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A B S T R A C T   

The development of a sustainable wood fractionation has been a goal for the pulp and paper industries to develop 
a bioeconomy. The use of green solvents, in particular deep eutectic solvents (DES) has been explored to 
accomplish such goal. This work unveils the potential of DES aqueous solutions (at 50 wt% water content) as 
green solvents for the Eucalyptus globulus Labill. wood delignification. Aqueous solutions of propionic acid:urea - 
PA:U (2:1), urea:choline chloride - U:Ch[Cl] (2:1), lactic acid:choline chloride - LA:Ch[Cl] (10:1) and p-tolue-
nesulfonic acid:choline chloride - PTSA:Ch[Cl] (1:1) were investigated. The delignification process was assisted 
by the addition of mineral (H2SO4 and HCl) or organic (PTSA) acids to efficiently promote wood matrix 
disruption and further lignin extraction. This process enabled solid pulp and lignin as separated fractions, which 
were characterized by analytical, optical and spectrometric methods. The influence of each DES on the 
morphology of cellulose fibers in solid pulp and the chemical structure of isolated lignin fractions was evaluated. 
The best system allowing delignification while preserving the cellulose fibers (comparable to Kraft cellulose 
pulp) and lignin structure was PA:U (2:1) aqueous solution with 25 wt% PTSA. A mild wood delignification 
process (363.15 K for 8 h) using this DES allowed to obtain a cellulose pulp yielding 59.50 ± 0.51 wt% of the 
initial wood mass and containing only 3.86 ± 0.10 wt% residual Klason lignin content. This innovative approach 
led to 80.64 wt% lignin extraction from E. globulus wood at mild conditions showing its potential for industrial 
application. Furthermore, 40.73 wt% of the initial lignin was recovered from DES liquor by a simple precipitation 
with water.   

1. Introduction 

The concerns about the climate change have driven the pulp and 
paper industry to outline new strategies in the frame of the ‘2050 
Roadmap to a low-carbon bioeconomy’ to reduce 80 % of CO2 emissions 
(compared to 1990) and at the same time to create 50 % more value by 
2050 (CEPI, 2011). A solution lies in the transformation of pulp and 
paper facilities into biorefinery platforms focused on the sustainable and 
maximal exploitation of woody biomass to produce fuels, materials and 
chemicals, aiming at the development of the bioeconomy strategy 
(Sauvée and Viaggi, 2016). 

The isolation of cellulose pulp is often performed by means of alka-
line treatment (delignification) of wood and one of the best known and 
most applied processes in pulp and paper industry is the Kraft pulping. In 
this process, non-environmentally friendly inorganic compounds, such 
as sodium hydroxide (NaOH) and sodium sulfide (Na2S), are applied as 

pulping chemicals (Moshkelani et al., 2013). Thereafter, a sulfur-based 
lignin and part of hemicelluloses are extracted to the liquid stream 
(black liquor), which is subsequently burnt in boilers to generate energy. 
The low quality exhibited by this lignin fraction is one of the drawbacks 
that hinders its further valorization to the detriment of its mere com-
bustion (Schutyser et al., 2018). Therefore, the development of more 
sustainable wood fractionation processes that produces high quality 
cellulose fibers, and also allows the valorization of other wood fractions, 
including lignin, remains a major challenge (Mussatto and Dragone, 
2016). 

Lignin is a three dimensional aromatic polymer composed of three 
major subunits, p-hydroxyphenyl, guaiacyl and syringyl derived from 
trans-p-coumaryl, trans-coniferyl and trans-sinapyl alcohols, respectively 
(Figure S1, SI) (Schutyser et al., 2018). These three phenylpropane units 
are linked together through random aryl ether (β-O-4, α-O-4, 4-O-5) and 
carbon-carbon (5− 5’, β-5, β-1, β-β) bonds forming a complex matrix 
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difficult to disrupt (Gillet et al., 2017; Wang et al., 2019). Kraft lignin 
and lignosulfonates are two examples of technical lignins that are ob-
tained from Kraft and Sulfite pulping processes, respectively. In Kraft 
pulping, lignin depolymerization and extraction is induced by the 
cleavage of β-O-4 ether linkages, while α-O-4 ether bonds are mostly 
disrupted in the Sulfite pulping process (Sjöström, 1993; Smook, 1989). 
Both processes operate at high temperatures (393.15–453.15 K) 
enabling undesired condensation reactions and lead to more resistant 
lignin structures (Mandlekar et al., 2018). Furthermore, the two types of 
lignin contain sulfur in their chemical structure, which represents both 
technical and environmental drawbacks for subsequent lignin applica-
tions (Evdokimov et al., 2018). Despite the excellent performance of 
these conventional delignification processes, they are energy-intensive 
and lack sustainability in maximizing the exploitation of all wood 
fractions (Moshkelani et al., 2013). 

Aiming at suppressing these bottlenecks, and following the ‘2050 
Roadmap to a low-carbon bioeconomy’ (CEPI, 2011), the Confederation 
of European Paper Industries (CEPI) elected deep eutectic solvents (DES) 
as one of the most promising alternatives to perform a sustainable wood 
delignification (CEPI, 2013). DES are mixtures of hydrogen bond donors 
(HBD) and hydrogen bond acceptors (HBA) with low melting points 
(Abbott et al., 2003), often liquid at room temperature. Their simplicity 
of preparation and the possibility to tune their properties by combining 
different HBDs with HBAs, makes them an attractive class of solvents for 
different applications, including wood processing and valorization 
(Zhang et al., 2012). 

