coherent with the decrease of the amorphous components 
from ca. 29% (KC) to values in the 14-17% range (DES treated 
cellulose). The C.I.% of cellulose sample treated with NaOH 
cannot be compared with the others C.I. % values because, 
after this treatment, cellulose I is converted in the 
thermodynamically more stable polymorph cellulose II. 

In considering the consistency of the data, it should be kept in 
mind that the uncertainty associated to CI% can reach values 
as high as ±6, due to the sum of the instrumental 
measurement error and to the deconvolution of the peaks, as 
previously reported in the literature.79 

A comparison of the thermal stabilities, determined by TGA, of 
pristine Kraft cellulose with those obtained after the DESs 

treatment (Fig. 5, Fig. S33-S34†) corroborates the finding of 
the XRD analysis. Indeed, higher decomposition temperatures 
than the pristine Kraft cellulose were observed for the 
regenerated celluloses, which can be ascribed to the apparent 
higher crystallinity of cellulose and the removal of amorphous 
material. 
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Fig. 5. Comparison of TG and DTG curves of dissolved and regenerated Kraft 
cellulose (KC, red line) and pristine KC (green line).  

FT-IR spectra of cellulose and cellulose after DESs treatment 
are reported in Fig. S35-S39†. The sample were analysed with 
the same concentration in KBr and the same thickness of 
pellets. It is possible to observe the presence of differences 
among the intensities of some absorption bands. In detail, 
there are some differences between Kraft cellulose and 
cellulose treated with DES in the band at 1465 cm−1 due to the 
asymmetric deformation of C-H bonds: this finding is 
considered as a marker of the presence of lignin.80

 In addition, 
differences are observed in the band at 1044 cm−1, which is 
uniquely assigned to C–O, C–C stretching or C–OH bending in 
hemicellulose. These data are consistent with a lower amount 
of lignin and hemicellulose in the sample treated by DESs. 
 
Finally, the technical characteristics of the enriched cellulose 
fractions were assessed by using the following parameters: i) 
Fock’s reactivity, ii) intrinsic viscosity and iii) R18 (see 

Experimental for definition and use). The results are shown in 
Table 4. 

Reactivity is often the most significant quality parameter of 
dissolving pulps.81,82 Using cellulose with a low hemicellulose 
content improves the quality of cellulose derivatives and 
reduce the demands of reagents, production costs and the 
environmental impact.82 The reactivity of the treated cellulose 
was analyzed according to a modified version of Fock’s 
method.83,84 The reactivity values, expressed as regenerated 
cellulose yield, are reported in Table 4. 

 

Table 4. Fock’s reactivity, intrinsic viscosity and R18 of cellulose obtained after 
DES treatment. 

 

The Fock’s reactivity values are in the expected range for 
dissolving grade cellulose.82,85 [ 

The viscosity of the treated pulps determined as the intrinsic 
viscosity of a sample of cellulose dissolved in a 
cuproethylenediamine hydroxide solution (0.5M) was 
calculated according to ASTM D1795 with Cannon Fenske 
Ubbelohde capillary viscosimeter. Viscosity measurements 

Scheme 1. Simplified process flow diagram for Kraft cellulose treatment using ChOAc-based DES 
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were carried out in duplicate and the results were reported in 
Table 4. Once again, the typical intrinsic viscosity values of 
commercial dissolving grade cellulose are comparable with 
those of the enriched cellulose samples of Table 485.  

As a third descriptor we report the measured R18 values. 
Basically, R18 accounts for the solid residue without 
hemicellulose. It is a common benchmark for dissolving grade 
cellulose. In this case too, the R18 values fall in the range for 
dissolving grade cellulose. 86 

