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Table S1. Chemical structure, molar mass, CAS number, mass purity and supplier of the compounds used as HBA or HBD in this work. 

Compound Chemical structure Molar mass (g/mol) 
CAS 

number 
Mass purity Supplier 

ALCOHOLS      

1,4-Butanediol 
 

90.1210 110-63-4 99 % Alfa Aesar 

1,5-Pentanediol 
 

104.1476 111-29-5 98 % Acros Organics 

1,6-Hexanediol 
 

118.1742 629-11-8 97 % Acros Organics 

1-Propanol 
 

60.0950 71-23-8 99.9 % Fisher Scientific 

1-Hexadecanol 
 

242.4406 
36653-

82-4 
98 % Alfa Aesar 

Ethylene glycol 
 

62.0678 107-21-1 99.8 Sigma-Aldrich 

AMIDES      

Acetamide 

 

59.0672 60-35-5 99 % Acros Organics 

Urea 
 

 

60.0553 57-13-6 99.5 % Acros Organics 
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AMINES      

Ethanolamine 
 

61.0831 141.43-5 99.5 % PanReac AppliChem 

AMINO ACIDS      

L-Histidine 

 

155.1546 71-00-1 98 % Acros Organics 

L(-)-Proline 

 

115.1305 147-85-3 99 % TCI 

CARBOXYLIC ACIDS      

5-Phenylvaleric acid 

 

178.2277 
2270-20-

4 
99 % Aldrich 

Acetylsalicylic acid 

 

180.1574 50-78-2 > 98 % TCI 
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Caprylic acid 

 

144.2114 124-07-2 99 % ThermoScientific 

Formic acid 
 

46.0254 64-18-6 99 % Carlos Erba Reagents 

Glutaric acid 

 

132.1146 110-94-1 99 % Sigma 

Lauric Acid 

 

200.3178 143-07-7 99 % Acros Organics 

Myristic acid 

 

228.3709 544-63-8 ≥ 98 % Fluka 

 

Phenylacetic acid 

 

136.1479 103-82-2 99 % Alfa Aesar 

Succinic acid 

 

 

118.0880 110-15-6 99-105 % Merck 
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HALOGENATED SALTS      

Cholinium chloride ([Ch]Cl)b 

 

139.6240 67-48-1 98 % Sigma-Aldrich 

Tetrabutylammonium bromide ([N4444]Br) 

 

322.3680 
1643-19-

2 
≥ 98 % Fluka 

INORGANIC SALTS      

Ammonium acetate 

 

77.0825 631-61-8 98 % Merck 

Cholinium dihydrogen citrate ([Ch]DHC) 

 

295.2900 77-91-8 ≥ 98 % Aldrich 

Sodium acetate 

 

82.0338 127-09-3 ≥ 99 % VWR Chemicals 
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PHENOLS      

Phenol 

 

94.1112 108-95-2 99.5 % Merck 

Resorcinol 

 

110.1106 
203-585-

2 
98 % Aldrich 

SUGARSa      

D(-)-Fructose 

 

180.1559 57-48-7 98 % PanReac AppliChem 

D(+)-Galactose 

 

180.156 59-23-4 98 % Thermo Scientific 

meso-Erythritol 

 

122.1198 149-32-6 99 % Alfa Aesar 
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TERPENES      

Thymol 

 

150.2176 89-83-8 > 99 % TCI 

aThe sugars stereochemistry is omitted in the rest of the paper; b[Ch]Cl was dried under vacuum (0.1 kPa and 25 °C) for at least 72 h before use. 
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MATERIAL AND METHODS 
 

In this study, the methodology was structured into two distinct layers: theoretical 

and experimental (Fig. S1). In the first layer, a focus was given on predicting the infinite 

dilution activity coefficient (𝛾𝑖
∞) of a lignin model compound in different combinations of HBA 

and HBD, assisted by COSMO-RS, while correlating ln(𝛾𝑖
∞ ) with lignin solubility (T.1). 