Different works have reported delignification of softwood (Alvar-
ez-Vasco et al., 2016) and hardwoods (Alvarez-Vasco et al., 2016; Liu 
et al., 2017; Lyu et al., 2018; Mamilla et al., 2019) (Lyu et al., 2018) 
using DES as delignification media. LA:[Ch]Cl showed the highest 
selectivity for wood delignification by extracting 62–84 wt% of the 
initial lignin in wood at 403.15 or 418.15 K for 6 h. Alvarez-Vasco et al. 
correlated the selectivity for lignin extraction mediated by LA:[Ch]Cl 
with the capacity of such DES to cleave β-O-4 ether bonds in lignin 
structure (Alvarez-Vasco et al., 2016). Furthermore, LA:[Ch]Cl revealed 
a superior delignification efficiency than lactic acid alone, which sug-
gests an effective role of [Ch]Cl in this process (Smink et al., 2019). 
Recently, da Costa Lopes et al. demonstrated that cleavage of this kind of 
ether bonds is enhanced in presence of the DES’ chloride anion (Da Costa 
Lopes et al., 2020). A substitution of neighbor hydroxyl groups of β-O-4 
linkages with halide anion and its subsequent leaving allows a fast for-
mation of enol-ether intermediate that speed up the cleavage (Da Costa 
Lopes et al., 2020). Some authors (Alvarez-Vasco et al., 2016; Lyu et al., 
2018; Shen et al., 2019) showed that under mild conditions the amount 
of β-O-4 ether bonds in the isolated lignin with DES was lower than that 
of native lignin. An extensive cleavage of these chemical bonds was 
reported when the wood delignification with DES takes place under 
harsh conditions [(393.15 K and 6–24 h) (Alvarez-Vasco et al., 2016) or 
(393.15–453.15 K and 3 h) (Lyu et al., 2018)]. Furthermore, the isolated 
lignin fractions using DES as delignification media presented lower 
molecular weight than that of native lignin as well as higher purity than 
Kraft and Lignosulfonate lignins. Good performances on wood deligni-
fication were also observed to other [Ch]Cl-based DES with formic 
(Kumar et al., 2019), acetic (Alvarez-Vasco et al., 2016), levulinic 
(Alvarez-Vasco et al., 2016) and oxalic acids (Liu et al., 2017; Mamilla 
et al., 2019), glycerol coupled with aluminum chloride (Ji et al., 2020), 
as well as urea (Liu et al., 2017; Mamilla et al., 2019). These works agree 
that hemicelluloses are partly co-extracted with lignin into the liquid 
phase, while cellulose fibers are not dissolved. 

Despite their potential as wood delignification media, the viscosity of 
a large number of DES is an obvious disadvantage. In this context, the 
addition of water in DES for biomass processing may be beneficial (Kim 
et al., 2018; Kumar et al., 2016). Kumar et al. concluded that the 
addition of a small amount of water in the fractionation of rice straw 
using LA:[Ch]Cl (5:1) increased the total lignin extraction, by removing 
22 wt% more lignin than in case of neat DES (Kumar et al., 2016). In 

other work, the effect of water on switchgrass biomass fractionation 
using acidified ethylene glycol:[Ch]Cl (2:1) was investigated by Kim 
et al., who observed that 10 and 20 wt% water contents did not influence 
the fractionation performance since similar lignin and xylan extractions 
were achieved (Kim et al., 2018). In fact, depending on the DES 
composition the dissolution mechanism of lignin in presence of water 
varies, i.e., some DES act as co-solvents and others as hydrotropes 
(Soares et al., 2019, 2017). The last are specially interesting as they 
significantly enhance lignin dissolution in the presence of water (Gabov 
et al., 2014). This must be highlighted since lignin is poorly soluble in 
water. For instance, in a previous work, Soares et al. found that propi-
onic acid:urea (2:1 M ratio) at 50 wt% water content revealed a Kraft 
lignin solubility of 1181.7 ± 29.2 fold when compared to water (Soares 
et al., 2017). Furthermore, the hydrotropic effect allowed significant 
improvement of lignin dissolution of DES aqueous solution when 
compared to neat DES (Soares et al., 2017). 

Since some of the existing DES demonstrated a hydrotropic behavior, 
which enhances lignin dissolution, it is important to study the applica-
tion of their aqueous solutions in wood delignification. The present work 
uncovers the potential of DES aqueous solutions as green solvents for an 
efficient Eucalyptus globulus wood delignification at mild conditions. 
Aqueous solutions of different DES, namely propionic acid:urea - PA:U 
(2:1), urea:choline chloride - U:Ch[Cl] (2:1), lactic acid:choline chloride 
- LA:Ch[Cl] (10:1) and p-toluenesulfonic acid:choline chloride - PTSA:Ch 
[Cl] (1:1) were screened at 50 wt% water content. The selection of these 
solvents took into account their capacity to dissolve technical lignins, 
while 50 wt% water content was found to maximize Kraft lignin solu-
bility as reported in previous works (Soares et al., 2019, 2017). 
Furthermore, mineral or organic acids were added to assist the 
delignification process. A fractionation methodology was developed and 
enabled the separation of solid pulps and lignin fractions, which were 
characterized by analytical, optical and spectrometric methods. The best 
DES was attributed to those inducing minor structural changes in 
extracted lignin, while preserving cellulose fibers. 

2. Materials and methods 

2.1. Wood, pulp and technical lignin samples 

Eucalyptus globulus Labill. wood was selected to develop this study, 
since it is the main raw material of the Portuguese pulp and paper in-
dustry. Air-dried and milled E. globulus wood with the granulometry 
fraction between 0.250–0.420 mm (40–60 mesh) and 8.37 ± 0.02 wt% 
moisture content, was kindly supplied by The Navigator Company. A 
Kraft pulp sample and two technical lignins (Dioxane and Kraft) from 
E. globulus wood were used as standard materials in this study. The Kraft 
pulp with a Kappa number (KN) of 14.4 was kindly supplied by The 
Navigator Company. The Kraft lignin was isolated from E. globulus in-
dustrial Kraft black liquor (supplied by The Navigator Company), 
following the procedure reported elsewhere (Pinto et al., 2015) The 
Dioxane lignin was extracted from E. globulus wood by mild acidolysis 
using dioxane and HCl as described in literature (Evtuguin et al., 2001a). 
The lignin content in E. globulus wood (19.94 ± 0.35 wt%) was deter-
mined by the Klason method according to Tappi standard T 222 om-98 
(Sano et al., 1999). 