Overall, the Kraft cellulose purification process proposed in 
this work for the PoC can be sketched as in Scheme 1. The 
scheme summarizes the fractionation pathway, the recovery 
steps, the characterization methods and the recycling route of 
the solvents. The remaining part of this section describes the 
characterization of the dissolved fractions. The hemicellulose 
fraction was analysed by NMR spectroscopy using 1H spectrum 
(Fig. S24†) and HSQC (Fig. S25†) experiments. As mentioned 
above, the spectra were compared with the spectra of 
hemicellulose achieved by alkaline treatment. 1H NMR spectra 
(Fig. S24†) showed that a significant fraction of lignin was 
present in the hemicellulose from alkaline treatment. In 
contrast, no traces of lignin were detected in the hemicellulose 
obtained from DES treatment. This suggests that the DES 
treatment proposed in this work provides an efficient 
separation of hemicellulose from cellulose and lignin, and the 
hemicellulose recovery in a clean way.  As shown in Scheme 1, 
the simple addition of water to DES solution permits to 
recover by filtration the lignin component and recycle the 
solvent. The 1H NMR spectrum of lignin dissolved in d6-DMSO 
is also reported in Fig S26†. The spectrum also clearly shows 
the absence of residual DES.  
The HSQC spectrum of the recovered hemicellulose recorded 
in D2O is reported in Fig. 6. The corresponding HSQC spectrum 
of the hemicellulose obtained after the alkaline process is 
shown in Fig. S25. The comparison of the two HSQC plots 
clearly indicates that during the DES treatment there is no 
preferential solubilization of any hemicellulose fractions.  

 

Fig. 6. Hemicellulose fraction from DES treatment after ethanol precipitation, 
drying and D2O dissolution. 

DES cost estimation and recycle 

The sustainability of this process is related to, at least, two key 
factors: the DESs cost and their recyclability. Unlike common 
choline chloride-based DESs, the cost of DESs studied in the 
present work is strongly influenced by the high cost of choline 
acetate (116 euro/kg) which compares unfavourably with 
cheap ChCl (1-1.2 euro/kg). The costs of ChCl- and ChOAc-
based DESs, estimated using the best quotation of raw 
materials (Table S3†) and the following equation 3 are 
reported in Table 5,  
 

DES Price =  𝑀𝐻𝐻𝐻𝑃𝐻𝐻𝐻+𝑀𝐻𝐻𝐻𝑃𝐻𝐻𝐻
𝑀𝐻𝐻𝐻+𝑀𝐻𝐻𝐻

       [eqn 3] 

where MHBA and MHBD are the molecular weights of the H-
bonds acceptor (HBA) and H-bonds donor (HBD), while PHBA 
and PHBD are their prices. The cost of ChOAc-based DESs turns 
out to be 24 times higher than the analogous ChCl-based DESs 
when glycolic acid is used as HBD and up to 50 times when 
imidazole is futures as HBD. However, it is worth mentioning 
that ChCl is widely used as a feed additive, while choline 
acetate is not currently employed in any large-scale 
application. This aspect is a relevant one for any low-volume 
production goods and likely lies beneath the big difference 
between the costs of the two products. The bulk cost of ChOAc 
(from now on ChOAcopt) can be reasonably assessed applying 
the equation reported by Hallett et al.87 for the synthesis of 
protic ionic liquids. In their work Hallett et al. concluded that, 
for syntheses that require a few steps, the cost of the products 
is largely influenced by the cost of raw materials while fixed 
and operational costs account for a maximum of 25% of raw 
material. For the synthesis of ChOAcopt, it can be reasonably 
assumed that the cost of the product can be estimated by 
using a similar equation. For a conservative estimation of the 
final cost, a value of 45% of raw material cost was allocated to 
fixed and operational costs. Taking into account these aspects, 
a new equation for cost calculation for ChOAcopt production 
was developed.  

ChOAcopt =  �𝑀𝐶ℎ𝐶𝐶𝑃𝐶ℎ𝐶𝐶+𝑀𝐻𝐻𝑀𝐻𝐻

𝑀𝐶ℎ𝐶𝐶+𝑀𝐻𝐻
�1.45        [eqn 4] 

In equation 4, MChCl and MAA are the molecular weights of 
choline chloride (ChCl) and acetic acids (AA) while PChCl and PAA 
are their prices. Therefore, applying equation 4 and using the 
best quotation of choline chloride and acetic acid (listed in the 
supporting information), it is possible to estimate the cost of 
ChOAcopt at about 1.5 euro/kg. Starting from this value and 
using equation 3, the cost of ChOAcopt-based DESs was 
computed and is shown in Table 5. 
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Table 5. Estimated cost of ChOAc- and ChCl-based DES 

 

