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Abstract 17 

Biomass pretreatment with certain ionic liquids (IL) can be highly effective at generating a 18 

substrate that can be easily saccharified into fermentable sugars with high yields.  In order to 19 

improve overall process economics, using mixtures of these ILs with water is more favored over 20 

the use of anhydrous IL; however, the solvent property of IL-water mixtures and correlations 21 

between cellulose digestibility, cellulose solvation and lignin depolymerization during IL-water 22 

pretreatment of lignocellulosic biomass are not well understood.  We investigated pretreatment 23 

of switchgrass with mixtures of 1-ethyl-3-methylimidazolium acetate, [C2mim][OAc], and water 24 

at 160 ○C. Results indicate that the chemical composition and crystallinity of the pretreated 25 

biomass, and the corresponding lignin dissolution and depolymerization, were dependent on 26 

[C2mim][OAc] concentration that correlated strongly with cellulose digestibility. In addition, the 27 

hydrogen bond basicity of the [C2mim][OAc]-water mixtures was found to be a good indicator 28 

for cellulose dissolution, lignin depolymerization, and sugar yields. Molecular dynamics 29 

simulations provided molecular level explanations on cellulose Iβ dissolution at different 30 

[C2mim][OAc]-water loading.  The knowledge gained from this study provides better 31 

understanding into the duality of water as a co-solvent/anti-solvent in dissolving cellulose and 32 

serves a design basis for the targeted design of IL-water mixtures that are effective at biomass 33 

pretreatment. 34 

Keywords: pretreatment, aqueous ionic liquid, XRD, 13C CP/MAS NMR, molecular dynamics  35 

  36 
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1. Introduction 37 

Liberating fermentable sugars from lignocellulosic biomass economically opens avenues for 38 

commercial scale production of biofuels and chemicals. However, the recalcitrance of biomass to 39 

enzymatic degradation poses a barrier to economical biochemical conversion technologies, thus 40 

several physical and/or chemical pretreatment processes have been implemented to disrupt the 41 

recalcitrant lignocellulosic complex and improve enzymatic digestibility 1, 2. As an emerging 42 

technology, pretreatment using certain ionic liquids (ILs), such as 1-ethyl-3-methylimidazolium 43 

acetate ([C2mim][OAc]), shows superior performance compared to several other pretreatment 44 

technologies in terms of dramatically reducing biomass recalcitrance and enhancing enzymatic 45 

hydrolysis to fermentable sugars 3-5. The main challenges facing IL pretreatment are the cost of 46 

ILs and system complexity associated with IL recycle, biomass solute separation and 47 

downstream processing 6, 7.  48 

Relying on the recent development of a thermophilic and IL-tolerant biomass-deconstructing 49 

enzyme cocktail, called JTherm 8, 9, we have developed a one-pot wash-free pretreatment and 50 

saccharification process that enables high sugar yields being achieved in the presence of 10-20% 51 

[C2mim][OAc] IL remaining after pretreatment 5. More recent studies have shown that lower IL 52 

concentrations (10-50% w/v) in water may also be effective in pretreating biomass, potentially 53 

reducing the amount of washing required prior to enzymatic saccharification 10-12. Furthermore, 54 

using IL-water mixtures as pretreatment agents could reduce viscosity, eliminate gel formation 55 

during pretreatment and reduce the energy inputs and costs associated with IL recycle, 56 

facilitating scale-up and downstream processing.  57 
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To date, there are relatively few papers on the interactions between cellulose and IL-water 58 

mixtures during cellulose regeneration after pretreatment 13, 14. Water has been considered as the 59 

driving force for separating cellulose from IL upon the addition of water as an anti-solvent 13 and 60 

addition of up to 21 wt% water to [C2mim]Cl-cellulose solution initiates cellulose precipitation 15. 61 

It is also reported that the addition of water leads to the perturbation of cellulose---[OAc]- 62 

hydrogen-bonds (H-bonds) and the cellulose-cellulose interaction is enhanced at elevated 63 

temperatures 16. Recently, Huo et al. examined the role of ILs, DMSO, water and mixed solvent 64 

systems on solvation or regeneration of Iβ cellulose crystal 17. Water, itself, as a pretreatment 65 

medium, can extract native hemicelluloses; at elevated temperature acetic acid is quickly 66 

liberated, further increasing hemicellulose yields, a well documented “auto-hydrolysis” 67 

phenomena reported in literature 2. Hydrogen-bond basicity of the solvent system provides a 68 

direct indication of IL pretreatment efficacy, producing greater lignin/xylan removal, reduced 69 

cellulose crystallinity and improved enzymatic digestibility 18, 19. 70 

Previous studies have demonstrated that comparable sugar yields can be achieved at reduced IL 71 

loading (<50%) in water at elevated temperatures.  However, at higher temperature during IL-72 

water pretreatment, the interplay of water as pretreatment medium (co-solvent) and as anti-73 

solvent has not been comprehensively explored.  In this study, we further define the role of water 74 

during ionic liquid-water pretreatment of lignocellulose as either a co-solvent or anti-solvent. We 75 

conducted pretreatment of microcrystalline cellulose (Avicel) and switchgrass with 0, 20, 50, 80, 76 

and 100 wt% 1-ethyl-3-methylimidazolium acetate, [C2mim][OAc], with corresponding amounts 77 

of water, at 160 ○C for 3h. The chemical composition, crystallinity and cellulose accessibility of 78 

pretreated biomass were monitored at different IL loadings and correlated to cellulose 79 

digestibility. Furthermore, Kamlet-Taft (K-T) parameters were used to predict cellulose 80 
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dissolution and lignin depolymerization and correlated to sugar yields. Molecular dynamics 81 

simulations of an atomistic model of cellulose Iβ dissolution at different [C2mim][OAc]:water 82 

loading at set temperatures were used to simulate the experimental conditions studied.  This 83 

combination of experimental and computational study provides new insight into the role of water 84 

during [C2mim][OAc] pretreatment and provides base for the development of a more cost-85 

effective route for the production of fermentable sugars from lignocellulose.  86 