2.2. Chemicals 

Starting compounds for DES preparation were used as received. In 
order to ensure the correct molar proportion in the preparation of DES, 
the water content of all starting compounds was measured using a 
Metrohm 831 Karl Fischer coulometer. The key information about the 
studied hydrogen bond donors (HBDs) and hydrogen bond acceptors 
(HBAs) is summarized in Table 1, and their structures shown in Fig. 1. 
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2.3. Preparation of DES aqueous solutions 

The DES selected for this study were prepared following the pro-
cedure described elsewhere (Soares et al., 2017). The selection took into 
consideration different DES with enhanced ability for the dissolution of 
technical lignins observed in previous works (Soares et al., 2019, 2017). 
Aqueous solutions of PA:U (2:1), LA:[Ch]Cl (10:1), PTSA:[Ch]Cl (1:1) 
and U:[Ch]Cl (2:1)] at 50 wt% water content were prepared and used for 
the delignification trials. Furthermore, additional trials that included 
the addition of mineral acids (HCl and H2SO4) or p-toluenesulfonic acid 
(PTSA) to those DES aqueous solutions, until constant pH of 0.5, were 
performed. The amounts of added acids are presented in Table S5 of the 
Supporting Information (SI). 

2.4. Wood delignification process 

Delignification assays were performed in glass reaction tubes heated 
in an oil bath at mild conditions (363.15 K for 8 h, wood/DES aqueous 
solution ratio of 0.05, i.e 0.5 g of wood/10 g of DES aqueous solution 
and 300 rpm, at atmospheric pressure). After the delignification step, 
the reaction mixture was cooled down. The solid fraction (pulp fibers or 
partially delignified wood) was separated from the liquid mixture by 
vacuum filtration. Afterwards, the solid was washed with ethanol and 
water until neutral pH and was dried overnight in an oven coupled with 
a vacuum system at 303.15 K, before gravimetric analysis. The solid 
fraction yield was calculated by the ratio between the dry weight of 
obtained solid fraction and the dry weight of the initial wood sample. 

The extracted lignin was precipitated from the DES liquor by the 
addition of cold distilled water. The solution was left to stand overnight 
to improve precipitation. The precipitated lignin fraction was filtrated 
and washed with distilled water until a pH value of 4–5, and was finally 
dried overnight in an oven coupled with a vacuum system at 303.15 K, 
before gravimetric analysis. The precipitated lignin yield was calculated 
by the ratio between the dry weight of precipitated lignin and the dry 
weight of the initial wood sample. All experiments were performed in 
duplicate. 

2.5. Characterization of pulp and lignin fractions 

The pulp fibers or partially delignified wood together with Kraft pulp 

were analyzed by Fourier-transform infrared (FTIR) spectroscopy, Light- 
Polarized Optical Microscopy and solid-state 13C nuclear magnetic 
resonance (NMR) spectroscopy. The Klason lignin content in pulp fibers 
or partially delignified wood were determined according to TAPPI 
standard method, T 222 om-98 (Sano et al., 1999). The precipitated 
lignin and technical lignins (Kraft and Dioxane) were structurally 
characterized by 1H NMR and FTIR spectroscopy. Furthermore, 
elemental analysis was performed to confirm the isolation of sulfur-free 
lignin. 

2.5.1. Fourier-transform infrared (FTIR) spectroscopy 
The FTIR spectra of solid fraction, Kraft pulp, technical lignins and 

precipitated lignin were recorded using a FTIR System Spectrum BX 
(PerkinElmer), coupled with a universal ATR sampling accessory, in 
absorbance from 4000 to 600 cm− 1 with resolution 4 cm− 1, interval 2 
cm− 1. Each spectrum corresponded to the average of 32 scans. All 
spectra were baseline corrected for further analysis. 

2.5.2. Light-polarized optical microscopy 
The fibers images of the E. globulus wood, kraft pulp and solid frac-

tion were acquired using an Olympus BX-51 light polarized microscope 
(Olympus Co., Tokyo, Japan). 

2.5.3. Ash content 
Ash content in wood were determined gravimetrically by calcination 

at 798.15 ± 298.15 K according to Tappi standard T 211 om-12.(Tappi 
Standards, 2007) 

2.5.4. Elemental analysis 
Carbon, hydrogen, sulfur and nitrogen contents were determined 

using a Truspec 630− 200-200 equipment. The carbon, hydrogen, sulfur 
contents were detected by infrared absorption and the nitrogen content 
by thermal conductivity. The combustion furnace temperature was 
1348.15 K and the afterburner temperature was 1123.15 K. The oxygen 
content was calculated by subtracting the carbon, hydrogen, sulfur and 
nitrogen percentages from 100 %. 

2.5.5. Solid-state 13C NMR spectroscopy 
Solid state 13C NMR spectra of pulp were recorded using a Bruker 

AVANCE III 400 MHz spectrometer, with CP/MAS probe and operating 

Table 1 
Compound descriptions, CAS number, molecular weight, mass fraction purity, water content and supplier of the DES components investigated in this study.  

Compound CAS number Mw / g mol− 1 Puritya/ wt% Water Content/ wt% Supplier 

Hydrogen Bond Donors 
DL-lactic acid (LA) 50− 21-5 90.08 85 14.45 ± 0.27 Acros Organics 
Propionic acid (PA) 79− 09-4 74.08 >99 0.09 ± 0.01 Merk Chemicals 
p-Toluenesulfonic acid monohydrate (PTSA) 6192− 52-5 190.22 >98 9.63 ± 0.25 TCI Chemicals 
Urea (U) 57− 13-6 60.06 >99 0.003 ± 0.00 Panreac 
Hydrogen Bond Acceptors 
Choline chloride ([Ch]Cl) 67− 48-1 139.62 99 2.17 ± 0.45 Acros Organics 
Urea (U) 57− 13-6 60.06 >99 0.003 ± 0.00 Panreac  

a As reported by the supplier. 

Fig. 1. Chemical structures of HBDs and HBAs investigated in this study.  
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at 75 MHz. 

