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Abstract 16 

Certain ionic liquids (ILs) offer a potentially more sustainable and environmentally 17 

responsible alternative to organic solvents for many industrial applications, including 18 

biorefineries, where they are used to pretreat lignocellulose. To develop a more robust 19 

understanding on the roles of cations and anions on the process, we monitored the impact of 20 

the respective ILs on Panicum virgatum (switchgrass) in terms of lignin content, cellulose 21 

crystallinity, and enzymatic digestibility. The behaviors of four ILs, based on one of two 22 

cations, 1-ethyl-3-methylimidazolium ([C2mim]
+
) and cholinium ([Ch]

+
), and one of two 23 

anions, acetate ([OAc]
-
) and lysinate ([Lys]

-
), were compared. While all four ILs were effective 24 

in pretreating switchgrass, ILs containing [Lys]
- 
anions provided greater delignification (70-80% 25 

vs. 16-50%) after addition of water as the anti-solvent and higher glucose yields (78-96% vs. 26 

56-90%) compared to those obtained by use of ILs containing [OAc]
-
 anions. Measurements of 27 

the Kamlet-Taft parameters using a series of dyes indicated a greater hydrogen bond basicity 28 

for the ILs with [Lys]
-
 anion as compared to acetate ILs. To understand the effective 29 

delignification ability of lysinate-based ILs, interaction energies of individual ions and ion 30 

pairs with a model dilignol substrate were determined by quantum chemical calculations. The 31 

results show that the addition of antisolvent significantly influenced the interaction energies 32 

governing lignin removal during the process.  33 

 34 

Keywords: Ionic Liquid Pretreatment, Biomass Pretreatment, Biofuels, Delignification, 35 

Kamlet-Taft Parameters, Quantum Chemistry  36 
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1. Background 37 

Following an initial report of cellulose dissolution in certain ionic liquids (ILs),
1
 significant 38 

research efforts have been devoted to biomass processing using these remarkable solvents. 39 

Certain imidazolium-based ILs are known to efficiently solvate many types of biomass, and 40 

allow facile recovery of cellulose upon addition of an anti-solvent such as water or alcohols.
2-10

 41 

The highest cellulose solubilities are obtained using 1-ethyl-3-methylimidazolium acetate 42 

([C2mim][OAc]), which has a minimal impact on the environment and low toxicity to animals 43 

and humans.
11

  44 

 45 

It has been shown that anions play a critical role in cellulose solubilization, and those that 46 

accept hydrogen bonds from cellulose hydroxyl protons can effectively disrupt the inter- and 47 

intra-molecular hydrogen bonding in cellulose.
12

 This phenomenon is governed by hydrogen 48 

bond basicity (β), one of the three solvent parameters quantified using the Kamlet-Taft (K-T) 49 

system, which also define a solvent’s polarity parameters in terms of hydrogen bond acidity (α) 50 

and polarizability (π*).
13

 Since the β value quantifies an IL’s ability to accept a hydrogen bond, 51 

its magnitude is primarily determined by the anion.
14

 ILs with higher β values,
15

 and more 52 

recently reported, ILs with larger differences between β and α, i.e. net basicity (β-α),
16

 tend to 53 

dissolve cellulose more efficiently. Upon precipitation with anti-solvent (such as water or 54 

alcohols), the regenerated cellulose often has reduced crystallinity and is easily enzymatically 55 

digested by cellulase. Hydrogen bond basicity not only affects an IL’s capacity to dissolve 56 

and/or swell lignocellulose,
17

 but also acts as a predictor of biomass pretreatment efficacy.
18

 57 

ILs with higher β values significantly remove lignin, reduce cellulose crystallinity, and result 58 

in higher glucose yields after enzymatic saccharification.
18

  59 

 60 

Recently, ILs containing cholinium cations and amino acid anions ([Ch][AA]), referred to as 61 

“bionic liquids”,
19

 were shown to efficiently pretreat rice straw by selectively removing lignin. 62 

The ILs are prepared from naturally occurring, renewable starting materials and are thus 63 

expected to be more biocompatible to enzymes and microbes than acetate-based ILs, and 64 

potentially less costly compared to imidazolium-based ILs. After pretreatment of rice straw at 65 
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90 ºC for 5 h, sugar yields (percentage of glucose or xylose in untreated rice straw) of 84% 66 

glucose and 42.1% xylose were achieved for [Ch][Lys]. Since cellulose is sparingly soluble in 67 

[Ch][AA], the pretreated rice straw showed increased crystallinity due to removal of 68 

amorphous hemicelluloses and lignin.
19

 The efficiency of IL pretreatment of biomass is 69 

thought to result from: 1) dissolution of cellulose and subsequent reduction of its crystallinity 70 

coupled with delignification;
7, 9

 2) selective delignification without cellulose dissolution.
10, 19, 

71 

20
  72 

 73 

Most of the work to date on IL pretreatment has been empirical in nature, and there is no 74 

well-accepted understanding of the detailed mechanism of pretreatment. In the work presented 75 

here, the chemistry of IL pretreatment is examined by use of four ILs, composed of two cations, 76 

1-ethyl-3-methylimidazolium ([C2mim]
+
) and cholinium ([Ch]

+
), in combination with two 77 

anions, acetate ([OAc]
-
) and lysinate ([Lys]

-
) (Figure 1) to pretreat biomass and then determine 78 

sugar release by enzymatic saccharification of the pretreated biomass (after removal of the 79 

residual IL by washing with DI water) using identical feedstock, pretreatment conditions, and 80 

enzyme cocktail for saccharification. The interactions of individual ions and ion pairs with a 81 

lignin model compound were determined to examine the mechanistic nature of dissolution of 82 

lignin in ILs and provide a rationale for the effects of various cations and anions. This 83 

combined approach provides additional insights into the roles of specific cations and anions in 84 

biomass pretreatment applications. 85 

 86 

2. Experimental 87 

2.1 Raw materials 88 

Switchgrass (Panicum virgatum) was kindly provided from the laboratory of Prof. Daniel 89 

Putnam at the University of California, Davis. The switchgrass studied was a combination of 90 

lowland and upland varieties, grown in Davis, California and harvested in 2011. The samples 91 

were ground using a Thomas-Wiley Mill fitted with a 20-mesh screen (Model 3383-L10 92 