2. Results and discussion 87 

2.1 Compositional changes  88 

Chemical composition, solid recovery, and component removal of switchgrass before and after 89 

pretreatment with ionic liquid-water mixtures are summarized in Table 1.  Pretreatment with 100% 90 

IL removed the greatest amount of biomass fractions (resulted in the lowest solid recovery of 91 

49.3%), while reducing [C2mim][OAc] loading led to higher solid recovery, with 20:80 92 

[C2mim][OAc]:H2O mixture and water-only pretreatments recovering >59% of the biomass.  93 

Solids pretreated with 100% [C2mim][OAc] had the highest glucan content while the water-only 94 

has the least.  In general, all pretreated solids retained ~90% of the initial glucan content.  In 95 

contrast, large amount of xylan was removed during pretreatment; with solids pretreated with 96 

100% [C2mim][OAc] contains the lowest xylan contents in accordance to the greatest xylan 97 

removal of 78.8%. Water-only pretreatment also removed large amount of xylan, due to the 98 

“auto-hydrolysis” effects caused by the release of acetic acid during pretreatment, a phenomenon 99 

well documented in literature 2.  Interestingly, pretreatment with 20-50% [C2mim][OAc] was less 100 

effective on xylan removal compared with pretreatments at either higher [C2mim][OAc] 101 

concentration or water only. We speculate that in this range the [C2mim][OAc] provided a 102 
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buffering capacity to the pH decrease associated with the release of acetic acid during 103 

pretreatment 20, and thus reduced the extent of xylan solubilization from “auto-hydrolysis” 104 

effects, as indicated by the nearly neutral pH of the biomass liquor generated (Table 1). 105 

ILs based on imidazolium cations, such as 1-allyl-3-methylimidazolium chloride ([C1mim] Cl), 106 

1-n-butyl-3-methylimidazolium chloride ([C4mim]Cl), and [C2mim][OAc], possess an excellent 107 

capacity for dissolving cellulose partially owing to the high hydrogen-bond basicity of these ILs 108 

7.  Furthermore, associated with cellulose dissolution, many studies have shown simultaneous 109 

removal of xylan and lignin owing to the interruption of hydrogen bonding within cellulose, 110 

hemicelluloses and lignin 4, 7. It has been demonstrated that [C2mim][OAc] can effectively 111 

breakdown of G- and S-lignin during IL pretreatment dependent on both pretreatment conditions 112 

and the type of biomass feedstocks 21, 22.  Results show less lignin removal during pretreatment 113 

with 20% [C2mim][OAc] mixture compared with that of 100% [C2mim][OAc]. Water-only 114 

pretreatment removed 11.5% (the least) of lignin.  Pretreatment with 50-80% [C2mim][OAc] can 115 

remove more than 50% of the lignin from raw switchgrass, only slightly less than that of 100% 116 

[C2mim][OAc]. 117 

2.2 Changes of cellulose crystallinity 118 

The proportions of crystalline/amorphous cellulose and the disordered components (i.e. 119 

amorphous cellulose, hemicelluloses and lignin) found in pretreated switchgrass samples were 120 

determined by pXRD and expressed as crystallinity index (CrI). Except for switchgrass 121 

pretreated with 100% [C2mim][OAc] (showing transition to cellulose II), all the samples 122 

pretreated with IL-water mixtures or water-only are semi-amorphous and retain primarily 123 

cellulose I structure with different degrees of CrI (Figure 1a). Switchgrass pretreated with 100% 124 
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[C2mim][OAc] has the lowest CrI value (16%) compared with the CrI of 0.36 of untreated 125 

switchgrass, due to the partial swelling of the cellulose matrix by [C2mim][OAc].  Switchgrass 126 

pretreated with water-only has increased CrI value of 0.39 compared to raw switchgrass, an 127 

effect attributed to the removal of amorphous lignin and hemicelluloses.  While for solids after 128 

[C2mim][OAc]-water pretreatment, the CrI decreases as the ratio of [C2mim][OAc] increases in 129 

solution.  The mechanism behind the CrI changes during [C2mim][OAc]-water pretreatment 130 

process may be determined by two competing factors: 1) swelling and dissolution of the 131 

cellulose portion (a decrease of CrI); 2) removal of the amorphous lignin and hemicelluloses (an 132 

increase of CrI). The increase in CrI values after water-only pretreatment indicates that lignin 133 

and hemicellulose removal is the dominating mechanism, an observation consistent with the 134 

compositional analysis (Table 1). Nevertheless, decrease in CrI after pretreatment with 50-80% 135 

[C2mim][OAc] mixture indicates that swelling and dissolution of the cellulose (reduction in CrI) 136 

outplays the removal of amorphous components (increase in CrI). The CrI of solids resulted from 137 

pretreatment with 20% [C2mim][OAc] remains unchanged, likely representing a balance in the 138 

two driving factors: both dissolution of the cellulose and removal of amorphous xylan and lignin 139 

(Table 1). 140 

To further understand cellulose structural changes during pretreatment with [C2mim][OAc]-141 

water mixtures, Avicel was pretreated at the same conditions and the XRD spectra were plotted 142 

in Figure 1b. After pretreating Avicel in 100% [C2mim][OAc],  cellulose I has been completely 143 

transformed to cellulose II as displayed in XRD patterns of the characteristic diffraction peaks at 144 

~ 12.1°, 20.0°, and 21.7° 23, 24. In contrast, the crystalline structure of Avicel pretreated with 145 

water-only remained the same as untreated Avicel (i.e. cellulose I and amorphous). However, the 146 

crystalline structures of Avicel pretreated with IL-water mixtures showed partial features of both 147 
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cellulose I/amorphous and cellulose II. It is also seen that a clear trend of decrease in CrI follow 148 

the ratio of IL in the water solution.  These results indicate that although [C2mim][OAc] is 149 

capable of dissolving or swelling cellulose, the presence of water, as anti-solvent, conversely, 150 

decrease the effectiveness of cellulose dissolution and retards the transformation of cellulose I to 151 

amorphous/cellulose II.   152 

2.3 Solvent properties of [C2mim][OAc]-water mixtures   153 

Certain solvent properties, such as solvatochromic properties, describe solute-substrate hydrogen 154 

bonding interactions. The Kamlet-Taft system bins these properties into three separate terms: 155 

polarizability (π*), hydrogen bond donator capacity (α) and hydrogen bond acceptor capacity (β) 156 