2.5.6. 1H NMR spectroscopy 
Prior to 1H NMR the lignins (precipitated lignin and technical lig-

nins) were acetylated following known procedures.(Zakis, 1994) The 
acetylated lignins were dissolved in deuterated chloroform (CDCl3) 
(10− 12 mg/0.7 mL solvent), placed into 5 mm diameter tubes, and the 
spectra were recorded using a Bruker ASCENDTM 500 spectrometer 
operating at 500.16 MHz, at room temperature. Sodium 3-(trime-
thylsilyl) propionate-d4 (TMS) was used as an internal standard (δ =
0.00). The relaxation delay was 3 s and about 200 scans were collected 
(90◦ pulse). 

2.6. Box-Behnken design for process variables optimization 

Box-Behnken design methodology was applied in this work to find 
the optimal conditions for E. globulus wood delignification using PA:U 
(2:1) with 25 wt % PTSA, in terms of temperature, time and DES con-
centration. It was performed at 3-factors and 3-level factorials to eval-
uate the effects and interactions of process variables: temperature 
(323.15, 343.15 and 363.15 K), time (1, 4.5 and 8 h) and DES aqueous 
solution concentration (50, 75 and 100 wt%). The responses precipi-
tated lignin yield was desired to be maximum, while the solid fraction 
(cellulose pulp) yield was tentatively ascertained to 50 wt% (initial 
cellulose content in wood). See experimental design matrix and re-
sponses results in Table S8 of SI. 

2.7. Experimental and analytical error analyses 

All the experiments were performed at least in duplicate and the 
obtained results were expressed as means with associated standard de-
viation errors (u). The applied temperature in the reactions demon-
strated an u(T)=1 ◦C. All the mass determinations were performed with 
a given u(m)=0.1 mg. 

3. Results and discussion 

3.1. Screening of DES aqueous solutions for E. globulus wood 
delignification 

DES aqueous solutions of PA:U (2:1), PTSA:[Ch]Cl (1:1), LA:[Ch]Cl 
(10:1) and U:[Ch]Cl (2:1) at 50 wt% water content were used for wood 
delignification under mild conditions (8 h, wood/DES aqueous solution 
ratio of 0.5/10 w/w, 300 rpm and 363.15 K). LA:[Ch]Cl (10:1) was used 
as reference in wood delignification trials since its good performance 
was reported by several authors (Alvarez-Vasco et al., 2016; Francisco 
et al., 2012; Jablonský et al., 2015; Kumar et al., 2016; Shen et al., 2019; 
Zhang et al., 2016). The yields of obtained solid fraction and precipi-
tated lignin are depicted in Fig. 2 (detailed data upon solid fraction and 
precipitated lignin yields as well as corresponding standard deviations 
are reported in Table S1, SI). 

The obtained results show high solid fraction yield (above 70 wt%) 
and low precipitated lignin yield (below 3 wt%) using PA:U (2:1), LA: 
[Ch]Cl (10:1) and U:[Ch]Cl (2:1) aqueous solutions, which indicate 
inefficient E. globulus wood delignification of these solvents at examined 
conditions. On the other hand, a much higher wood delignification was 
achieved using the PTSA:[Ch]Cl (1:1) aqueous solution. A solid fraction 
yield of 46.41 ± 0.88 wt% (containing a residual Klason lignin content 
of 10.69 ± 0.16 wt%) was obtained, while a lignin fraction up to 15.38 ±
0.59 wt% yield was recovered (> 75 wt% of the initial lignin content in 
wood). However, these results suggest that part of the initial cellulose 
content was degraded as consequence of the high acidity of PTSA:[Ch]Cl 
(1:1) aqueous solution (pH near to 0). 

The need for an acidic media to promote delignification through 
cleavage of ether bonds between lignin phenylpropane units, particu-
larly α-O-4 and β-O-4 ether linkages, and between lignin and 

polysaccharides has been disclosed in literature (Sixta, 2006; Sjöström, 
1993; Smook, 1992). This explains the weak performance of PA:U (2:1) 
aqueous solution for wood delignification, due to the low acid strength 
of propionic acid (pKa of 4.87). This result reinforces the idea that a 
good lignin solvent, such as PA:U (2:1) (Soares et al., 2019, 2017), does 
not mean it is capable to extract lignin from wood. Similarly, the LA: 
[Ch]Cl (10:1) aqueous solution produced solid fraction and precipitated 
lignin yields of 72.35 ± 0.89 wt% and 2.62 ± 0.09 wt%, respectively. 
This lignin extraction is substantially lower than that previously re-
ported with neat LA:[Ch]Cl (10:1) (Alvarez-Vasco et al., 2016; Shen 
et al., 2019) which despite the fact that different wood species were 
used, namely Pseudotsuga menziesii,(Alvarez-Vasco et al., 2016) Populus 
sp.(Alvarez-Vasco et al., 2016) and E. camaldulensis, (Shen et al., 2019) it 
might be related to the DES concentration and consequently to the pH of 
the delignification medium. Indeed, Kumar et al. demonstrated that an 
increase of water content up to 50 wt% affected negatively the lignin 
extraction from wood, since this water content reduces by 95 % the 
ability of LA:[Ch]Cl to dissolve lignin (Kumar et al., 2016). These results 
are in agreement with a previous work (Soares et al., 2019), where a 
cosolvent character was attributed to LA:[Ch]Cl (10:1) in the dissolution 
of technical lignins. Therefore, to understand the effect of LA:[Ch]Cl 
(10:1) concentration on E. globulus wood delignification performance, 
neat LA:[Ch]Cl (10:1) was also tested (see Table S1, SI). A solid fraction 
yield of 62.51 ± 1.37 wt% (containing a residual Klason lignin of 12.05 
± 1.26 wt%), with simultaneous precipitated lignin yield of 4.42 ± 0.37 
wt% were obtained with neat DES, which is a significant improvement in 
wood delignification in comparison to its aqueous counterpart. These 
results demonstrate the negative effect of water on wood delignification 
particularly to LA:[Ch]Cl (10:1). 