Arthur H. Thomas Co., Philadelphia, PA, USA) and used without further sieving. The samples 93 

were stored at 4 °C in a sealed plastic bag for use in all experiments. Commercial enzyme 94 
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cocktails Cellic® CTec 2 and HTec 2 were generously provided by Novozymes (Davis, CA). 95 

The ILs [C2mim][OAc] (>95% purity) and cholinium acetate ([Ch][OAc]) were purchased 96 

from BASF (Ludwigshafen, Germany). Choline hydroxide (46% in H2O), L-lysine (>98%), 97 

Barium hydroxide (Ba(OH)2), 4-Nitroaninline (4NA), N,N-diethyl-4-nitroaniline (DENA), 98 

and Reichardt’s dye (RD) were purchased from Sigma-Aldrich (St. Louis, MO) and used 99 

without further purification. 1-ethyl-3-methylimidazolium hydrogen sulfate ([C2mim][HSO4]) 100 

(>98% purity) was purchased from IoLiTec Inc. (Heilbronn, Germany). Organosolv lignin was 101 

provided by Lignol Energy Corporation (Burnaby, BC, Canada). 102 

 103 

2.2 Synthesis of [C2mim][Lys] and [Ch][Lys] 104 

[Ch][Lys] and [C2mim][Lys] were synthesized according to literature precedents,
21, 22

 and a 105 

detailed procedure can be found in the supplementary information. In summary, [Ch][Lys] was 106 

prepared by adding 1 equivalent of aqueous [Ch][OH] to 1.2 equivalents of aqueous L-lysine at 107 

4 °C. After stirring for 48 h in the dark, water was removed under reduced pressure at 50-55°C. 108 

Excess lysine was removed by precipitation using a solution of acetonitrile/methanol (9:1, v/v), 109 

stirring vigorously and centrifuging. The supernatant was concentrated with a rotary 110 

evaporator and then dried in vacuum oven at 70 °C for 48 h to provide the desired product. 111 

[C2mim][Lys] was synthesized in two steps. The unstable [C2mim][OH] intermediate was 112 

prepared in situ by reacting [C2mim][HSO4] with Ba(OH)2 at 4 °C to give a BaSO4 precipitate 113 

which was removed by centrifugation. The supernatant, an aqueous solution of [C2mim][OH], 114 

was reacted with 1.2 equivalents of an aqueous solution of L-lysine to provide the desired 115 

product. The structures of the ILs were confirmed by comparison of their 
1
H NMR spectra to 116 

published data (See ESI, Figure S1-S2).
21, 22

   117 

 118 

2.3 Biomass pretreatment  119 

A 10% (w/w) biomass solution was carefully prepared by combining 2 g of switchgrass with 120 

18 g of IL in a 50 mL globe reactor (Syrris). The reactor was heated to the desired temperature 121 

and stirred at 300 rpm with a Teflon overhead stirrer. All pretreatment reactions were 122 

conducted in duplicate. Following pretreatment, 100 mL of deionized (DI) water was slowly 123 

added to the biomass/IL slurry with continued stirring. The mixture was transferred to 50 mL 124 
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Falcon tubes and centrifuged at high speed (14,000 rpm) to separate solids. Additional solids 125 

were collected from the supernatant using nylon mesh filtration (1 micron pore size), and the 126 

combined pretreated biomass was washed with an additional 100 mL of DI water to remove 127 

any residual IL. The solids were again filtered through 1 micron nylon mesh and stored at 4ºC 128 

for analysis.  129 

 130 

2.4 Lignin solubility test  131 

Organosolv lignin was used as a model compound for lignin solubility tests in all four ILs 132 

studied. A series of different lignin concentrations in the four ILs were prepared and the 133 

mixture was agitated in a thermomixer (22331 Hamburg) at 25 and 90 ºC for 2 h. The 134 

dissolution was checked under an optical microscope at 40 x.  135 

 136 

2.5 Analysis and characterization methods 137 

Moisture content of pretreated switchgrass was quantified using a moisture content analyzer 138 

(Mettler Toledo, Model HB43-S Halogen) by heating to 105 ºC and monitoring the mass until 139 

it remained constant. The dried biomass was used for compositional analysis.  140 

Compositional analysis Compositional analysis of switchgrass before and after pretreatment 141 

was performed using NREL acidolysis protocols (LAP) LAP-002 and LAP-005.
23

 Briefly, 200 142 

mg of biomass and 2 mL 72% H2SO4 were incubated at 30 °C while shaking at 300 rpm for 1 h. 143 

The solution was diluted to 4% H2SO4 with 56 mL of DI water and autoclaved for 1 h at 121 °C. 144 

The reaction was quenched by placing samples into an ice bath before removing the biomass 145 

by filtration. Carbohydrate concentrations were determined from the filtrate by Agilent HPLC 146 

1200 Series equipped with a Bio-Rad Aminex HPX-87H column and a Refractive Index 147 

detector. An aqueous solution of H2SO4 (4 mM) was used as the mobile phase (0.6 mL/min, 148 

column temperature 60 ºC). The injection volume was 20 µL with a run time of 25 min. Acid 149 

insoluble lignin was quantified gravimetrically from the solid after heating overnight at 105 °C 150 

(the weight of acid-insoluble lignin + ash) and then 575 °C for at least 6 h (the weight of ash). 151 

Enzymatic saccharification Enzymatic saccharification of pretreated and untreated 152 

biomass was carried out using commercially available enzymes, Cellic® CTec2 and HTec2 153 

from Novozymes, at 50 °C, pH 5.5, and rotation speed of 150 rpm in a rotary incubator 154 
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(Enviro-Genie, Scientific Industries, Inc.). All reactions were conducted at 10% biomass 155 

loading by placing 500 mg of biomass (dry weight) in a 25 mL centrifuge tube. The pH of the 156 

mixture was adjusted to 5.5 with 50 mM sodium citrate buffer (pH 4.8) supplemented with 157 