25. Although the Kamlet-Taft procedure was initially designed for measuring solvent properties 157 

of a single solvent, it has been applied to describing the average or bulk solvent properties of 158 

binary and ternary solvent mixtures 11, 26. The solvent properties of the [C2mim][OAc]-water 159 

mixtures studied are summarized in Table 2. We found that π* decreased as water content 160 

increased. Similar behavior was observed for β; these values have been considered to be a good 161 

predictor of IL pretreatment efficacy with higher β (>1.0) values correlated to: 1) greater 162 

lignin/xylan removal; 2) reduced cellulose crystallinity and 3) improved enzymatic digestibility.  163 

Doherty et al. 27 have proposed that ILs with higher β values form strong attractions between 164 

anions and the hydroxyl protons of cellulose, leading to disruption of  the crystal lattice. In 165 

addition, Sun and co-workers (2014) established links between computationally predicted 166 

interaction energies and the experimentally determined Kamlet-Taft parameters and showed a 167 

positive correlation between glucose yield and β values 19. Results from this study suggest that 168 

the same rules may apply to pretreatment with IL-water mixtures, with positive linear 169 

correlations observed between β values and lignin removal and initial glucose yield (Figure 4).  170 
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As reported previously, the β value is primarily determined by the anion 28-30 and ILs with higher 171 

β values 31, and more recently ILs with larger differences between β and α, net basicity (β-α) 32, 33, 172 

tend to dissolve cellulose more efficiently.  Our results suggest that although the β values 173 

decreased for IL-water mixtures as a function of water content, it can be used to predict the 174 

pretreatment efficiency and define an effective range of concentrations to conduct pretreatment 175 

2.4 Lignin dissolution and depolymerization 176 

The differences seen in lignin removal and CrI patterns in the previous sections merited further 177 

investigation into the impacts of IL-water mixtures on lignin dissolution and depolymerization.  178 

Lignin dissolution caused by the cleavage of specific inter-unit lignin linkages and lignin 179 

carbohydrate cross-links has been widely investigated on water-only pretreatment 34-36. The 180 

mechanism of lignin depolymerization during [C2mim][OAc] pretreatment was recently 181 

examined 22, 37, 38 and preferential lignin dissolution was often observed due to the chemical 182 

nature of lignin according to building blocks and the inter-unit linkages 38. In order to monitor 183 

the lignin molecular weight distribution as a function of pretreatment using different 184 

[C2mim][OAc]-water content, size exclusion chromatography (SEC) were performed on lignin 185 

solublized in aqueous [C2mim][OAc] and remained in pretreated solids (Figure S1).  Excluded 186 

(AExcluded) and retained (ARetained) regions are defined using the retention time of 13.4 min (u = 187 

∼46k by polystyrene calibration). Decreases in the ratios of the relative area (AExcluded/Retained 188 

(AE/R)) of the mass peak of larger molecular mass lignin products (t < 13.4 min) to smaller 189 

molecular mass lignin products (t > 13.4 min) for lignin fraction compared to that of enzymatic 190 

mild acidolysis lignin (EMAL), are a broad gauge for depolymerization. The AE/R were reported 191 

in Table 3 as an indicator of the relative molecule weight distribution of solublized lignin in 192 

aqueous [C2mim][OAc] or lignin that remained in the solid stream. EMAL of untreated 193 
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switchgrass samples showed a strong signal in the excluded region (t < 13.4 min) with an AE/R of 194 

2.43, suggesting that EMAL of untreated switchgrass consisted mainly of large molecular weight 195 

materials. As for the lignins solublized in IL-water during pretreatment, a distinct signal in the 196 

retained region (t > 13.4 min) was observed with reduced AE/R in a range of 0.46 to 0.92 for 197 

different [C2mim][OAc]-water mixtures compared to that of EMAL.  The lower AE/R in 198 

solublized lignin indicates that lignin was solublized and depolymerized in the liquid stream 199 

during pretreatment 5, 39. Interestingly, the AE/R for the lignin solublized in 100% [C2mim][OAc] 200 

or water-only was lower than that solublized in 20-80% [C2mim][OAc], indicating possible 201 

different lignin dissolution or depolymerization mechanisms.  202 

The lignin residues in all pretreated solids showed higher AE/R (greater than 1) compared with the 203 

soluble lignin (less than 1). Furthermore, compared to EMAL of untreated switchgrass, residual 204 

lignin in pretreated solids exhibited lower AE/R, indicating that the pretreated switchgrass 205 

contained smaller molecular weight material than the EMAL, supporting small molecular weight 206 

lignin materials observed in the liquid streams. It is possible that either branches or end-units 207 

have been removed from the recalcitrant lignin “backbone”, reducing its molecular mass but not 208 

allowing it to fully solubilize, a phenomenon reported previously 39. Moreover, AE/R of residual 209 

solids after 100% IL pretreatment was much smaller than that of residual solids pretreated by 210 

[C2mim][OAc]-water mixtures, suggesting that adding water negatively influence the 211 

effectiveness of delignification and lignin depolymerization 19.  212 

2.5 Cellulose accessibility and substrate characteristics  213 

We used solid-state 13C CP/MAS NMR in conjugation with FTIR spectra to evaluate the 214 

cellulose accessibility and substrate characteristics of [C2mim][OAc]-water pretreated 215 
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switchgrass. The NMR spectrum reveals 13C chemical shifts of cellulose carbons (Figure 2a), 216 

including C1 (105 ppm), C4 (79–92 ppm), C2/C3/C5 (70–80 ppm), and C6 (60–69 ppm) with 217 

the C4 and C6 resonance region commonly used for determining cellulose crystallinity 40-42. The 218 