Therefore, the final costs of ChOAcopt-based DESs are very 
similar to their ChCl analogues. 
The recycle of DES is the other key variable for the economic 
sustainability of the process, as well as the quality of the 
cellulose obtained by the process using the recovered solvent.  
In the present section we report, as a paradigmatic example, 
the tests carried out on ChOAc:LevA. As shown in 1H NMR 

spectra (Fig. S40†), there are no differences between the fresh 
and the recycled DESs. Throughout the four cycles, 
ChOAc:LevA maintained its chemical structure and its 
capability to purify the Kraft cellulose by selective 
solubilisation of hemicellulose and lignin. In Fig. 7 the 
performance of ChOAc:LevA is reported for the first 4 cycles 
(green bars of histogram). The recovered yield of the DES 
solution was evaluated by mass measurement and it resulted 
to be about 90% per cycle. 
 

 
 
Fig. 7. Recovery yield (%) of ChOAc:LevA for the four consecutive  cycles of Kraft 
cellulose treatment (green bars) and crystallinity index of cellulose (%) after the 
DES treatment (blue bars).  
 
The blue bars of the histogram of Fig. 7 show the measured 
crystallinity index of the cellulose after each cycle. It is clear 
that the crystallinity index of the purified cellulose is also 
constant throughout the considered cycles.  
 

Experimental 
Chemicals 

Choline acetate (98%) was purchased from Iolitech. Glycolic 
acid (99%), Levulinic acid (99%), Imidazole (99%) and 
microcrystalline cellulose were purchased from Sigma-Aldrich. 
Xylan from beechwood was purchased from Serva. Kraft 

cellulose obtained from Kraft process was provided by Akzo 
Nobel Chemicals S.p.A. 

DESs preparation 

DESs were prepared according to one of the most used 
procedure reported in the literature. Briefly, the preparation 
involved the combination of choline acetate (HBA) with three 
different HBDs, glycolic acid, levulinic acid and imidazole at 
80°C for 30 min stirring, until a homogeneous and transparent 
solution was formed. The prepared DESs were cooled and used 
for our solubility tests without any purification. 

NMR Spectroscopy 

For the NMR experiments 20 mg of sample was dissolved in 
0.60 mL of D2O (99.97%) containing TSP 
(trimethylsylilpropionic acid) as internal chemical shift 
reference. 
1H NMR experiments were carried out on a Bruker NEO 500 
spectrometer equipped with a 5 mm pulsed-field z-gradient 
BBFO probe. For each sample, the probe was carefully tuned, 
and the 90° pulses evaluated. All NMR spectra were recorded 
at 298 K: the sample temperature was set and controlled using 
a variable temperature control unit. Water suppression was 
achieved by low-power presaturation of the residual HOD 
signal. 
HSQC and TOCSY experiments were recorded for the 
assignment of reference and Kraft hemicellulose. HSQC 
experiments were recorded using a pulse program with water 
presaturation (hsqcetgpsiwt) and a data matrices of 2048 (t2) x 
256 (t1) complex data points. 32 transients were accumulated 
per increment. TOCSY spectra were recorded with a τmix of 
0.08 s using data matrices of 2048 (t2) x 256 (t1) complex data 
points. 16 transients were accumulated per increment. Raw 
data were processed by applying a cosine squared sine 
window functions in both dimensions. All data were processed 
using the Bruker’s Topspin 4.0.3 software. 
 
XRD 

The experiments were performed with a Bruker D2 Phaser X-
ray powder diffractometer using CuKa radiation. The data 
were collected in the 2θ range 7°- 40° with a step size of 0.02° 
and a counting time of 0.4 s per step, a primary slit module of 
0.6 mm, air scatter screen module 1 mm and secondary slit 
module of 8 mm. 