Given the good delignification performance of PTSA:[Ch]Cl (1:1) 
aqueous solution under mild conditions, the evaluation of its impact on 
the morphology of resulting fibers and on the lignin structural features is 
important. The FTIR spectrum of solid fraction-PTSA:[Ch]Cl showed a 
spectroscopic profile similar to a standard Kraft pulp, indicating that this 
fraction is mainly composed of cellulose (see Figure S2 and Table S2, SI). 
However, the optical microscopy images of those fibers revealed sub-
stantial morphological differences when compared with Kraft pulp as 
depicted in Fig. 3. The fibers in solid fraction-PTSA:[Ch]Cl are 

Fig. 2. Screening of DES aqueous solutions at 50 wt% water content for 
E. globulus wood delignification (8 h, wood/DES aqueous solution ratio of 0.5/ 
10 w/w, 300 rpm and 363.15 K) based on solid fraction (green) and precipi-
tated lignin (blue) yields. The pH values of DES aqueous solutions are repre-
sented as black dots. 
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fragmented, possibly due to the strong acidic media combined with long 
treatment (8 h). Moreover, the brownish color observed in the surface of 
the fibers can be associated with the presence of residual lignin (10.69 ±
0.16 wt% content in solid fraction), as consequence of existing lignin 
condensation reactions, which are promoted by acidic conditions and 
long reaction times (Sjöström, 1993; Smook, 1992). In summary, these 
results suggest that the process conditions (363.15 K and 8 h) in PTSA: 
[Ch]Cl (1:1) delignification process, although inducing delignification, 
compromised the fibers quality when compared with Kraft pulp fibers. 

The precipitated lignin-PTSA:[Ch]Cl was characterized by FTIR 
spectroscopy and elemental analysis (see Figure S3 and Tables S3 and 
S4, SI). The results show that lignin is the main component of this 
fraction. However, when compared to technical lignins (Kraft and 
Dioxane lignins), chemical impurities seem to appear in the region of 
aromatic skeletal vibrations (between 1400 and 1550 cm− 1) and could 
be related to aromatic vibrations of PTSA. 

PTSA:ChCl (1:1) showed the highest delignification performance, 
but the characterization results of the obtained cellulose fibers and 
isolated lignin showed an extensive fiber degradation and undesired 
chemical modification of lignin. For these reasons, PTSA:ChCl (1:1) was 
excluded from the next steps of this study, since it provides strong 
degradation of biomass components even at mild conditions. However, 
the disclosed results show the importance of the acidic conditions in 
wood delignification, but indeed acidity must be controlled to avoid 
biomass degradation. In this context, improved delignification efficiency 
using LA:[Ch]Cl (10:1), PA:U (2:1) and U:[Ch]Cl (2:1) aqueous solutions 
could be achieved if an adequate amount of mineral or organic acid is 
added to fine tune the pH of the delignification media. 

3.2. Effect of acid addition in delignification by DES aqueous solutions 

To enhance the E. globulus wood delignification, mineral and organic 
acids such as HCl, H2SO4 and PTSA were added to LA:[Ch]Cl (10:1), PA: 
U (2:1) and U:[Ch]Cl (2:1) aqueous solutions until a pH of 0.5 was 
reached. The effect of acid addition in DES aqueous solutions on 
E. globulus wood delignification is represented in Fig. 4. The detailed 
data upon solid fraction and precipitated lignin yields as well as 
respective standard deviations are reported in Table S6 (SI). 

As observed in Fig. 4, this approach allowed partial wood delignifi-
cation with LA:[Ch]Cl (10:1) in presence of HCl and H2SO4 as well as PA: 
U (2:1) in the presence of H2SO4 and PTSA (see images of solid fractions 
in Figure S4, SI). Among these systems, the best results were achieved 
with LA:[Ch]Cl (10:1) assisted by H2SO4 (solid fraction and lignin yields 
of 66.72 ± 0.23 wt% and 4.71 ± 1.21 wt%, respectively) and PA:U (2:1) 
in the presence of PTSA (solid fraction and lignin yields of 79.76 ± 0.26 

wt% and 5.33 ± 0.12 wt%). The addition of acid to DES aqueous solu-
tions demonstrated a positive effect on wood delignification, improving 
substantially the lignin extraction from 13.14 to 23.62 wt% (LA:[Ch]Cl 
(10:1)+H2SO4) and from 8.7 to 26.73 wt% (PA:U (2:1)+PTSA) of the 
initial lignin content in wood. These results are in agreement with the 
lignin extraction yields reported in literature (Shen et al., 2019) and 
with results presented above for neat LA:[Ch]Cl (10:1). Despite the good 
performance of U:[Ch]Cl on hemicellulose extraction from wood 
(Morais et al., 2018), a weak performance on wood delignification was 
observed, even under acidic conditions. 

Although a complete wood delignification was not achieved in any of 
the examined systems, the best delignification performances were ach-
ieved with LA:[Ch]Cl+H2SO4 and PA:U+PTSA. In this context, the ob-
tained solid fractions (containing cellulose fibers) with both systems 
were assessed by optical microscopy, while the chemical features in 
corresponding isolated lignin fractions were examined by FTIR 
spectroscopy. 

Fig. 3. Optical microscopy images of solid fraction-PTSA:[Ch]Cl and Kraft pulp. Magnification 5x, 10x and 20x .  

Fig. 4. Effect of acid addition on E. globulus wood delignification (pH of 0.5, 8 h 
for 363.15 K, wood/DES aqueous solution ratio of 0.5/10 w/w, 300 rpm) upon 
solid fraction and precipitated lignin yields. 
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3.3. Characterization of cellulose fibers 

The optical microscopy images of the fibers obtained with LA:[Ch] 
Cl+H2SO4 revealed morphological changes when compared with Kraft 
pulp (Fig. 5). The fibers are less fragmented than those obtained with 
PTSA:[Ch]Cl (Fig. 3) or with LA:[Ch]Cl (10:1) (see Figure S5, SI). The 
brownish color of the fibers surface indicates degradation and occur-
rence of lignin condensation reactions, although to a smaller extent than 
that observed in the fiber of PTSA:[Ch]Cl discussed above. On the other 
hand, the fibers obtained with PA:U+PTSA show more morphological 
similarity with the Kraft pulp, suggesting PA:U (2:1) assisted with PTSA 
to be a good delignification system with potential to retain the 
morphology of cellulose fibers. 