0.02% NaN3 to prevent microbial contamination. The total reaction volume (5 mL) included a 158 

total protein content of 20 mg protein/g glucan or 5 mg protein/g glucan as determined by 159 

compositional analysis. The ratio of CTec2:HTec2 mixtures was held constant at 9:1 for all 160 

reactions. Reactions were monitored by centrifuging 50 µL aliquots of supernatant (5 min, 161 

14,000 rpm) at specific time intervals and measuring monomeric sugar concentrations by 162 

HPLC as described previously.   163 

Crystal structure analysis The pretreated biomass was dried and characterized with powder 164 

X-ray diffraction (PXRD). The data were collected with a PANalytical Empyrean X-ray 165 

diffractometer equipped with a PIXcel
3D

 detector and operated at 45 kV and 40 kA using Cu 166 

Kα radiation (λ= 1.5418 Å). The patterns were collected in the 2θ range of 5 to 55° with a step 167 

size of 0.026°, and an exposure time of 300 seconds. A reflection-transmission spinner was 168 

used as a sample holder and the spinning rate was set at 8 rpm throughout the experiment. The 169 

crystallinity index (CrI) was determined from the crystalline and amorphous peak areas by a 170 

curve fitting procedure of the measured diffraction patterns using the software package 171 

HighScore Plus
®
 according to Eq. 1:  172 

      
     

           
        (1) 173 

 174 

Kamlet-Taft (K-T) parameters measurement K-T parameters were determined according to 175 

previous reports.
18

 The three dyes: 4NA, DENA, and RD solutions were prepared in ethanol to 176 

a concentration of 1 mg/mL. 2 µL of 4NA, 2 µL of DENA and 20 µL of RD were pipetted into 177 

three separate vials and the ethanol was evaporated under a stream of dry nitrogen. Dye 178 

concentrations of 12 mM, 8 mM, and 28 mM respectively, were obtained by adding 1.25 mL of 179 

the appropriate ILs to each vial and mixing on a shaker at 300 RPM under RT for 30 min. The 180 

absorbance spectra at 30, 50, 70, 90, and 110 ºC of each IL/dye solution was measured from 181 

350 to 700 nm using a UV-Vis dual beam spectrophotometer equipped with temperature 182 

controller (TMSPC-8, Shimadzu Corporation). K–T parameters for higher temperatures were 183 
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estimated by extrapolation of the linear fit of the parameter values obtained experimentally 184 

between 30 and 110 ºC. 185 

 186 

2.6 Computational methods 187 

The geometries of the two cations, [C2mim]
+
 and [Ch]

+
, and the two anions, [OAc]

-
 and [Lys]

-
, 188 

and of the lignin dimer model compound of two are rings connected by a -O-4  linker (Figure 189 

1) were optimized using density functional theory (DFT) with the M06-2X hybrid 190 

exchange-correlation functional and the 6-311++G(d, p) basis set. Frequency calculations 191 

were carried out to verify that the computed structures corresponded to energy minima. 192 

Various initial geometries of the four ILs, [C2mim][OAc], [C2mim][Lys], [Ch][OAc], and 193 

[Ch][Lys], were modeled with individual cations and anions optimized as described above. A 194 

conformational optimization for the dilignol model compound was performed by relaxed 195 

potential energy scanning through the dihedral angles of the -O-4 linkage connecting the two 196 

arene rings at the lower level M06-2X/3-21G (d, p), and the resulting minimum energy 197 

geometry was reoptimized at the higher level M06-2X/6-311++G(d, p) basis set. Many of the 198 

complexes (10-20) of anions and cations interacting with dilignol were constructed based on 199 

the prior chemical knowledge of placing ions to the donor and acceptor atoms (see Figure S4 200 

for the electrostatic potentials map) of a dilignol and optimized at M06-2X/3-21G (d, p) basis 201 

set. Five low-energy conformations from each ion/ion pair-dilignol complex were further 202 

optimized at the higher-level M06-2X/6-31+G (d, p) basis set. The most stable complexes of 203 

IL cation and anion with dilignol were used to calculate interaction energies (IEs) at the 204 

M06-2X/6-311++G(d, p) level using the supermolecule approach,
24

 205 

                             

(2)
 

206 

where EComplex  refer to the energies of cation and anion pair (for IL), anion or cation with 207 

dilignol (ion + dilignol), anion and cation with dilignol (ion pair + dilignol) complexes, 208 

respectively and Ei refer to the energies of the monomers. The results were corrected for basis 209 

set superposition error (BSSE) following the procedure adopted by Boys and Bernardi.
24

 All 210 

quantum chemical calculations were performed using the Gaussian 09 suite of programs.
25

 211 

 212 
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3. Results and discussions 213 

3.1 Solid recovery and composition changes  214 

Pretreatment conditions for [Ch][Lys] were optimized at 90 ºC for 5 h since this severity 215 

allowed maximum sugar recovery with minimum energy requirement in terms of heating 216 

temperature and time.
19

 Reports using [C2mim][OAc] to pretreat biomass have typically used 217 

temperatures between 120-160 ºC and time intervals of 1-3 h to achieve high sugar yields.
26

 In 218 

the present study we chose two pretreatment conditions to get a fair comparison of the four ILs: 219 

90 ºC for 5 h and 140 ºC for 1 h. The effective glass transition temperature (Tg) of lignin was 220 

reported to be ~150 ºC and pretreatment of lignocellulosic biomass above this temperature has 221 

typically resulted in fast biomass solubilization and high delignification efficiency.
27

 By 222 

choosing pretreatment temperatures significantly lower than, and close to, the Tg of lignin we 223 

wished to determine whether this temperature is crucial for IL pretreatment efficiency and/or it 224 

is possible to efficiently pretreat biomass at temperature below 100 ºC. In this paper, we refer 225 

to higher temperature pretreatment as the conditions of 140 ºC and 1 h and lower temperature 226 

pretreatment as the conditions of 90 ºC
 
and 5 h. [Some IL decomposition is expected under 227 

higher temperature pretreatment condition, lower temperature is recommended especially for 228 

choline or amino acid based ILs] 229 

 230 

Table 1 shows compositional analysis before and after pretreatment with the four ILs studied. 231 

Solid recovery refers to the mass percentage of biomass (dry weight) recovered from the 232 

original biomass load. After washing, between 51-92% of the biomass was recovered. 233 