Viscosity 

Viscosity (η) was determined using Brookfield DV-II + Pro 
(Brookfield AMETEK, Inc., Middleboro, MA, USA) 
programmable viscometer, with an uncertainty of ±2% in the 
temperature range from 20 to 90 °C (controlled by a Brookfield 
TC-502 thermostat with an accuracy of ±0.1 °C). Viscosity (η) 
was determined in the temperature range from 20 to 90 °C, 
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applying 15 different shearing rates between 1 s-1 and 100 s-1. 
The resulting average values are given in SI Table 1 and Fig. S3. 
Since DESs are very hygroscopic substances, every sample was 
heated at 35 °C under high vacuum for 45 min before each 
measurement to eliminate the effect of water. The water 
content of DESs was estimated by Karl Fischer titration using a 
SI Analytics coulometer (Titroline 75000 KFtrace) and the 
water content was 183 ppm for ChOAc:LevA, 201 ppm 
ChOAc:GlyA, and 168 ppm for ChOAc:Im. 

DSC 

DSC analyses were performed with 5-10 mg of sample in pin 
hole aluminium pan at different scanning rate (2-10 °C/min) in 
nitrogen flow in the temperature range going from -90 °C to 
100 °C. In the drying cycle, the sample was heated from 40 °C 
to 100 °C and maintained at this temperature for 30 min. Then, 
it was cooled down from 100 °C to -90 °C, at a rate of 10 
°C/min, and maintained at -90 °C for 5 minutes (cooling run). 
Finally, the sample was heated to 100 °C at a rate of 10 °C/min 
(heating run). Three different heating rates were performed 10 
°C/min, 5 °C/min, and 2 °C/min. DSC experiments were carried 

out in duplicate.  

TGA 

The thermal stability of prepared DESs, hemicellulose and 
cellulose was investigated by thermal gravimetric analysis 
(TGA), conducted in a TA Instruments Q500 TGA. The sample 
(15-20 mg) was heated in a platinum crucible as sample 
holders. First, the heating mode was set to isothermal at 50 °C 
in N2 (100 mL/min) for 30 min. Then, the sample was heated 
from 30 to 700 °C with a heating rate of 10 °C/min under 
nitrogen (100 mL/min). Mass change was recorded as a 
function of temperature and time. TGA experiments were 
carried out in duplicate.   

FT-IR 

FT-IR spectra were recorded using a Varian 660 spectrometer. 
The transmission technique with the KBr pellet was chosen. 
Spectra were recorded using 64 scans in the range of 600-4000 
cm-1 with a spectra resolution of 4 cm-1. Pellets were prepared 
by weighing 300 mg of KBr and 3 mg of sample. 

Kraft Cellulose DES treatment  

10 g of DESs were prepared and the 10 wt. % of Kraft cellulose 
(1g) was added, then the mixture was left stirring at 80 °C for 
24h. After the treatment, the DESs/cellulose mixtures changed 
their aspect into a homogeneous gel. Cellulose was selectively 
precipitated by adding an excess of water to the mixture at the 
same temperature. The regenerated cellulose thus obtained 
was washed with 10 mL of water, centrifuged 4 times to 

remove all DES residues and provide suitable samples for the 
analysis. 
Ethanol was then added to the supernatant in order to 
precipitate hemicellulose fraction. The precipitate was washed 
6 times with 10 mL of ethanol, dried and re-dissolved in 
deuterium oxide for NMR analysis. 

Kraft cellulose NaOH treatment  

200 mg of cellulose was stirred in 4 mL of NaOH 18% solution 
for 24 h. The solid residue was filtered, the solution was 
neutralized using the cation exchange resin Amberlite IR-120. 
The sample was dried and re-dissolved in deuterium oxide for 
NMR analysis. 

Holocellulose content 

Based upon the procedures described by Yokoyama et al. 
(2002).88 In a round bottom flask, 1 g of dried kraft cellulose in 
20 mL water was heated with stirring to 90 °C. A sodium 
chlorite solution (20 wt. %, 5 mL) and 2 mL of glacial acetic acid 
were then added. The addition of sodium chlorite solution and 
glacial acetic acid was repeated at 30, 60 and 90 min after the 
first addition. 2 h after the first addition, the round bottom 
flask was cooled in a cold-water bath. Glass microfibers filter 
was used to filter the reaction mixture. The residue, 
holocellulose, was washed with hot water (3 x 200 mL) and 
acetone (20 mL) and dried at 105 °C. The holocellulose content 
was quoted as wt. % of the dried Kraft cellulose weight. 