3.4. Characterization of isolated lignin 

The mechanisms behind wood delignification mediated by LA:[Ch] 
Cl were investigated by Alvarez-Vasco et al. through a preliminary study 
on the cleavage a lignin dimeric model compound (guaiacylglycerol- 
β-guaiacyl ether) by neat LA:[Ch]Cl at 418.15 K (Alvarez-Vasco et al., 
2016). The authors concluded that the reaction mechanism was similar 
to lignin acidolysis with HCl, producing guaiacol and Hibbert’s ketones 
(Alvarez-Vasco et al., 2016). However, other type of reactions may take 
place in presence of lactic acid. In this work, the precipitated lignin-LA: 
[Ch]Cl+H2SO4 showed a FTIR profile similar to Dioxane lignin as 
observed in Fig. 6. This is a good result since Dioxane lignin is consid-
ered the closest to native lignin. However, a vibrational band at 1734 
cm− 1 sharply arises from the FTIR spectrum, which is associated to 
carbonyl vibration in ester groups. Therefore, a possible esterification 
between lactic acid and lignin hydroxyl groups may take place during 
wood delignification with LA:[Ch]Cl+H2SO4. The presence of such 
vibrational band is more pronounced in the FTIR spectrum of lignin 
isolated from neat LA:[Ch]Cl (10:1), in which esterification is favored in 
contrast to its aqueous counterpart (see Figure S6, SI). Recently, the 
same esterification trend was evidenced in the study of lignin model 
compound cleavage, 1-phenyl-2-phenoxyethanol, with neat and 

aqueous LA:[Ch]Cl (10:1) assisted by H2SO4 (Da Costa Lopes et al., 
2020). Aside from this esterification, no further evidence of DES 
contamination in isolated lignin were observed after comparison with 
the FTIR spectrum of the solvent (see Figure S7, SI). 

The FTIR spectrum of the precipitated lignin-PA:U(2:1)+PTSA 
(Fig. 7) also shows a similar profile to Dioxane lignin. However, the 
appearance of vibrational bands at 3380 and 1638 cm− 1, suggests the 
presence of DES components as impurities (see the characteristic 
vibrational bands of PA:U (2:1) aqueous solution in Figure S7, SI). No 
evidence of esterification reactions as discussed above were observed in 
this system, which is an advantage. 

These results allowed to conclude that wood delignification using 
DES at mild conditions, require the addition of an acid to enhance lignin 
cleavage and further extraction. Furthermore, the best system capable of 
preserving cellulose fibers while minimizing chemical changes in iso-
lated lignin was PA:U (2:1) aqueous solution assisted by PTSA. There-
fore, a tentative optimization was performed with this system to achieve 
a more efficient wood delignification. The amount of acid, temperature, 
reaction time and DES concentration were studied. 

4. Optimization of wood delignification using PA:U (2:1) 
aqueous solution acidified with PTSA 

In the first place, the effect of pH on wood delignification induced by 
PTSA content (13, 17 and 25 wt%) in PA:U (2:1) aqueous solution was 
investigated. The pH values of aqueous solutions, detailed data of solid 
fraction and precipitated lignin yields as well as corresponding standard 
deviations are reported in Table S7 (SI). 

The obtained results (Fig. 8) showed remarkable improvements in 
wood delignification (from 79.76 ± 0.26 to 59.50 ± 0.51 wt% solid 
fraction yield) promoted by the increase of PTSA content (from 13 to 25 
wt%) in PA:U (2:1) aqueous solution, while only a slight increase in the 
precipitated lignin yield (from 5.33 ± 0.12 wt% to 6.55 ± 0.50 wt%) was 
observed. Notably, the cellulose fibers in solid fraction-PA:U(2:1)+25 wt 
%PTSA were preserved as corroborated by optical microscopy images 
shown in Fig. 9. 

Fig. 5. Optical microscopy images of solid fractions obtained with LA:[Ch]Cl and PA:U systems assisted by H2SO4 and PTSA, respectively, (pH of 0.5, 363.15 K for 8 
h) and Kraft pulp. Magnification of 5x, 10x and 20x. 
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The optimization of process variables, such as temperature, reaction 
time and DES concentration (i.e. PA:U (2:1) content in aqueous solution 
+ 25 wt % PTSA), was carried out using a Box-Behnken experimental 
design methodology. A maximal temperature of 363.15 K was allowed in 
this optimization as pre-requisite to assure an optimized delignification 
process at mild conditions facing the conventional high-energy pro-
cesses (e.g. Kraft). Box-Behnken experimental design enables under-
standing the role of each process parameter in wood delignification by 
taking in account the solid fraction and precipitated lignin yields as 
responses (see experimental design matrix and response results on 
Table S8, SI). ANOVA was used to fit a quadratic model for solid fraction 
and precipitated lignin yields (see Table S9, SI) resulting in the following 
equations:  

Solid fraction yield = – 162.22 + 2.58‧T – 3.48‧ t – 3.71‧[DES] – 5.39 × 10− 03‧ 
Tt + 1.31 × 10-02‧T‧[DES] + 4.03 × 10-02‧ t‧[DES] – 5.52 × 10− 03‧T2 +1.10 ×
10-01‧ t2 – 5.06 × 10− 03‧[DES]2 (R2 = 0.8974)                                            

Precipitated lignin yield = 126.67 – 8.63 × 10− 01‧T – 1.24‧ t + 5.07 × 10− 01‧ 
[DES] + 5.07 × 10-03‧T‧ t – 1.49 × 10-03‧T‧[DES] – 3.71 × 10-03‧ t‧[DES] +
1.44 × 10-03‧T2 – 8.06 × 10-03‧ t2 – 5.00 × 10-05‧[DES]2 (R2 = 0.9474)         

where, T is temperature, t is time and [DES] is DES concentration. 
The residual analysis confirmed the normality of the error distribu-

tion (see Figure S8, SI). The obtained data (Table S9, SI) suggests that a 
quadratic model effectively describes the solid fraction yield. The pro-
cess parameters with higher effect on solid fraction yield were DES 
concentration, followed by Temperature, the interaction Temperature x 
DES concentration and Time, all with p-value <0.05. On the other hand, 
other parameter interactions, such as Temperature x Time, Time x DES 
concentration, Temperature2, Time2 and DES concentration2, were 
considered not significant model terms (p-value >0.05). Similarly, a 
quadratic model effectively describes the experimental data of precipi-
tated lignin yields. Temperature was the most significant model term, 
followed by DES concentration, the interaction Temperature x DES 

Fig. 6. FTIR normalized spectra of precipitated lignin-LA:[Ch]Cl+H2SO4 (blue line), Kraft lignin (yellow dashed) and Dioxane lignin (green dots).  