Generally, pretreatment under higher temperature condition resulted in less solid recovery (90 234 

ºC
 
/5 h = 58-92% vs. 140 ºC

 
/1 h = 51-71%). Three of the major plant cell wall components of 235 

switchgrass, glucan, xylan, and acid insoluble lignin, were monitored before and after 236 

pretreatment. Untreated switchgrass contained 37.5% glucan, 21.9% xylan and 18.9% acid 237 

insoluble lignin. After pretreatment by the four ILs, the glucan loading generally increased and 238 

higher temperature resulted in higher glucan contents in pretreated biomass. The exception 239 

was found in [C2mim][Lys] pretreated biomass, whereby the glucan contents were similar 240 
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under both conditions (65% vs. 63%). Xylan contents for pretreated biomass were similar to 241 

those of the original biomass, occurring within a range of 17-24%. Lignin content of pretreated 242 

material generally decreased as compared to the original biomass. This trend was most 243 

apparent after pretreatment with [C2mim][Lys] and [Ch][Lys] where lignin content was 244 

reduced by 74% (Untreated: 18.9% vs. pretreated: 5%). The removal or recovery of major 245 

components (X) was calculated based on: 246 

              
           

         
       (3) 247 

               
           

         
       (4) 248 

where Wpre is the mass of pretreated switchgrass, WSG is the mass of untreated switchgrass, Cpre, 249 

x is the composition of X (glucan, xylan or lignin) in pretreated switchgrass and CSG, x is the 250 

composition of X in untreated switchgrass. Because of the different solid recovery, the 251 

compositional changes do not always reflect the actual component recovery. For [C2mim][Lys] 252 

and [Ch][OAc], more glucan was removed with increased temperature and decreased 253 

pretreatment time, while glucan removal by the other ILs was not observed to be dependent on 254 

temperature. Xylan removal was more sensitive to temperature as significantly more xylan was 255 

removed at the higher temperature pretreatment, especially for [C2mim][OAc] (90 ºC /5 h: 1% 256 

vs. 140 ºC/1 h: 32%) and [Ch][OAc] (90 ºC/5 h: 2% vs. 140 ºC/1 h: 37%). Higher temperature 257 

IL pretreatment facilitated lignin removal (lignin removal at 90 ºC: 17-80% vs. at 140 ºC: 258 

49-87%). These results are consistent with a previous report, where it was found that [Ch][Lys] 259 

can extract 60.4% lignin from rice straw after pretreatment at 90 ºC for 24 h. With increased 260 

temperatures (130 ºC), up to 71.4% lignin was extracted by [Ch][Lys].
19

 Using only DI water 261 

as a washing solvent, we observed higher delignification as compared to washing with 0.1 262 

mol/L NaOH, as previously reported.
19

 Impressively, pretreatment in [C2mim][Lys] at 90 ºC 263 

and 140 ºC resulted in 80% and 87% lignin removal, respectively. To our knowledge, this is the 264 

highest delignification ever reported using ILs as pretreatment solvents.  265 

 266 

Lignin solubility of the four ILs was determined using organosolv lignin; this type of lignin is 267 

sulfur free, contains only trace amounts of carbohydrates, and is thought to retain a similar core 268 
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polymeric structure as that of milled wood lignin.
28

 The data for these experiments is shown in 269 

Table 2. For all compounds, it was clear that lignin solubility increased with temperature. At 25 270 

ºC, the mixtures were quite viscous, making mass transfer difficult, but at 90 ºC the mixtures 271 

were significantly less viscous. The order of lignin solubility is: [C2mim][Lys] > 272 

[C2mim][OAc] > [Ch][Lys] > [Ch][OAc], which was inconsistent with the order of biomass 273 

delignification ([C2mim][Lys] ≥ [Ch][Lys] > [Ch][OAc] ≈ [C2mim][OAc]). ILs with 274 

imidazolium cations displayed higher organosolv lignin solubility as compared to ILs with 275 

ammonium cations. When holding the cation constant, ILs with [Lys]
-
 dissolved more lignin 276 

than those with [OAc]
-
. The majority of studies that address lignin solubility are limited to ILs 277 

with imidazolium based cations,
29

 and π-π stacking interactions between imidazolium cations 278 

and phenyl groups found in lignin have been described.
11, 30

 The anion is believed to catalyze 279 

or attack the β-О-4 linkages, thereby reducing the molecular weight of lignin.
31

 In this 2  2 IL 280 

system, corroborated with our computational results, both electrostatics and π-π stacking 281 

interactions seemed to be the dominant non-covalent interactions contributing to the 282 

dissolution of organosolv lignin. It is interesting that lignin removal from switchgrass is 283 

improved 4.2-fold at 90 ºC and 1.7-fold at 140 ºC by using [Ch][Lys] as compared to 284 

[C2mim][OAc] (Table 1). The fact that [C2mim][Lys] and [Ch][Lys] are the best ILs in terms of 285 

lignin removal highlights the critical role of the anion. Since covalent linkages between lignin 286 

and hemicellulose in switchgrass often contain esters and hemiacetals, (i.e. ferulate/coumarate 287 

glycosides and 4-OMe glucuranoxylan), it is possible that either amide bonds or hemiaminals 288 

are being formed from the primary amine of [Lys]
-
 via Kochetkov-type reactions (Figure S3). 289 

Either of these reactions could also account for the large amount of xylan removal by the [Lys]
-
 290 

containing ILs as compared to the [OAc]
-
 ILs. This disparity is most apparent at 90 ºC (Table 1), 291 

and both amide formation and Kochetkov-type reactions are known to occur under mild 292 

conditions.
32

  293 

 294 

3.2 Enzymatic hydrolysis after pretreatment 295 

To compare enzyme kinetics and cellulose digestibility, enzymatic hydrolysis of untreated and 296 

pretreated switchgrass was carried out using commercial enzyme cocktails, Novozymes 297 
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Cellic® CTec2 and HTec2. For each sample, enzyme loadings were normalized to glucan 298 

content as determined by acidolysis. Pretreated switchgrass was used without drying, and solid 299 

loading (as 10% dry weight in the hydrolysis slurry) was calculated based on moisture content 300 

determined for each sample. Glucan and xylan yields after 72 h are plotted in Figure 2. After IL 301 

pretreatment, significantly faster saccharification rates and higher sugar yields were achieved. 302 