Additionally, seven COSMO-RS descriptors of those HBA and HBD combinations were 

evaluated to identify possible correlations with laccase activity (T.2). The overlapping of 

these two domains enables selecting ES with potential to achieve high lignin dissolution and 

laccase activity simultaneously (the latter being used as the limiting factor). Afterwards, 

selected ES were used to determine laccase activity experimentally (P.1), from which those 

showing higher activity underwent evaluation on lignin solubility (P.2). Finally, the most 

promising ES was chosen for enzymatic depolymerization assays using the lignin model 

compound (P.3). This robust and integrated methodological approach enabled the 

evaluation of a huge number of HBA and HBD combinations in the context of lignin solubility 

and laccase activity, providing a selection of promising solvent media towards enhanced 

lignin enzymatic depolymerization. 

 

 

 

Fig. S1. Summary of the experimental procedures structured in this study. 
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Figure S2. (A) Chemical structure of lignin. (B) Chemical structure of guaiacylglycerol-β-guaiacyl 

ether (GG); (C) σ-surface of the GG. 
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Table S2. List of HBAs used in the COSMO-RS screening. 

 AMIDES  INORGANIC SALTS 57 Methyltriphenylphosphonium bromide 

1 Urea 28 Cholinium acetate 58 Methyltriphenylphosphonium bromide 
2 Acetamide 29 Sodium acetate 59 Benzyltriphenylphosphonium bromide 
3 Nicotinamide 30 Ammonium acetate 60 Methyl_trioctyl_ammonium bromide 

 AMINO ACIDS 31 Sodium propionate 61 allyltriphenyl_phosphonium bromide 

4 Threonine 32 Cholinium dihydrogen citrate 62 Guanidine hydrochloride 
5 Histidine 33 Cholinium dihydrogen phosphate 63 Benzyl(2-hydroxyethyl)dimethylammonium chloride 
6 Lysine  HALOGENATED SALTS  SUGARS 
7 Ornithine 34 Cholinium chloride 64 D-Glucose 
8 Citrulline 35 Cholinium bitartrate 65 L-Glucose 
9 Trimethylglycine 36 Ethylammonium chloride 66 Fructose 
10 Betaine 37 Acetylcholine chloride 67 Sucrose 
11 Glycine 38 Carnitine hydrochloride 68 Maltose 
12 Proline 39 Diethyl etanol ammonium chloride 69 Xylose 
13 Serine 40 Tetraethylammonium chloride  PHENOLS 
14 Alanine 41 Tetraethylammonium chloride 70 Phenol 
15 2-Aminobutyric acid 42 Tetrapropylammonium chloride 71 o-cresol 
16 Arginine 43 Tetrabutylammonium chloride  TERPENES 

 CARBOXYLIC ACIDS 44 Tetraheptyl ammonium chloride 72 Menthol 

17 Lactic acid 45 Tetraoctyl ammonium chloride 73 Thymol 
18 Malic acid 46 Methyl trioctyl ammonium chloride   
19 Citric acid 47 Triethylmethylammonium chloride   
20 Octanoic acid 48 Benzyltriethylammonium chloride   
21 Nonanoic acid 49 Benzyltrimethylammonium chloride   
22 Decanoic acid 50 Phenyltrimethylammonium chloride   
23 Dodecanoic acid 51 N-ethyl-2-hydroxy-N,N-dimethylethanaminium chloride   
24 Oxalic acid 52 2-(chlorocarbonyloxy)-N,N,N-trimethylethanaminium chloride   

 ALCOHOLS 53 Tetramethylammonium bromide   

25 Glycerol 54 Tetramethylammonium bromide   
26 1-propanol 55 Tetrapropylammonium bromide   
27 Ethylene glycol 56 Tetrabutylammonium bromide   
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Table S3. List of HBDs used in the COSMO-RS screening. 