Fig. 7. FTIR normalized spectra of precipitated lignin-PA:U(2:1)+PTSA (blue line), Kraft lignin (yellow dashed) and Dioxane lignin (green dots).  

Fig. 8. The effect of PTSA content in PA:U (2:1) aqueous solution (50 wt% 
water content) on E. globulus wood delignification (8 h, wood/DES aqueous 
solution ratio of 0.5/10 w/w, 300 rpm and 363.15 K) upon solid fraction 
(green) and precipitated lignin (blue) yields. The pH values of the DES aqueous 
solutions with PTSA are represented as black dots. 
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concentration, Time and Temperature2 (p-value <0.05). The in-
teractions Temperature x Time, Time x DES concentration, Time2 and 
DES concentration2 were considered not significant model terms (p- 
value >0.05). 

Based on these models, 3D surface plots for solid fraction and 
precipitated lignin yields (Fig. 10) were drawn. They show a significant 
effect of the DES concentration on E. globulus wood delignification. The 
best process conditions to maximize lignin extraction without cellulose 
loss (and preserving its fibers) were 363.15 K, 8 h and PA:U (2:1) 
aqueous solution at 50 wt% water content, in the presence of 25 wt% 
PTSA. Under these conditions, a solid fraction yield of 65.85 wt% and 
precipitated lignin yield of 4.95 wt% were predicted by the quadratic 
models. Experimentally, a solid fraction yield of 59.50 ± 0.51 wt%, 
containing residual Klason lignin content of 3.86 ± 0.10 wt%, was 
produced. Although slightly different, the experimental and predicted 
responses follow the experimental error. The obtained solid fraction 
yield is in line with a typical pulp yield obtained by conventional Kraft 
pulping of E. globulus wood (55 wt% yield, containing residual Klason 
lignin content of 2 wt%) (Mendes et al., 2009). Furthermore, the lignin 
extraction achieved represents 80.64 wt% of the initial lignin content in 
E. globulus wood, which is a very good result obtained at mild conditions. 
The 25 wt% content of PTSA allows efficient lignin cleavage and the 
hydrotropic effect of PA:U (2:1) (Soares et al., 2019) allows further 
lignin extraction from wood matrix in aqueous solution (50 wt% water 
content). Nevertheless, only 40.73 wt% of the initial lignin content in 
E. globulus wood (6.55 ± 0.50 wt% precipitated lignin yield) was 
recovered from DES liquor. This incomplete precipitation of lignin could 
be associated to a low molecular weight lignin fraction still dissolved in 
DES after precipitation step. 

4.1. Characterization of the solid fraction obtained at optimal conditions 

The solid fraction-PA:U(2:1)+25PTSA was examined by FTIR spec-
troscopy and compared with that of E. globulus Kraft pulp (see Figure S9, 
SI). The FTIR profile of the solid fraction is shown to be similar to that of 
Kraft pulp, meaning that cellulose is the main component present. 
Moreover, solid-state 13C NMR spectroscopy analysis was performed to 
both samples and results are depicted in Fig. 11. Both spectra present the 

characteristic chemical shifts of cellulose (Table S10 in SI) corroborating 
the results obtained by FTIR analysis. Furthermore, these results also 
show that the crystalline structure of cellulose fibers in the obtained 
solid fraction was not affected by the DES treatment when compared to 
Kraft pulp. Nevertheless, a slight intensity of methoxy protons from 
lignin structures are still detected (≈ 56 ppm) as consequence of the 
residual lignin present in the obtained solid (3.86 ± 0.10 wt%). 

The optical microscopy analysis of both samples was also made and 
the images shown in Fig. 12 reveal that the morphology of the cellulose 
fibers was preserved after wood delignification in PA:U (2:1) aqueous 
solution with 25 wt% PTSA. 

4.2. Characterization of precipitated lignin at optimal conditions 

The FTIR analysis was performed on the lignin fraction obtained with 
PAU(2:1)+25PTSA system at optimal conditions. The characteristic 
vibrational bands of lignin were observed in the FTIR spectrum, showing 
lignin to be the major component of this fraction (Fig. 13). However, 
characteristic vibrational bands of PA:U (2:1) (3388, 2930 and 1662 
cm− 1) were also observed (see FTIR spectrum of PA:U (2:1) aqueous 
solution in Figure S7, SI) indicating contamination with DES. The data 
obtained with elemental analysis and 1H NMR spectroscopy also cor-
roborates this contamination. The elemental analysis showed the pres-
ence of 4.05 ± 0.02 wt% nitrogen content in lignin composition (see 
Table S4, SI), while the chemical shifts characteristic of urea (δH, 5.7 
ppm) and PTSA (δH, 7.6 and 6.9 ppm) were observed in the 1H NMR 
spectrum (Fig. 14) of this lignin fraction. Finally, the absence of the 
vibrational band at 635 cm− 1 in FTIR spectrum of precipitated lignin 
fraction, which is assigned to the C–S stretching vibration (present in 
Kraft lignin FTIR spectrum), suggests that a sulfur-free lignin was pro-
duced using PA:U (2:1) aqueous solution with 25 wt% PTSA. This result 
was further confirmed by elemental analysis, which showed the absence 
of sulfur (see Table S4, SI). 