At higher temperatures, all glucose yields were above 90% with final glucose concentrations 303 

reaching 65 g/L. Most glucan to glucose conversion was complete after 48 h of enzymatic 304 

hydrolysis. Pretreatment at lower temperature resulted in glucan digestibility in the following 305 

the order: [C2mim][Lys] > [Ch][Lys] ≈ [C2mim][OAc] > [Ch][OAc]. Thus, both cations and 306 

anions play critical roles in the biomass pretreatment mechanism. With regard to glucose 307 

conversion, ILs with [Lys]
-
 were more efficient than ILs with [OAc]

-
. When the anion was held 308 

constant, ILs containing [C2mim]
+
 were superior to those with [Ch]

+
. Xylose conversion was 309 

similar to glucose conversion, with over 90% theoretical yield attained after pretreatment at 310 

140 ºC for 1 h. With pretreatment conditions at 90 ºC xylan digestibility follows the order: 311 

[Ch][Lys] ≥ [C2mim][Lys] > [Ch][OAc] ≥ [C2mim][OAc]. Although the [Lys]
-
 was still 312 

superior than [OAc]
-
 for xylose conversion, the [Ch]

+
 is slightly more effective than [C2mim]

+
 313 

(Figure 3a). 314 

 315 

In the literature, enzyme hydrolysis yields are often reported without considering glucan loss 316 

during pretreatment. Glucose and other sugars can be recovered using liquid-liquid extraction 317 

processes and must be accounted for in order to accurately report overall sugar yields for the 318 

entire conversion process
33

 As shown in Table 3, the overall hydrolysis yields are calculated 319 

using the glucan recovery during the pretreatment (Eq. 3). Higher temperature pretreatment 320 

results in higher overall glucose yield, except with [C2mim][Lys]. At the lower temperature 321 

pretreatment condition, both [C2mim][Lys] and [Ch][Lys] outperformed [C2mim][OAc] with 322 

regards to glucose yield. [C2mim][Lys] gives lower xylose yield due to the poor xylan recovery 323 

after pretreatment. Lower enzyme loading (5 mg protein/g glucan) was also applied on the 324 

pretreated substrates generated, and the results are shown in Figure 4. Although the trends are 325 

similar to the results at the higher loading (20 mg protein/ g glucan; Figure 2-3, Table 3), the 326 
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glucose yields decreased significantly indicating the active sites of the pretreated substrate was 327 

not saturated with enzyme.  328 

3.3 Kamlet-Taft parameters of the four ILs 329 

All three K-T parameters are determined spectrophotometrically using a series of dyes as 330 

described in the experimental section. β values are considered to be a good predictor of IL 331 

pretreatment efficacy because the anion attracts hydroxyl protons of cellulose, disrupting the 332 

crystal lattice.
18

 Pretreatment in ILs with [OAc]
-
 (β >1.0) results in significant lignin removal 333 

(>32%), reduced cellulose crystallinity, and > 65% glucose yields after 12 h of cellulase 334 

hydrolysis.
18

 ILs with lower β values (β ≤ 0.6) removes only 19% lignin, do not decrease 335 

cellulose crystallinity, nor improve sugar yields as compared to untreated biomass.
18

 K-T 336 

parameters from the four ILs used in this study are given in Table 4, and Figure 5 shows 337 

temperature dependence of their β and π* values. Since [Ch][OAc] has a high melting point (ca. 338 

85 ºC), its parameters could not be determined at temperatures lower than 85 ºC. We also found 339 

that K–T parameters for [Ch][OAc] could not be determined at temperatures ≥ 100 ºC due to 340 

disappearance of the absorption peak. As expected, ILs with the same anion showed similar β 341 

values, and ILs containing [Lys]
-
 displayed higher β values and lower π* values as compared to 342 

ILs containing [OAc]
-
. In all ILs tested, β values increased with increasing temperature. In a 343 

plot of K–T parameters vs. 1000/temperature (Figure 5), the slope of [OAc]
-
 containing ILs is 344 

steeper, indicating that β values from these ILs increase faster with increasing temperatures. At 345 

140 ºC, the β value (obtained by extrapolation) of [C2mim][OAc] is closer to the two [Lys]
-
 ILs. 346 

This is consistent with the hydrolysis data for the four ILs where glucose yields are similar 347 

after pretreatment at higher temperatures. Figure 7b shows the correlation between glucose 348 

yield and β values; a general trend clearly shows that biomass pretreated with ILs with higher β 349 

values yields greater glucose after enzymatic hydrolysis.  350 

 351 

3.4 Powder X-ray diffraction (PXRD)  352 

PXRD was used to determine the proportions of crystalline and non-crystalline (i.e. 353 

amorphous cellulose, hemicelluloses and lignin) components found in the switchgrass sample, 354 
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and to monitor the structural changes in these polymers that occur during IL pretreatment. 355 

Commercial Avicel was used as a cellulose standard to validate the results.  The XRD patterns 356 

are plotted in Figure 6 with CrI values noted on each spectrum. After pretreatment at 90 ºC for 357 

5 h, all pretreated switchgrass showed diffraction patterns characteristic of the cellulose I 358 

polymorph. All the samples are semi-amorphous with different degrees of crystallinity (Figure 359 

6a). Switchgrass pretreated with [C2mim][OAc] has the lowest CrI value (22%) due to the 360 

partial swelling of the cellulose matrix. Switchgrass pretreated with the other three ILs has 361 

increased CrI values compared to raw switchgrass ([Ch][OAc]: 39% < [Ch][Lys]: 45% < 362 

[C2mim][Lys]: 47%). During the pretreatment process, there are two competing factors that 363 

determine the crystallinity of the recovered solids: 1) decrystallization by swelling and 364 

dissolution of the crystalline cellulose portion, and 2) increase in CrI by reducing amorphous 365 

cellulose, lignin and hemicelluloses. The increased CrI values indicate that amorphous 366 

components removal is the dominant mechanism governing pretreatment with [Ch][OAc], 367 