 AMIDES 30 Furfuryl alcohol 59 Galactose 89 Mandelic acid 120 Hexadecanoic acid 

1 Urea 31 Erythritol 60 D-Glucose 90 Aspartic acid 121 Tetradecanoic acid 
2 Dimethylurea 32 Inositol 61 L-Glucose 91 Benzoic acid 122 Oleic acid 
3 N-methylurea 33 Mannitol 62 Isosorbide 92 Salicylic acid 123 Lauric acid 

4 N,N-Dimethylformamide 34 Sorbitol 63 Maltose 93 Acetylsalicylic acid  AMINO ACIDS 

5 Acetamide 35 Xylitol 64 Mannose 94 Phenylacetic acid 124 Leucine 
6 Thiourea  PHENOLS 65 Raffinose 95 p-Coumaric acid 125 Histidine 
7 Benzamide 36 2,4,6-Trimethyl phenol 66 Rhamnose 96 Gallic Acid 126 Lysine 
 ALCOHOLS 37 2-Methyl phenol 67 Sorbose 97 p-Hydroxy benzoic acid 127 Alanine 
8 1-Hexanol 38 3,4-Dimethyl phenol 68 Sucrose 98 Nicotinic acid 128 Arginine 
9 1-Octanol 39 4-Chloro phenol 69 Trehalose 99 p-Toluenesulfonic acid 129 Glycine 
10 1-Decanol 40 4-Methoxy phenol 70 Xylose 100 Phenylpropionic acid 130 Proline 
11 1-Dodecanol 41 Alfa naftol 71 D-Ribose 101 Itaconic acid 131 Serine 
12 1-Tetradecanol 42 Resorcinol 72 Fucose 102 3-Phenyl-propionic acid 132 Thereonine 
13 Hexadecanol 43 Phenol  CARBOXYLIC ACIDS 103 4-Phenyl-butyric acid 133 Betaine 
14 Cyclohexanol 44 p-Chlorophenol 73 Formic acid 104 5-Phenyl-valeric acid  NITROGENATED COMPOUNDS 
15 Glycerol 45 Guaiacol 74 Acetic acid 105 Butyric acid 134 Gulonolactone 
16 Ethylene glycol 46 p-Hydroxybenzyl alcohol 75 Aconitic acid 106 Valeric acid 135 Pyridine 

17 1,2-Propanediol 47 p-Hydroxy benzaldehyde 76 Ascorbic acid 107 Phenylacetic acid 136 Quinoline 

18 1,3-Butanediol 48 Vanillin 77 Citric acid 108 Glutaric acid 137 Pyrrole 
19 2,3_Butanediol 49 o-Cresol 78 Fumaric acid 109 Vanillic acid 138 2-Methylimidazole 
20 1,5-Pentaneiol 50 Catechol 79 Glycolic acid 110 Geranic acid  TERPENES 
21 1,6-Hexanediol 51 Hydroquinone 80 Lactic acid 111 Pyruvic acid 139 Menthol 
22 1,7-Heptanediol 52 Paracetamol 81 Levulinic acid 112 Octanoic acid 140 Thymol 
23 1,8-Octanediol 53 Aspirin 82 Maleic acid 113 Nonanoic acid 141 Camphor 
24 1,9-Nonanediol 54 Chimaphilin 83 Malic acid 114 Decanoic acid  OTHERS 
25 1,10-Decanediol 55 Dihydroquercetin 84 Malonic acid 115 Dodecanoic acid 142 Ethanolamine 

26 1,15-Pentadecanediol 56 Quercetin 85 Oxalic acid 116 Caproic acid 143 Benzyltriethylammonium chloride 