NMR spectrum of raw switchgrass showed strong signals at 89 and 65 ppm and broad signals at 219 

83 and 63 ppm, indicating that raw switchgrass contains both crystalline and amorphous 220 

fractions, which is in agreement with that previously reported 43. It is evident that the crystalline 221 

peaks decreased and the amorphous peaks increased in C4 and C6 regions for switchgrass 222 

samples treated by 100% [C2mim][OAc], indicating that highly ordered hydrogen-bonding 223 

networks in switchgrass was disrupted by [C2mim][OAc]. We also observed a gradual transition 224 

of crystalline and amorphous peaks of switchgrass pretreated with 0-100% [C2mim][OAc], 225 

suggesting the gradual decreases of solvation power of [C2mim][OAc]-water mixtures from high 226 

to low [C2mim][OAc] concentrations.  Comparison of FTIR spectra of [C2mim][OAc]-water 227 

pretreated switchgrass shows differences in band intensities at 900 cm-1 (C-H deformation in 228 

cellulose), 1056 cm-1 (C-O stretching in cellulose and hemicelluloses), 1098 cm-1 (C-O vibration 229 

of crystalline cellulose), 1329 cm-1  (syringyl and guaiacyl condensed lignin), and 1510 cm-1  230 

(Aromatic skeletal of lignin) cm-1 4. Figure 2b shows that the band intensities at 1056 and 1098 231 

cm-1 decrease from raw switchgrass to 100% [C2mim][OAc] pretreated switchgrass, implying 232 

that highly ordered hydrogen bonds in raw switchgrass were disrupted through cellulose 233 

dissolution and regeneration 43. The 50-80% [C2mim][OAc]-water pretreated sample showed 234 

more significant decreases in the band intensities at 1098, and 1056 cm-1 than raw SG, 235 

suggesting that highly ordered hydrogen bonds in crystalline cellulose of switchgrass were 236 

disrupted after the pretreatment. 237 
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2.6 Enzymatic digestibility  238 

As expected, pretreatment with 100% IL led to very high cellulose digestibility when pretreated 239 

solids were subjected to enzymatic hydrolysis, at both low and high enzyme loadings (Figure 3). 240 

It is also noticed that the glucose yield curve enters plateau after 24h, a result matching previous 241 

reports on the nearly complete saccharification within 24 h 44. The fast hydrolysis kinetics is due 242 

to the regeneration of easily digestible type II/amorphous cellulose when cellulose is treated with 243 

ionic liquid 4,24.  Interestingly, 85-90% glucose yields were achieved for pretreatment with 50-80% 244 

[C2mim][OAc] at 20mg enzyme/g biomass. However, much lower glucose yields were seen for 245 

pretreatment with water-only or 20% [C2mim][OAc]. Notably, fast sugar releases in the first 24h 246 

were also observed for solid pretreated with 50-80% [C2mim][OAc] as compared with that of 247 

water-only pretreatment, indicating that these solids were readily saccharified.  Results from 248 

study were in general agreement with previous reports using [C2mim][OAc] and water as 249 

pretreatment media 10, 45. However, higher than 85% glucose yield, within 24 hr, can only be 250 

achieved using 60-90% [C4mim][MeSO4] or [C4mim][HSO4] in water 11, indicating that the 251 

pretreatment efficiency is also dependent on the selection of ILs as well as the presence of water.   252 

Associated with the compositional changes, it is inferred that the initial glucose yields (average % 253 

per hour glucose release in the first two hours) were positively correlated to lignin removal 254 

(Figure 4a). However, it seems that only at >50% lignin removal the initial glucose yields can be 255 

significantly increased, an observation that matches the high overall glucose yield and fast 256 

saccharification kinetics seen for pretreatment with 100% [C2mim][OAc] or 50-80% 257 

[C2mim][OAc] mixtures.  Furthermore, there is a positive linear correlation between the initial 258 

glucose yields and β values, indicating that β values could be used to predict the pretreatment 259 

efficiency for [C2mim][OAc]-water mixture (Figure 4b). No strong correlations were seen 260 
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between xylan removal/CrI and the initial glucose yields (Figure 4c&d), probably due to the very 261 

different mechanisms behind water-only pretreatment and pretreatment with 100% 262 

[C2mim][OAc] or [C2mim][OAc]-water mixtures.  Although cellulose with a high amorphous 263 

content are usually more easily digested by enzymes, it is clear that CrI is not a reliable sole 264 

indicator of digestibility, especially for lignocellulosic biomass, based on studies published in the 265 

literature 42, 46. Cellulose digestibility can be affected by crystallinity, but is also affected by 266 

several other parameters, such as lignin/hemicellulose contents and distribution, porosity, and 267 

particle size 2, 46.  268 

2.7 Molecular dynamics simulation of cellulose dissolution in IL-Water mixture 269 

Experimental and theoretical studies have been carried out to understand the interactions 270 

between cellulose and ILs 13, 47. Cellulose chains form stronger interaction with the IL than with 271 

water. For instance, acetate anion forms strong hydrogen bonding interactions with the hydroxyl 272 

groups of cellulose and some of the cations were found to be in close contact with the cellulose 273 

through hydrophobic interactions 13. In this work, classical MD simulation has been performed to 274 

gain an atomistic level understanding on the dissolution of cellulose model matrices composed of 275 

cellulose Iβ in different [C2mim][OAc] and water concentrations (Figure S2). The results of inter-276 

chain and total H-bonds in the cellulose matrix during the course of simulation (Figure 5) show 277 

that the reduction in the number of H-bond is directly proportional to the concentration of 278 

[C2mim][OAc] which is in accordance with the earlier reports 13. It is interesting to note that the 279 

trend in the decrease of total H-bonds is similar to the inter-chain H-bonds. However, the close 280 

scrutiny of the plot of inter-chain H-bonds with time shows that there are no appreciable changes 281 

in the number of H-bonds observed in the case of simulation in 100%, 80%, and 50% 282 