[Ch][Lys] and [C2mim][Lys]. These data are consistent with the compositional analysis (Table 368 

1) showing the highest lignin and hemicelluloses removal after pretreatment with 369 

[C2mim][Lys].  370 

 371 

After pretreatment at 140 ºC for 1 h, only [C2mim][OAc] pretreated switchgrass displayed a 372 

cellulose II crystal structure, different from the starting material (cellulose I). Pretreatment 373 

with [C2mim][OAc] at 140 ºC caused disappearance of the broad peak at ca. 15-16º, 374 

representing a combination of the 101 and 10ī planes of cellulose I. The material is highly 375 

amorphous with a broad peak around 21°, which is assigned to the 002 cellulose II lattice 376 

plane.
34

 This indicates that [C2mim][OAc] has disrupted the crystal structure of cellulose 377 

during the higher temperature pretreatment. [Ch][OAc] pretreated switchgrass showed a 378 

decreased CrI value indicating some swelling/solvation of cellulose crystalline matrix. 379 

Pretreated switchgrass with [C2mim][Lys] and [Ch][Lys] retains the highly crystalline 380 

cellulose I structure suggesting that the removal of amorphous components still dominates the 381 

process even at higher temperature pretreatment conditions.  382 
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To further understand cellulose structural changes during pretreatment, Avicel was pretreated 383 

using the same conditions as those used for switchgrass (Figure 6 left). After pretreating Avicel 384 

in [C2mim][OAc] or [C2mim][Lys] at 90 and 140 ºC the products display X-ray diffraction 385 

patterns indicative of cellulose II with characteristic diffraction peaks at ~ 12.1°, 20.0°, and 386 

21.7°.
35

 CrI of pretreated Avicel decreased dramatically after pretreatment with [C2mim][OAc] 387 

or [C2mim][Lys] (Avicel: 75%, Treated Avicel with [C2mim][OAc]: 24% or 25%; Treated 388 

Avicel with [C2mim][Lys]: 35% or 31%). These results indicate that both [C2mim][OAc] and 389 

[C2mim][Lys] solubilize cellulose. Conversely, the crystalline structure of [Ch][Lys] and 390 

[Ch][OAc] pretreated Avicel remained the same as untreated Avicel (i.e. cellulose I) with 391 

slightly decreased CrI (Avicel: 75%, Treated Avicel with [Ch][Lys]: 66%, 67%; Treated Avicel 392 

with [Ch][OAc]: 51%, 42%). Interference by amorphous polymers such as lignin and 393 

hemicellulose could have shifted the (002) peak of switchgrass slightly to the left as compared 394 

to that of Avicel. After pretreatment with [Ch][Lys] the (002) peak re-aligned with the (002) 395 

peak in Avicel, giving additional evidence to support significant removal of amorphous cell 396 

wall components by this IL.  397 

 398 

As shown in Figure 7, the high sugar yields are generally obtained from high delignification 399 

due to pretreatment with ILs with large β values (Figure 7a,b). Contrary to literature reports,
18

 400 

we found no correlation of β values with glucan digestibility and substrate crystallinity (Figure 401 

7b,c), indicating that it is still not clearly understood how anions and cations interact with 402 

cellulose or lignin. Therefore, we performed a theoretical study on the interaction of both 403 

cations and anions with lignin model compounds to further probe the mechanism of the high 404 

lignin removal by lysinate-based ILs. 405 

 406 

3.5 Theoretical aspects of IL-Lignin interactions 407 

Experimental and theoretical studies have been used to probe interactions between cellulose 408 

and ILs.
12, 36

 Most recently, we reported conformational changes of the cellulose Iβ structure 409 

when dissolved in [C2mim][OAc].
37

 Molecular dynamics (MD) simulations showed strong 410 
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interactions between [OAc]
-
 anions and the hydroxyl groups of cellulose. Detailed quantum 411 

mechanical (QM) studies combined with experimental data were used to characterize the 412 

interaction of the cellulose subunit (1,4)-dimethoxy-β-D-glucose with [C2mim][OAc].
38

 Wang 413 

and coworkers have investigated the interaction of lignol with 1-allyl-3-methylimidazolium 414 

chloride ([Amim][Cl]).
39

 It was observed that strong hydrogen bonding interactions between 415 

[Amim][Cl] and lignin hydroxyl groups were responsible for disrupting the internal network 416 

within the lignin, leading to its dissolution.
39, 40

 Using dispersion-corrected density functional 417 

theory (DFT), Janesko reported significant π-stacking and hydrogen bonding interactions exist 418 

between an imidazolium cation / monolignol complex.
41

 The degree of lignin removal is 419 

presumably proportional to the strength of the interactions between the cation and anion with 420 

lignin relative to the strength of interactions among cations and anions with each other, and/or 421 

with antisolvent. To evaluate this notion, we performed detailed quantum mechanical (QM) 422 

calculations to partition these various energy contributions for the four ILs studied to generate 423 

a more robust understanding of how they interact with a model biaryl compound. 424 

   425 

Interaction between ions or ion pairs and lignin model compound: Dissecting the 426 

influence of the anion and cation on lignin dissolution remains a challenge, one that requires a 427 

comparative study of ILs interacting with lignin. We evaluated these effects by performing QM 428 

calculations of the four ILs interacting with a model dilignol compound of two arene rings 429 

connected by a -O-4 linker (Figure 8). [C2mim]
+
 and [Ch]

+
 were attracted to the 430 

electronegative regions of the dilignol model compound (Figure S5). A similar trend, albeit at a 431 

different locality on the dilignol, was observed when [OAc]
- 
and [Lys]

- 
preferred to interact 432 

with electropositive regions surrounding the dilignol. From the calculated IEs, it was also 433 

found that anions interact with dilignol more strongly than cations, and the IE of [OAc]
-
 is 434 

higher than that of [Lys]
-
. In the case of cation-dilignol interactions, our calculations show a 435 

higher IE for [Ch]
+
 than

 
for [C2mim]

+
, which is most probably due to larger electrostatics and 436 

higher hydrogen bonding energies. A previous theoretical study of model monolignol with 437 