27 1,4-Butanediol  SUGARS 86 Porpionic acid 117 Glutamic acid 144 Trioctylphosphine oxide 
28 Diethylene glycol 57 Arabinose 87 Succinic acid 118 Hexanoic acid 145 Zinc chloride 
29 Triethylene glycol 58 Fructose 88 Tartaric acid 119 Ricinoleic acid 146 Ferric chloride 
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Figure S3. Experimental data (Toledo et al., 2019) of relative laccase activity (%) at 25 °C 

correlated with: (A) area; (B) volume; (C) second moment (Sig_2); (D) third moment (Sig_3); (E) 

H-bond basicity (Hb_acc3); and (F) H-bond acidity (Hb_don3) of the hydrogen bond acceptors 

(HBAs) calculated by COSMO-RS.  
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Figure S4. Experimental data  (Toledo et al., 2019) of relative laccase activity (%) at 25 °C 

correlated with: (A) area; (B) volume; (C) second moment (Sig_2); (D) third moment (Sig_3); (E) 

H-bond basicity (Hb_acc3); and (F) H-bond acidity (Hb_don3) of the hydrogen bond donors 

(HBDs) calculated by COSMO-RS. 

 

Table S4. Results of the prepared ES in this study. 
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nº HBA HBD 

Homogeneous 
liquid without 
adding water 
to the mixture 

Homogeneous 
liquid with the 
addition of 50 
% water (w/w) 

Solid 
even 
with 
addition 
of 50% 
water 
(w/w) 

Formation 
of two-
phases 
after 
addition of 
50% water 
(w/w)* 

 ES selected by COSMO-RS 

1 Urea Proline  ✔   

2 Acetamide 1,6-Hexanediol ✔    

3 Acetamide 1,4-Butanediol ✔    

4 Histidine 1,4-Butanediol   ✖  

5 Octanoic acid Resorcinol    ✖ (L/L) 

6 1-Propanol Urea  ✔   

7 1-Propanol Ethanolamine ✔    

8 Ethylene glycol Ethanolamine ✔    

9 Sodium acetate 
5-Phenylvaleric 
acid 

   ✖ (S/L) 

10 
Ammonium 
acetate 

Acetylsalicylic acid   ✖  

11 [Ch]DHC 1,6-Hexanediol  ✔   

12 [Ch]DHC Proline ✔    

13 [Ch]Cl 1-Hexadecanol    ✖ (S/L) 

14 [Ch]Cl Lauric acid    ✖ (S/L) 

15 [Ch]Cl Thymol    ✖ (L/L) 

16 [N₄₄₄₄]Br 1,5-Pentanediol  ✔   

17 [N₄₄₄₄]Br 1,4-Butanediol  ✔   

18 [N₄₄₄₄]Br Fructose  ✔   

19 [N₄₄₄₄]Br Formic acid ✔    

20 [N₄₄₄₄]Br Glutaric acid ✔    

21 Phenol Phenylacetic acid    ✖ (L/L) 

22 Thymol Maleic acid    ✖ (L/L) 

 ES selected to complement the study 

23 [Ch]DHC Erytritol  ✔   
*S/L: solid/liquid; L/L: liquid/liquid 
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Table S5. Relative laccase activity in different ES aqueous solutions (1:1) with 25 %w/w water 

content. Control: Laccase activity in phosphate buffer pH 7.0 (36 mM) was considered as 100 %. 

Eutectic solvents (1:1) Relative activity (%) 

ES selected by COSMO-RS 

Buffer solution (pH 7.0) 100.00 
[Ch]DHC:Proline 121.47±3.77 
[Ch]DHC:1,6-Hexanediol 113.48±0.91 
[N₄₄₄₄]Br:1,4-Butanediol 76.20±0.61 

[N₄₄₄₄]Br:1,5-Pentanediol 82.83±2.95 

[N₄₄₄₄]Br:Formic acid - 

[N₄₄₄₄]Br:Glutaric acid - 

[N₄₄₄₄]Br:Fructose 86.29±2.23 
Acetamide:1,4-Butanediol 109.11±0.58 
Acetamide:1,6-Hexanediol 110.80±1.63 
Urea:1-propanol 8.19±1.20 
Urea:Proline 117.86±2.14 
Ethanolamine:Ethylene glycol - 
Ethalonamine:1-propanol 0.03±0.79 

ES selected to complement the study 

[Ch]DHC:Erythritol 134.28±2.53 
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Table S6. pH and standard deviation of ES solutions with 50 %w/w water content, incubated 

samples (aqueous solutions of ES + phosphate buffer (pH 7.0)), and solution prepared to ABTS 

oxidation (incubated samples + citrate/phosphate buffer (pH 4.5) + ABTS solution). 