[C2mim][OAc].  The above results reveal that the dissolution of cellulose bundle into individual 283 
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cellulose chains in both 50% and 80% [C2mim][OAc] in water is comparable to that of 100% 284 

[C2mim][OAc]. Our results are in agreement with previous simulation on cellulose-IL 285 

dissolution, in which ILs influencing intermolecular and intramolecular interactions of cellulose 286 

13 and also, complementary to the experimental trend reported here for different concentration of 287 

[C2mim][OAc]-water mixture. It is well known that degree of polymerization (DP) influences 288 

the solvation. In the case of cellulose with DP < 6 are quite soluble in water and water solubility 289 

of cellulose decreases as the chain-length increases.43 These results indicate that the dissolution 290 

of cellulose with DP= 6 occurs in accordance with concomitant solvation properties. However, 291 

the results may quantitatively vary with the higher DP.    292 

Another important focus of our study is elucidating the role of water in cellulose dissolution of 293 

[C2mim][OAc]. We carried out an additional analysis (Figure 6) of dissecting water interactions 294 

with anions, cations, and cellulose from different [C2mim][OAc]-water mixtures. The water 295 

interaction with ions is typically one of the rate-limiting steps preceding regeneration of cellulose 296 

32, 48. This additional analysis has ramifications on the role of water interaction and its 297 

relationship to overall solvation efficiency in various [C2mim][OAc]-water concentrations. We 298 

found that interaction energies of water with cellulose chains were increased gradually with the 299 

increase in the concentration of water, but interestingly, it enhanced interactions with [OAc] and 300 

[C2mim] ions on 50% of water concentration. Results indicate that as IL-water mixtures less than 301 

50% of water with [C2mim][OAc] support dissolution of the cellulose model system simulated in 302 

this work, whereas water concentrations higher than 50% enhances interactions of water 303 

molecules with ions but weakens cellulose-[C2mim][OAc] interactions. As illustrated in Fig. 6 304 

on hydrogen bonding interactions with anion/cellulose, at lower concentration, water acts as (co-305 

)solvent which help to facilitate the disintegration of strong ionic anion-cation association of 306 
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[C2mim][OAc]. Moreover, taking into the consideration that water molecules strongly solvate 307 

the ions above 50% concentration, it conceivable that above that concentration breaking 308 

cellulose-[C2mim][OAc] interactions for the most part saturating hydrogen bonding interactions 309 

of anions. Our simulation predicts that a reduction in the effective IL dissolution of cellulose 310 

coupled with an increase in the water concentration by increasing water molecule interactions 311 

with the anions and cations as well as cellulose (a schematic of the proposed IL-Water 312 

dissolution mechanism of cellulose Fig. S2). The present results thus suggest a synergistic 313 

solution on the limit of minimum/maximum [C2mim][OAc]:water loading to improve the 314 

cellulose dissolving capability of ILs.  315 

3. Conclusions 316 

Our results showed that pretreatment with 50-80% [C2mim][OAc] aqueous mixtures at 160 ○C 317 

can match the performance of 100%  [C2mim][OAc] in terms of glucose yield.  The ratio of 318 

[C2mim][OAc] in water plays a critical role in cellulose solubilization, lignin and xylan removal, 319 

crystallinity, and cellulose accessibility, and in combination greatly affect the enzymatic 320 

digestibility. The hydrogen bond basicity (β value) representing the ability of disrupting the 321 

inter- and intra-molecular hydrogen bonding in cellulose, hemicellulose and lignin, correlates 322 

well with cellulose crystallinity, lignin removal and serves as a good indicator of pretreatment 323 

efficacy for [C2mim][OAc]-water mixtures. Molecular dynamics simulations provided molecular 324 

level explanations on cellulose Iβ dissolution at different [C2mim][OAc]-water loadings at set 325 

temperatures which shows that IL-water mixtures can be efficiently used for the solubilization of  326 

cellulose microfibrils into individual chains. Our findings provide new insights into the interplay 327 

of water as a co- and anti-solvent, respectively, below and above 50% [C2mim][OAc] 328 

concentration in the chosen model systems for the dissolution of cellulose.  On considering the 329 
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importance of dissolution of cellulose bundle into individual chains for the efficient enzymatic 330 

hydrolysis of polysaccharides and taking into account of the cost of using IL, it is feasible to 331 

employ [C2mim][OAc] in the range of 50-80% in water to achieve an efficient dissolution of 332 

cellulose in an economically viable process. 333 

4. Experimental 334 

4.1 Materials 335 

Switchgrass (Panicum virgatum) was provided by Dr. Daniel Putnam, University of California at 336 

Davis. Switchgrass was ground by a Wiley Mill through a 2 mm screen and separated by a 337 

vibratory sieve system (Endecotts, Ponte Vedra, FL). The switchgrass fractions falling between 338 

20 and 80 mesh were collected for use in this study. The moisture content of switchgrass was 339 

measured as 6.7%. Avicel PH101 (Lot No. 1344705, Sigma-Aldrich, St. Louis, MO), is a 340 

microcrystalline cellulose (MCC) containing more than 97% cellulose and less than 0.16% water 341 

soluble materials. 1-ethyl-3-methylimidazolium acetate, abbreviated hereafter as [C2mim][OAc], 342 

was purchased from BASF (Basionics™ BC-01, BASF, Florham Park, NJ) and used as the IL 343 

for all pretreatments. The water content of [C2mim][OAc] was measured as 0.7% using a titrator 344 

(870 KF Titrino plus, Metrohm USA Inc., Riverview, FL) and was counted to the final water 345 

concentration in [C2mim][OAc]-water mixtures. Commercial enzyme products, cellulase 346 

(Cellic® CTec2, Batch#VCN10007) and hemicellulase (Cellic® HTec2, Batch#VHN00002) 347 

were gifts from Novozymes, North America (Franklinton, NC). 348 

4.2 Pretreatment with IL:water mixtures 349 

IL-water mixtures were prepared by mixing [C2mim][OAc] with DI water at different ratios to 350 

give five levels (0, 20, 50, 80, 100 wt%, equivalent to 0, 0.024, 0.096, 0.297, and 1 mole fraction, 351 
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respectively) of IL in water. Two grams of switchgrass (dry basis) were mixed with 18 grams of 352 