[C2mim]
+
 indicated that π-stacking and hydrogen bonding interactions dominated the 438 

interaction 
41

. However, our calculations demonstrate that [C2mim]
+ 

interactions with a more 439 
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biologically relevant dilignol, containing hydroxyl groups in the linkage, are governed by 440 

strong electrostatic and hydrogen bonding interactions.
39

 441 

We further quantified these interactions by evaluating the IEs of the ILs with dilignol. The 442 

molecular structures of all four IL ion pair-dilignol complexes as obtained from 443 

M06-2X/6-31+G (d, p) calculations along with their calculated BSSE corrected IEs at higher 444 

levels are shown in Figure 8. It was found that the IE strength followed the order [Ch][OAc] > 445 

[C2mim][OAc] > [Ch][Lys] > [C2mim][Lys]. As expected, the trend is consistent with the 446 

calculated IEs for individual ions interacting with dilignol. Surprisingly, experimental results 447 

for lignin solubility were found to be opposite of those determined computationally.  In general, 448 

it appears there are tradeoffs between the degree to which the cation and anion interact with 449 

each other and the strength of interaction between the anion and cation with lignin. In the case 450 

of the four ILs studies here (IEs given in Supporting Information Figure S6), the top 451 

performing IL, [C2mim][Lys], has the weakest self-interactions, freeing both [Lys]
-
 and 452 

[C2mim]
+
 to solvate lignin, albeit less strongly than [OAc]

-
 and [Ch]

+
. The IL least able to 453 

solubilize lignin, [Ch][OAc], has the greatest self-interaction energy, suggesting it is too 454 

strongly coupled to effectively free its ions to interact with lignin.  455 

 456 

Interaction energy in solvent phase: The dielectric environment may also influence bulk 457 

properties of IL solubility of lignin and changes upon addition of anti-solvent (water). The 458 

anti-solvent plays an important role in lignin removal since the lignin/IL solution is diluted 459 

significantly with water after pretreatment. In order to further probe the delignification trend 460 

observed between experiments and modeling results of ILs with dilignol, we investigated the 461 

effect of water solvation on IL-dilignol complexes mimicking the last experimental step in the 462 

pretreatment process. We employed an implicit solvation model (SMD is a solute density 463 

based model) at the M06-2X/6-311++G(d, p) level of theory. Table 6 summarizes the 464 

calculated BSSE corrected IEs in the solvent phase (water) using geometries optimized from 465 

gas phase models of the four IL-dilignol complexes. As shown in Table 6, the IEs of the four 466 

IL-dilignol complexes follow the order [Ch][Lys] > [C2mim][Lys] > [Ch][OAc] > [C2mim] 467 

[OAc]. Earlier studies have shown that hydrogen bonding interactions between lignin and ILs 468 
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were weakened or even destroyed by the addition of water.
39

 Accordingly, the IEs calculated 469 

from our solvent phase calculations are also much lower for ILs and dilignol complexes. 470 

Interestingly, [Lys]
-
 containing ILs have marginally more binding affinity with dilignol than 471 

[OAc]
- 
based ILs in the aqueous phase, and this affinity reflects that these ILs enable more 472 

lignin removal. These results are in agreement with the experimental results obtained.  473 

 474 

Conclusions 475 

ILs combining benchmark and biogenic cations and anions were evaluated as pretreatment 476 

solvents using two different pretreatment conditions (90 
o
C/5 h and 140 

o
C/1 h). ILs containing 477 

the lysinate anion outperformed acetate-containing ILs, in terms of glucose yield and 478 

delignification under both conditions. Specifically, [C2mim][Lys] removed up to 87% of the 479 

lignin found in switchgrass, showing great potential for industrial processes requiring biomass 480 

delignification and/or lignin conversion. Kamlet-Taft parameters showed significantly higher 481 

β values for [Lys]
-
 containing ILs as compared to [OAc]

-
 containing ILs. Though previous 482 

reports show that high β values are associated with both biomass dissolution and decreased CrI 483 

of pretreated biomass, our system showed that higher β values are only associated with higher 484 

lignin removal and greater sugar yields.  485 

 486 

Non-covalent interactions between individual ions/ion pairs and our model dilignol compound 487 

suggested that the antisolvent significantly influenced the interaction energies governing lignin 488 

removal. The preferential interaction affinity of [Lys]
-
 in solvent phase explains the higher 489 

delignification by these ILs compared to [OAc]
-
 based ILs. To understand and optimize 490 

performance mechanisms of task specific ILs, a process model should consider factors ranging 491 

from solvent polarity properties, polymer solubility (i.e. lignin/cellulose/hemicellulose), as 492 

well as pretreatment severities. We have established a linkage between IL pretreatment 493 

efficiency, the experimentally determined Kamlet-Taft parameters, and computationally 494 

predicted interaction energies. This predictive capability and the insights it provides will assist 495 

in developing subsequent novel combinations of anions and cations for biomass pretreatment.  496 
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Table 1. Compositional analysis after IL pretreatment 504 

 505 

 506 

Pretreatment   
Composition of pretreated biomass 

(%)   Removal after pretreatment (%) 

ILs T/t Solid recovery (%)   Glucan Xylan Lignin   Glucan Xylan  Lignin 

-    37.5 ±1.5 21.9±2.0 18.9±1.3     

[C2mim][OAc] 90/5 92.3±5.7  38.0±3.2 23.5±3.3 17.1±1.2  6.5±2.3 1.0±2.5 16.5±0.9 

[C2mim][Lys] 90/5 58.2±0.2  65.2±1.3 18.9±0.6 6.4±0.4  -1.2±2.8 49.8±1.4 80.3±1.4 

[Ch][Lys] 90/5 70.7±4.9  49.2±0.9 21.7±0.2 8.2±0.6  7.2±2.4 29.9±4.1 69.3±0.01 

[Ch][OAc] 90/5 87.2±4.4  40.2±2.4 24.7±2.8 18.0±1.3  6.5±2.4 1.7±0.7 17.0±1.8 

[C2mim][OAc] 140/1 70.5±0.3  50.0±1.0 21.2±1.1 13.7±0.2  6.0±1.3 31.8±3.6 48.9±0.8 

[C2mim][Lys] 140/1 50.8±0.3  63.2±0.1 17.2±1.0 5.0±0.9  14.4±0.6 60.1±2.5 86.6±3.3 