The main chemical modifications in precipitated lignin were 
assessed in more detail through semi-quantitative 1H NMR spectroscopy 
analysis. The 1H NMR spectra of lignin-PA:U (2:1)+25PTSA and tech-
nical lignins (Kraft and Dioxane) are presented in Fig. 14 with corre-
sponding chemical shifts of main lignin functional groups. The 

Fig. 9. Optical microscopy images of solid fractions obtained after wood delignification (363.15 K for 8 h) using from PA:U (2:1) aqueous solutions with PTSA at 
different mass contents (13, 17 and 25 wt%). Magnification of 20x . 
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resonance assignments were attributed according to literature (Capa-
nema et al., 2005; Evtuguin et al., 2001b; Lin and Dence, 1993; Ralph 
and Ralph, 1996; Sakakibara and Sano, 2001) (Table S11 in SI). The 
spectra show that lignin-PA:U(2:1)+25PTSA presents the lowest content 
of aliphatic hydroxyl groups (2.27/C9) compared to Kraft (2.86/C9) and 
Dioxane (3.61/C9) lignins. For phenolic hydroxyl groups, lignin-PA:U 
(2:1)+25PTSA (1.15/C9) showed a higher value than Dioxane lignin 
(0.74/C9), but lower than Kraft lignin (1.98/C9). Furthermore, the lig-
nin-PA:U(2:1)+25PTSA and Kraft lignin presented a lower content of 
β-O-4 structures than Dioxane lignin (0.15/C9, 0.12/C9 and 0.41/C9, 
respectively) as expected. Although mediated by different mechanisms, 
the wood delignification in DES (acidic) and Kraft (alkaline) processes 
provide the cleavage of β-O-4 bonds and consequent formation of 

phenolic hydroxyl groups. On the contrary, delignification with dioxane 
promotes lignin extraction from wood with low cleavage extent. This 
enables obtaining lignin macromolecules close to native lignin, i.e., with 
higher amount of β-O-4 structures. Nevertheless, when comparing with 
NMR data reported in literature for an isolated lignin using LA:[Ch]Cl as 
delignification solvent (Alvarez-Vasco et al., 2016), lower contents of 
phenolic hydroxyl groups are exhibited by lignin-PA:U (2:1)+25PTSA. 
Therefore, lignin with little chemical modifications was obtained using 
PA:U (2:1) aqueous solution with 25 wt% PTSA, due not only to the 
chemical nature of the DES, but also to the mild conditions used in this 
work. 

In summary, the analysis performed on the solid fraction (cellulose 
pulp) and precipitated lignin obtained at optimal conditions suggests 

Fig. 10. Effects of process variables (temperature, time and DES concentration) on E. globulus wood delignification using PA:U (2:1) with 25 wt% PTSA. Solid 
fraction yield response (left) affected by DES concentration of 50 wt% (a), 75 wt% (b) and 100 wt% (c). Precipitated lignin yield response (right) affected by DES 
concentration of 50 wt% (d), 75 wt% (e) and 100 wt% (f). 
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that PA:U (2:1) aqueous solution with 25 wt% PTSA preserves the cel-
lulose fibers (similar to Kraft pulp fibers) with minor chemical modifi-
cations in the isolated lignin (as compared with lignin fractions 
produced in Kraft process and LA:[Ch]Cl system (Alvarez-Vasco et al., 
2016)). 

5. Conclusions 

This work reports a comprehensive study on wood delignification 

with DES aqueous solutions at mild conditions and the impact on the 
solid fractions obtained and on the chemical structure of isolated lignin 
fractions was assessed. Despite the apparent potential of PTSA:[Ch]Cl 
(1:1) aqueous solution to delignify E. globulus wood at mild conditions 
(363.15 K and 8 h), the solid fraction still contained a high lignin content 
(10.69 ± 0.16 wt%) and exhibited fiber degradation comparatively to 
E. globulus Kraft pulp. Furthermore, the precipitated lignin (15.38 ± 0.59 
wt%) presented substantial chemical modifications when compared 
with technical lignins. The results here reported show that wood 

Fig. 11. Solid-state 13C NMR spectra of solid fraction-PA:U(2:1)+25PTSA and Kraft pulp from E. globulus wood (Kappa number = 14.4).  

Fig. 12. Optical microscopy images of solid fraction obtained after delignification using PA:U (2:1) aqueous solutions with 25 wt% PTSA at 363.15 K for 8 h and of 
conventional Kraft pulp from E. globulus wood. Magnification of 5x, 10x and 20x . 
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delignification at mild conditions requires the use of a mineral or 
organic acid, particularly when LA:[Ch]Cl (10:1) and PA:U (2:1) are 
applied as delignification solvents. An experimental design was carried 
out for the optimization of E. globulus wood delignification using PA:U 
(2:1) aqueous solution with 25 wt% PTSA. At mild conditions (363.15 K 
and 8 h) a solid fraction rich in cellulose (59.50 ± 0.51 wt% yield) 
containing a residual lignin content of only 3.86 ± 0.10 wt% was pro-
duced. This optimized process lead to the extraction of 80.64 wt% of the 
initial lignin content in E. globulus wood and to the recovery of 40.73 wt 

% sulfur-free lignin from DES liquor. The success of this delignification is 
mostly related to the efficiency of PTSA in cleaving lignin chemical 
linkages and further extraction promoted by the hydrotrope PA:U (2:1). 
Moreover, a comprehensive chemical analysis of precipitated lignin and 
cellulose fibers revealed that low transformations are induced by PA:U 
(2:1) aqueous solution with 25 wt% PTSA. Globally, this work provides 
an important contribution to understand the potential of DES aqueous 
solutions on the development of processes of wood delignification, 
opening the pathway for a future low-carbon strategy for pulp and paper 

Fig. 13. FTIR normalized spectra of lignin-PA:U(2:1)+25PTSA (blue line), Kraft lignin (yellow dashed) and Dioxane lignin (green dots).  

Fig. 14. 1H NMR spectra (CDCl3) of acetylated E. globulus lignins (Dioxane, Kraft and PA:U(2:1)+25PTSA). (*) Urea and PTSA contaminants.  
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