[C2mim][OAc]-water solution to give a 10 wt% biomass loading in tubular reactors made of 1 353 

inch diameter × 4 inch length stainless steel (SS316) tubes.  The tubes were then sealed with 354 

stainless steel caps.  All pretreatments were run in triplicate in tubular reactors that were heated 355 

to reaction temperature using fluidized sand bath with temperature set circa 2 °C higher than the 356 

pretreatment temperature to hold the reaction at the target temperature as measured by a 357 

thermocouple. The heat up time was ~8-10 min and is not included in the stated reaction times. 358 

After pretreatment, the reactors were quenched by quickly transferring them to a room 359 

temperature water bath until the temperature dropped to 30°C (the cooling time was around 1-2 360 

min and was not included in the stated reaction time).  361 

To separate solids from liquid after pretreatment, the pretreated biomass was transferred to a 50 362 

ml centrifuge tube and 20 ml hot water was added to the samples as anti-solvent for cellulose 363 

regeneration and for recovering any solublized biomass. The mixture of [C2mim][OAc], water, 364 

and pretreated biomass was centrifuged to separate the solids and liquid phases. The liquid phase, 365 

namely pretreatment liquid, was collected and store at 4°C for sugar analysis. The solid fraction 366 

was washed four times with 45 ml of hot water to remove any excess [C2mim][OAc]. An aliquot 367 

of recovered solid was lyophilized in a FreeZone Freeze Dry System (Labconco, Kansas City, 368 

MO) and used for composition and X-ray diffraction (XRD) analysis.  369 

4.3 X-ray powder diffraction measurements  370 

XRD data were collected with a PANalytical Empyrean X-ray diffractometer equipped with a 371 

PIXcel3D detector and operated at 45 kV and 40 kA using Cu Kα radiation (λ= 1.5418 Å).  The 372 

patterns were collected in the 2θ range of 5 to 55°, the step size was 0.026°, with an exposure 373 
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time of 600 seconds. A reflection-transmission spinner was used as a sample holder and the 374 

spinning rate was set at 8 rpm throughout the experiment. The crystallinity index (CrI) was 375 

determined from the crystalline and amorphous peak areas by a curve fitting procedure of the 376 

measured diffraction patterns using the software package HighScore Plus®.  Since the XRD peak 377 

height method is unsuitable for determining the CrI values of cellulose II or cellulose I/II 378 

mixtures, we used the crystalline area method previously described eslewhere, using crystalline 379 

cellulose I (Avicel), cellulose II (prepared previously in our laboratory 24) and amorphous 380 

(Lignin) as representative samples 42. The CrI values reported in this study reflect the ratio of the 381 

areas of the crystalline fractions (with the amorphous component subtracted) to the total area of 382 

the measured XRD patterns.   383 

4.4 Solid-state 
13

C CP/MAS NMR and FTIR  384 

The cross-polarization magic-angle spinning (CP/MAS) 13C-NMR spectra of all samples were 385 

obtained on a Bruker II Avance-300 spectrometer operating at the resonance frequencies of 386 

300.12MHz for 1H, and 75.47MHz for 13C, using a Bruker 4.0mm MAS NMR probe spinning 387 

at 6 kHz. Cross-polarization for 1ms mixing time was achieved at 50 kHz rf-field at the 1H 388 

channel and linearly ramping the 13C rf-field over a 25% range centered at 38 kHz. Total 389 

accumulation time was 8 min (2048 transient signals) by using 63 kHz of two-pulse phase 390 

modulated proton decoupling technique 49. All spectra were collected at room temperature with 391 

polyethylene as an internal standard. According to the NMR amorphous subtraction method, 392 

amorphous contribution was separated from the original spectrum prior to deconvolution of 393 

signals in the C4 resonance region, where xylan was an amorphous standard 41.    394 

Page 18 of 41Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



19 
 

4.5 Enzymatic hydrolysis  395 

Enzymatic saccharification of pretreated and untreated biomass samples were run in duplicates 396 

by following NREL LAP 9 “Enzymatic Saccharification of Lignocellulosic Biomass” at NREL 397 

standard conditions (50 °C, 0.05 M citrate buffer, pH 4.8) 50. Citrate buffer (final molarity 50 398 

mM), sodium azide (antimicrobial, final concentration of 0.01 g/L), enzymes, and DI water were 399 

mixed with pretreated solids to achieve a final solids loading of around 5% (equivalent to 2.5 % 400 

(w/w) glucan concentration). CTec2 and HTec2, were used at enzyme loadings of 5 and 20mg 401 

CTec2 protein/g pretreated biomass supplemented with HTec2 at loadings of 0.07 and 0.26 mg 402 

enzyme protein/g glucan, respectively. The supernatant collected during 72 h of hydrolysis was 403 

analyzed with HPLC for the monosaccharide as described in the analytical method section below. 404 

Enzymatic digestibility was defined as the glucose yield based on the maximum potential 405 

glucose from glucan in biomass.  406 

4.6 Analytical methods 407 

The saccharification hydrolyzate was separated by centrifugation at 14,000×g for 10 min 408 

followed by syringe filtration. The amount of cellobiose, glucose, xylose, and arabinose released 409 

in the hydrolyzate was measured by Agilent 1100 series HPLC equipped with a Biorad Aminex 410 

HPX-87H ion exchange column and refractive index detector, using 4 mM H2SO4 as mobile 411 

phase at a flow rate of 0.6 ml min-1 and a column temperature of 60°C.  Furthermore, for 412 

oligomers determination, an aliquant of pretreatment hydrolysate was mixed with an equal 413 

volume aliquant of 72% H2SO4, incubated at 30°C for 1h, diluted to 4% sulfuric acid 414 

concentration with DI water and autoclaved at 121°C for 1 hour (post-hydrolysis) according to 415 