[Ch][Lys] 140/1 56.6±0.7  65.6±3.6 23.9±0.1 5.0±0.1  6.0±2.3 38.2±0.5 85.1±0.1 

[Ch][OAc] 140/1 66.7±0.3   49.8±1.8 20.8±2.8 14.1±1.0   11.4±2.8 36.7±1.2 50.2±4.1 

 507 
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Table 2.  Lignin solubility in different ILs at 25 
o
C and 90 

o
C 508 

 509 

ILs 25 
o
C  90 

o
C  

 %* g/L %* g/L 

[C2mim][OAc] 5 55 15 165 

 [C2mim][Lys] 15 165 22 242 

[Ch][Lys] < 3 < 33 10 110 

[Ch][OAc] N/A
‡
 N/A

‡
 5 55 

*gram of lignin / gram of IL  100% 510 

‡
: The solubility of lignin could not be determined since [Ch][OAc] is solid at RT. 511 

 512 

 513 

Table 3.  Overall glucose yield after enzymatic saccharification  514 

 515 

ILs T/t 

Glucan Recovery (%)   Xylan Recovery (%) 

Glucan 

rec.
a
 

Glc 

yield
b
  

Overall 

glc yield
c
 

  Xylan rec.
a
 

Xyl 

yield
b
 

Overall 

xyl yield
c
 

[C2mim][OAc] 90/5 93.5 77.5 72.5  99.0 56.2 55.6 

 140/1 94.0 95.8 90.1  68.2 93.3 63.6 

[C2mim][Lys] 90/5 100.0 91.3 91.3  50.2 76.4 38.4 

 140/1 85.6 96.4 82.5  39.9 95.9 38.3 

[Ch][Lys] 90/5 92.8 83.9 77.9  70.1 95.0 66.6 

 140/1 99.0 96.5 95.5  61.8 95.7 59.1 

[Ch][OAc] 90/5 93.5 60.0 56.1  98.3 58.2 57.2 

  140/1 88.6 93.5 82.8  63.3 95.0 60.1 

a. Glucan recovery/xylan recovery is percentage of recovered glucan/xylan after 516 

pretreatment (calculate based on glucan/xylan present in untreated switchgrass, Eq 3); 517 

b. Glucose yield/xylose yield is glucose/xylose yield after enzymatic saccharification 518 

(calculate based on glucan/xylan present in pretreated switchgrass); 519 

c. Overall glucose/xylose yield represents the overall sugar yield considering the whole 520 

process (both pretreatment and enzymatic saccharificaton) 521 

 522 

  523 
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Table 4.  Kamlet-Taft parameters of the ILs 524 

 525 

ILs π α β 

  30 
o
C 90 

o
C 30 

o
C 90 

o
C 30 

o
C 90 

o
C 

[C2mim][OAc] 1.04 0.91 0.47 0.51 1.14 1.23 

[C2mim][Lys] 0.64 0.60 N/D* N/D 1.28 1.29 

[Ch][Lys] 0.67 0.64 N/D* N/D* 1.30 1.31 

[Ch][OAc] N/A
‡
 0.76 N/A

‡
 0.68 N/A 1.22 

*: α value of [C2mim][Lys] and [Ch][Lys] could not be determined since no peak was observed 526 

with Reichardt’s dye 527 
‡
: The parameters of [Ch][OAc] at 30 

o
C could not be determined since the melting point of 528 

[Ch][OAc] is 85 
o
C. 529 

 530 

 531 

Table 5. Calculated Interaction Energies (IEs in kcal/mol) of dilignol - ILs complexes  532 

 533 

ILs IE in implicit water with 

dilignol 

[C2mim][OAc] 9.32 

[Ch][OAc] 12.18 

[C2mim][Lys] 13.52 

[Ch][Lys] 14.58 

 534 

 535 

 536 

 537 

 538 

 539 

 540 
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 541 

 542 

 543 

 544 

Figure 1. Ionic liquids used in this study and the dilignol used for quantum chemical 545 

calculations.  [Ch][Lys] (1), [Ch][OAc] (2), [C2mim][Lys] (3), [C2mim][OAc] (4), and dilignol 546 

model compound (5). 547 

 548 

  549 
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Figure 2. Glucan digestibility of the pretreated switchgrass with two different pretreatment 550 

conditions (enzyme loading: 20 mg protein /g glucan). Left: 90 ºC/5 h, right: 140 ºC/1 h. 551 

 552 

 553 

 554 

  

Figure 3. Xylan digestibility of the pretreated switchgrass with different pretreatment 555 

conditions (enzyme loading: 20 mg protein /g glucan). Left: 90 ºC/5 h, right: 140 ºC/1 h. 556 

. 557 

 558 

  559 

90 ºC/5 h 140 ºC/1 h 

90 ºC/5 h 140 ºC/1 h 
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 560 

 561 

Figure 4. Glucose and xylose yields of the pretreated biomass after 72 h enzymatic 562 

saccharification (enzyme loading: 5 mg protein /g glucan). The numbers on the x axis represent 563 

different ILs:  1,  [C2mim][OAc]; 2, [C2mim][Lys]; 3, [Ch][Lys]; 4, [Ch][OAc], SG: 564 

switchgrass.  565 

 566 
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 568 

 569 

Figure 5. K-T parameter of the ILs at different temperatures 570 
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 572 

   573 

  574 

Figure 6.  X-ray diffraction patterns and CrI (%) value (noted on the right side of each 575 

spectrum) of pretreated Avicel (left) and biomass (right) with different pretreatment conditions: 576 

a) 90 ºC for 5 h; b) 140 ºC for 1 h. 577 
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 580 

  

 
 

 581 

Figure 7.  Correlation between the major factors during the process: overall glucose yield vs. 582 

lignin removal (a), overall glucose yield vs. β value (b), overall glucose yield vs. CrI (c), CrI vs. 583 

β value (d, square), and lignin removal vs. β value (d triangle).  584 
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Figure 8.  Optimized geometries of dilignol with four IL complexes. Interaction energy (IE) is 588 

reported in kcal/mol. 589 
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Understanding specific combinations of cations and anions of ionic 
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