ES 

Aqueous 
solutions of ES 
with 50 %w/w 
water content 

Incubated 
samples 

Solution prepared 
to ABTS 
oxidation 

ES selected by COSMO-RS 

Buffer solution (pH 7.0) 6.989±0.001 6.989±0.001 4.554±0.012 
[Ch]DHC:Proline 4.021±0.007 3.793±0.005 4.319±0.004 
[Ch]DHC:1,6-Hexanediol 5.384±0.212 7.283±0.039 4.547±0.006 
[N₄₄₄₄]Br:1,4-Butanediol 4.658±0.009 7.329±0.005 4.540±0.005 
[N₄₄₄₄]Br:1,5-Pentanediol 6.676±0.005 7.328±0.005 4.555±0.009 
[N₄₄₄₄]Br:Formic acid 1.631±0.004 2.277±0.011 3.902±0.000 
[N₄₄₄₄]Br:Glutaric acid 1.571±0.027 2.767±0.011 4.528±0.005 
[N₄₄₄₄]Br:Fructose 3.500±0.012 6.991±0.007 4.110±0.005 
Acetamide:1,4-Butanediol 5.366±0.008 7.509±0.001 4.626±0.008 
Acetamide:1,6-Hexanediol 5.590±0.002 7.551±0.001 4.613±0.003 
Urea:1-Propanol 6.449±0.009 7.521±0.001 4.613±0.014 
Urea:Proline 7.365±0.001 7.212±0.003 4.637±0.003 
Ethalonamine:1-Propanol 12.670±0.002 11.748±0.002 6.592±0.026 
Ethanolamine:Ethylene 
glycol 12.525±0.010 11.842±0.015 7.393±0.001 

ES selected to complement the study 

[Ch]DHC:Erythritol 3.810±0.005 3.733±0.013 4.195±0.011 
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Table S7. Solubility of kraft lignin in ES aqueous solutions 40 °C. 

Water content (%w/w) Lignin solubility (%w/w) 

Acetamide:1,6-Hexanediol  

100 0.360±0.013 

90.05 1.153±0.014 

75.06 5.935±0.023 

60.30 40.743±0.559 

49.77 44.295±0.327 

40.02 46.457±0.523 

15.56 45.684±0.078 

6.72 42.941±0.426 

[Ch]DHC:1,6-Hexanediol  

100 0.360±0.013 

89.82 0.705±0.053 

75.13 1.741±0.000 

59.88 5.428±0.041 

49.85 8.269±0.037 

39.79 12.033±0.129 

22.35 35.778±0.079 

Urea:Proline  

100 0.360±0.012 

89.92 0.536±0.222 

75.10 0.864±0.014 

59.97 3.282±0.171 

50.22 5.467±0.145 

38.61 10.205±0.084 

14.98 21.297±0.025 

[Ch]DHC:Proline  

100 0.360±0.013 

89.56 0.258±0.050 

73.88 0.475±0.047 

58.32 0.911±0.193 

47.92 1.567±0.000 

37.74 2.177±0.014 

22.78 4.454±0.191 

[Ch]DHC:Erythitol  

100 0.351±0.012 

90.17 0.345±0.041 

74.91 0.412±0.066 

59.40 0.611±0.067 

49.59 0.787±0.031 

40.19 0.893±0.013 



S18 
 

 

36.84 1.117±0.057 
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