NREL LAP “Determination of Sugars, Byproducts, and Degradation Products in Liquid Fraction 416 
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Process Samples” 51.  Differences between the amount of sugars following post-hydrolysis and 417 

the monomer content before post-hydrolysis were defined as the oligomeric sugar content. 418 

4.7 Characterization of lignin in liquid and residual solids 419 

To understand changes of lignin molecular weight distribution during the consolidated IL 420 

pretreatment and saccharification, size exclusion chromatography (SEC) were performed on the 421 

lignin in both liquid stream and residual solids after consolidated IL pretreatment and 422 

saccharification for 72 h. An Agilent 1200 series binary LC system (G1312B) equipped with DA 423 

(G1315D) detector was used. Separation was achieved with a Mixed-D column (5 µm particle 424 

size, 300 mm x 7.5 mm i.d., linear molecular weight range of 200 to 400,000 u, Polymer 425 

Laboratories, Amherst, MA) at 80°C using a mobile phase of NMP at a flow rate of 0.5 ml per 426 

min. Elution profile of materials eluting from the column was monitored by UV absorbance at 427 

290 nm (UV-A290). Intensities were area normalized and molecular weight were determined after 428 

calibration of the system with polystyrene standards 39. Enzymatic mild acidolysis lignin (EMAL) 429 

process was used to extract lignin from switchgrass and used as a control 52.   430 

4.8 Kamlet-Taft (K-T) parameters measurement 431 

Parameters derived from the Kamlet–Taft procedure, namely K-T parameters, provides a 432 

quantitative measurement of solvent polarizability (π*), hydrogen bond donator capacity (α) and 433 

hydrogen bond acceptor capacity (β). K-T parameters were determined spectrophotometrically 434 

using a series of dyes according to previous reports 18, 27. The three dyes: 4NA, DENA, and RD 435 

solutions were prepared in ethanol to a concentration of 1 mg/mL. 2 µL of 4NA, 2 µL of DENA 436 

and 20 µL of RD were pipetted into three separate vials and the ethanol was evaporated under a 437 

stream of dry nitrogen. Dye concentrations of 12 mM, 8 mM, and 28 mM respectively, were 438 
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obtained by adding 1.25mL of the appropriate ILs to each vial and mixing on a shaker at 300 439 

RPM for 30 min. The absorbance spectra at 30, 60, 90, and 110 ºC of each IL/dye solution was 440 

measured between 350 and 700 nm using a spectrophotometer equipped with temperature 441 

controller (TMSPC-8, Shimadzu Corporation). K-T parameters for higher temperatures were 442 

estimated by using a linear regression of the parameter values between 30 and 110 ºC 22. 443 

4.9 Computational Methods  444 

Molecular dynamics simulation of the cellulose Iβ with 9 chains was taken as a model system in 445 

which each chain has a degree of polymerization of 6 (6 glucose units).  The cellulose was 446 

immersed in a box of size 34 X 48 X 52 Å and solvated with [C2mim][OAc]/water solvent 447 

systems of various concentration (Water, 20%IL, 50%IL, 80%IL and 100%IL). MD simulations 448 

were carried out using Gromacs 4.6 suite of package 53, 54. For the simulation, GLYCAM 449 

forcefield was used for the cellulose 55. The GAFF parameters 56 with charges from Liu et al 13 450 

were used for IL and the water molecules were treated using TIP3P parameters 57. A 2 fs time 451 

step was used to integrate the equation of motion. Electrostatic interaction was calculated using 452 

Particle Mesh Ewald sums 58 with a nonbonded cut-off of 10 Å. Bonds between hydrogen and 453 

heavy atoms were constrained at their equilibrium length using the LINCS algorithm 59. 454 

Equilibration was performed for of 250 ps in NVT ensemble and the temperature was increased 455 

from 300 to 433K. Further, 500 ps of equilibration was carried out in NPT ensemble. 456 

Subsequently, 100 ns of production run was carried out in NPT ensemble for all the systems. The 457 

pressure was retained at 1atm and temperature was retained at 433K using Parrinello-Rahman 458 

barostat and V-rescale thermostat, respectively 60. The trajectories were saved every 1 ps for 459 

further analysis. The results were visualized using pymol 56.   460 
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Figure Captions 467 

 468 

Fig. 1 Changes of cellulose crystallinity of a) switchgrass and b) Avicel solids pretreated by 469 
[C2mim][OAc]-water mixtures as revealed by PXRD. 470 

Fig 2. a) Solid-state 13C CP/MAS NMR and b) FTIR spectra of switchgrass pretreated by 471 
[C2mim][OAc]-water mixture 472 

Fig. 3 Enzymatic glucan digestibility of untreated switchgrass and switchgrass solids pretreated 473 
by [C2mim][OAc]-water mixtures at a) 5mg, and b) 20mg enzyme protein/g biomass. 474 

Fig. 4 Correlation between the initial enzymatic cellulose digestibility with a) lignin removal, b) 475 
β value of the K-T parameters, c) CrI, d) xylan removal, and e) cellulose accessibility 476 
derived from solid-state NMR. 477 

Fig. 5 Effect of [C2mim][OAc]-water mixtures on disrupting the inter-chain H-bonds between 478 
cellulose at 160 °C based on model simulation with cellulose Iβ consisting  9 chains with 479 
each chain having a polymerization of 6 glucose units. 480 

Fig. 6. Analysis on dissecting the role of water interactions with (a) anion, (b) cellulose and (c) 481 
cation in different [C2mim][OAc]-water mixtures. 482 

 483 

 484 

  485 
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Table 1 Chemical composition, solid recovery, and component removal of switchgrass before 486 

and after pretreatment with [C2mim][OAc]-water mixtures † 487 

 Solid recovery, % Glucan, % Xylan, % Klason lignin, % 

Untreated 100.0 34.6±1.3  20.2±0.5 19.0±1.5 

water-only 59.2±2.0 50.0±1.1 (6.0) 10.4±0.7 (69.6) 28.4±0.8 (11.5) 