Alpha cellulose and hemicellulose content R18 (method used for 
cellulose pulps)  

For bleached and delignified pulp, the level of cellulose purity 
is obtained by R10, R18, S10 and S18 methods.89  The values 
represent the pulp’s solubility in 10% and 18% NaOH solutions 
under specified conditions (standard ISO 692:1982). The 
soluble portion (%) of pulp in 10% and 18% NaOH is referred to 
as S10 and S18, respectively, while the residual fraction (%) is 
referred to as R10 and R18. It is known that a 10% NaOH 
solution can dissolve the degraded cellulose and hemi- 
celluloses (S10), whereas an 18% NaOH solution dissolves the 
most important part of hemicelluloses (S18). The subtraction, 
S10-S18 (or R18-R10), is a measure of the degraded cellulose, 
S18 (or 100-R18) represents hemicelluloses and R10 
corresponds to α-cellulose and represents the “long-chain” 
cellulose content.  
500 mg of the holocellulose obtained from the above reaction 
was placed in 100 mL beaker and left for 30 min to allow 
moisture equilibrium. 40 mL NaOH (10% w/v) was added and 
left for 30 min. 40 mL of water was added and stirred for 1 min 
with a glass stirring rod then left for another 29 min. The 
suspension was filtered with a sintered glass filter and washed 
with deionised water (3 x 100 mL). The residue, was soaked in 
1 M acetic acid (10 mL) for 5 min. It was then filtered and 
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washed with deionised hot water (3 x 300 mL) followed by 
drying at 105 °C. The same procedure was repeated using 
NaOH 18% w/v.  

Fock’s reactivity measurements 

500mg of dry cellulose was weighed and placed in a 250mL 
flask with a stopper. 50mL of NaOH 9wt.% solution was added, 
and shaken in a water bath for 10 min at 19°C. The flask was 
sealed with the stopper as soon as 1.3mL CS2 was added and 
the mixture was stirred for 3 hours. At the end distilled water 
was added to the flask to give the solution a total mass of 
100g. The solution was centrifuged at 4000 rpm for 20 min. 
10mL of the supernatant was pipetted into a 100mL flask, 
neutralized with 3mL sulfuric acid 20wt.%, left for 15 h, to 
obtain the regenerated cellulose. To determine the dissolved 
cellulose, 20mL of sulfuric acid 68wt.% was added to the 
100mL flask, and the suspension was shaken for 1 h to acidify 
the regenerated cellulose. 10 mL of potassium dichromate 
solution (1/6 M) was added to the flask, and the mixture was 
boiled for 1 h to complete oxidation. The cold mixture was 
diluted to 100mL. 40mL of this solution was transferred into a 
250mL flask and titrated with sodium thiosulfate (0.1 N) using 
starch as the indicator after 5 mL potassium iodide (10% w/w) 
was added. The volume of consumed sodium thiosulfate was 
recorded to calculate the percentage of cellulose that reacted 
with CS2. 

Conclusions 
In conclusion, the results show that the novel DESs presented 
in this work are very efficient and promising media for 
cellulose purification from lignin and hemicellulose. In 
particular, ChOAc:LevA and ChOAc:Im showed a great 
efficiency in the solubilisation of hemicellulose from Kraft 
cellulose samples, thus providing clear evidence of 
cellulose/hemicellulose/lignin separation. These achievements 
are due to simple DES solubilisation of the non-crystalline 
components and their re-precipitation by means of 
environmentally mild anti-solvents (such as ethanol and 
water). This protocol offers a great potential in the field of 
biomass valorization and its appeal is increased by the easy 
recovery of hemicellulose. The case-study of the Kraft cellulose 
purification described in the final part of this work shows how 
the DES process is a valid, mild and non- destructive 
alternative to the current alkali-based technology. It is worth 
stressing that the DES systems described in this work showed 
different capability of dissolving lignin. These findings further 
confirm the tunability of DESs properties by changing the HBD 
donors and pave the way for further subtle lignocellulosic 
biomass fractionation challenges. Finally, the benign effect of 
water, up to 15 wt. %, in the hemicellulose solubilisation adds 
value to the process in view of scaling up towards industrial 
applications. Indeed, the presence of water decreases the 

viscosity, reduces the amount of DES required for the 
dissolution process and saves costs in DES recycling, since an 
energy-intensive drying step would be avoided.  
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