20% IL 59.8±1.1 48.5±2.6 (7.9) 13.9±2.3 (58.8) 21.3±1.0 (33.0) 

50% IL 55.4±0.6 52.1±0.4 (8.3) 17.9±1.2 (50.9) 16.2±1.0 (52.7) 

80% IL 51.4±1.3 55.0±1.4 (10.1) 14.5±0.9 (63.1) 15.7±2.4 (57.5) 

100% IL 49.3±1.8 56.9±0.7 (11.0) 8.7±1.0 (78.8) 13.7±0.6 (64.6) 

†Compositions reported for untreated sample are based on the dry weight of untreated biomass; Solid 488 

recoveries are based on the dry weight of untreated biomass, while the compositions for pretreated 489 

biomass are based on the dry weight of pretreated biomass; Values in parentheses are percentage removal 490 

of each component (glucan, xylan or lignin) during pretreatment based on its original amount in untreated 491 

biomass.492 
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Table 2 Solvent properties of [C2mim][OAc]-water mixtures at 160 ○C‡. 493 

pH π: Solvent  

polarizability 

α: Hydrogen bond  

donor capacity 

β: Hydrogen bond  

acceptor capacity 
A B 

water-only 6.86 4.09 0.67 1.46 0.97  
20% IL 6.89 5.50 0.69 - 1.01  
50% IL 8.15 6.22 0.73 0.88 1.04 
80% IL 9.22 6.73 0.78 0.74 1.15 

100% IL 11.55 7.13 0.84 0.51 1.23 
‡ π, α, and β parameters were extrapolated from actual measurement at 30, 60, 90, 110○C or up to 80○C 494 
for water; the pH values were extrapolated from actual measurements of

 
 the 1:1 dilution of (A) the IL-495 

water mixtures and (B) the hydrolysate after pretreatment of switchgrass; (α) value of 20% [C2mim][OAc] 496 
in water could not be determined since no peak was observed with Reichardt's dye. 497 

  498 

 499 

Table 3 Elution time and relative molecular mass of lignin solublized during pretreatment using 500 

[C2mim][OAc]-water mixtures *  501 

 
Lignin solublized in 

pretreatment hydrolyzate 
Lignin retained in 

untreated/pretreated solids 

Regions with 
elution time (min) 

Excluded 
(%) 

Retained 
(%) AE/R 

Excluded 
(%) 

Retained 
(%) AE/R 

t  < 13.4 
(u > 46k) 

t  < 13.4 
(u > 46k)  

t  < 13.4 
(u > 46k) 

t  < 13.4 
(u > 46k)  

EMAL switchgrass N/A N/A N/A 70.9 29.1 2.43 
water-only 34.2 65.8 0.52 63.6 36.4 1.75 

20% IL 41.3 58.7 0.70 66.5 33.5 1.99 
50% IL 48.0 52.0 0.92 59.8 40.2 1.49 
80% IL 41.0 59.0 0.69 58.5 41.5 1.41 

100% IL 31.3 68.7 0.46 45.3 54.7 0.83 
* AE/R stands for the ratio of peak areas in the excluded and retained regions; N/A stands for not available. 502 

 503 

  504 
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  505 

 506 

Figure 1 Changes of cellulose crystallinity of a) switchgrass and b) Avicel solids pretreated by 507 

[C2mim][OAc]-water mixtures as revealed by pXRD. 508 
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510 

  511 

Figure 2 a) Solid-state 13C CP/MAS NMR and b) FTIR spectra of switchgrass pretreated by 512 

[C2mim][OAc]-water mixture.  513 
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 514 

515 

 
516 

Figure 3 Glucose yield from enzymatic hydrolysis of untreated switchgrass and switchgrass 517 

solids pretreated by [C2mim][OAc]-water mixtures at a) 5mg, and b) 20mg enzyme protein/g 518 

initial biomass. 519 
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  524 
 525 
Figure 4 Correlation between the initial enzymatic cellulose digestibility with a) lignin removal, 526 

b) β value of the K-T parameters, c) CrI, d) xylan removal. 527 
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  530 

Figure 5 Effect of [C2mim][OAc]-water mixtures on disrupting the inter-chain H-bonds  and 531 

total H-bonds between cellulose at 160 °C based on model simulation with cellulose Iβ 532 

consisting  9 chains with each chain having a polymerization of 6 glucose units. 533 

534 
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535 
 Figure 6 Analysis on dissecting the role of water interactions with (a) anion, (b) cellulose and (c) 536 

cation in different [C2mim][OAc]-water mixtures. 537 

 538 
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  647 

 648 

Figure S1 Area-normalized size exclusion chromatography (SEC) of lignin a) solublized in 649 

aqueous [C2mim][OAc] and b) retained in pretreated solids by [C2mim][OAc]-water 650 

mixtures at 160 °C for 3h using EMAL of untreated switchgrass as a control. See Table 3 651 

for relative area of excluded and retained regions. 652 
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 653 

 654 

Figure S2 Diagram of the model simulation results showing the effect of [C2mim][OAc]-water 655 

mixtures on disrupting a representative cellulose Iβ substructure consisting  9 chains with 656 

each chain having a polymerization of 6 glucose units at 160 °C. 657 

 658 

 659 
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 661 

Figure S3 Schematics of [C2mim][OAc]-water dissolution process – (a) cellulose structure 662 

showing inter/intramolecular interactions; (b) IL solvates cellulose; (c & d) water in 663 

[C2mim][OAc] and assisting the dissolution process (below 50 % ratio of water in 664 

[C2mim][OAc] act as co-solvent) (e) above 50 % ratio of water in [C2mim][OAc] solvates 665 

ions and reduces cellulose dissolution; (f) water solvates cellulose.  666 

  667 
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  668 

669 

 670 

Figure S4 Extrapolation of Kamlet-Taft values of [C2mim][OAc]-water mixture (the Y-intercept 671 

indicates the extrapolated K-T parameters at 1000/T(K)=2.31 or 160 ○C). 672 
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