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Abstract Alcohols of increasing alkyl chain length were inves-
tigated as precipitants in an ionic liquid (IL) pretreatment system.
Swi t chg r a s s s amp l e s p r e t r e a t ed by 1 - e t hy l - 3 -
methylimidazolium acetate were characterized after the use of
different alkyl chain lengths of alcohols as antisolvents. The
resulting IL-pretreated switchgrass (PSG) samples were charac-
terized by enzymatic hydrolysis, cross polarization/magic angle
spinning (CP/MAS) 13C nuclear magnetic resonance (NMR),
Fourier transform infrared spectroscopy (FTIR), and 2D NMR
spectroscopy. Glucan digestibilities of PSG sampleswere∼80%
after 72 h at 5mg protein g−1 glucan regardless of the antisolvent
used. The use of 1-octanol as an antisolvent, with 10 % water to

allow for use of wet biomass, enabled a partial lignin fraction-
ation and multiphase separation for the IL recycle without
compromising the chemical structure of the carbohydrates and
lignin from the PSG. Lignin fragments were observed in the IL
after pretreatment by gel permeation chromatography (GPC).
After separation, both the IL and the octanol antisolvent were
reused for switchgrass pretreatment and precipitation for an ad-
ditional 3 cycles. The PSG samples derived from recycled IL
were rapidly hydrolyzed, and a high glucan digestibility of 80%
was obtained even at a low enzyme loading of 5 mg protein g−1

glucan. 2D NMR analysis of residual solids of PSG post-
enzymatic hydrolysis revealed that lignin in these residual solids
was depolymerized. This strategy enables an ease in separation
of pretreated lignocellulosic solids, reduced water use, and recy-
cle of both IL and the antisolvent.
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Introduction

The use of nonfood lignocellulosic biomass as a renewable and
sustainable energy source is one of a suite of technologies which
must be employed if a carbon neutral economy or significant
carbon reduction to the environment is to be achieved. Devel-
oping a biofuel infrastructure is especially important for air and
freight where other technologies will not be employed in the
near term. Recalcitrance of nonfood lignocellulose is one of
the major obstacles to effective production of biofuels and
biobased products. The recalcitrant nature of lignocellulosic bio-
mass is attributed to many factors, such as low substrate acces-
sibility, high degree of polymerization of cellulose, the presence
of lignin and hemicellulose, high crystallinity, large particle size,
and low porosity [17]. Consequently, lignocellulosic biomass

Electronic supplementary material The online version of this article
(doi:10.1007/s12155-015-9643-9) contains supplementary material,
which is available to authorized users.

* Anthe George
ageorge@lbl.gov

1 Joint BioEnergy Institute, 5885 Hollis Street, Emeryville,
CA 94608, USA

2 Physical Biosciences Division, Lawrence Berkeley National
Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA

3 Department of Chemistry, University of California,
Berkeley, CA 94720, USA

4 Department of Biomaterials, Virginia Tech, Blacksburg,
VA 24061, USA

5 Department of Chemical Engineering, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA

6 Sandia National Laboratories, Livermore, CA 94551, USA
7 Department of Chemistry, Middle East Technical University,

06800 Ankara, Turkey
8 Present address: Department of Wood Science, University of British

Columbia, Vancouver, BC V6T 1Z4, Canada

Bioenerg. Res. (2015) 8:973–981
DOI 10.1007/s12155-015-9643-9

http://dx.doi.org/10.1007/s12155-015-9643-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s12155-015-9643-9&domain=pdf


must be pretreated in order to overcome the recalcitrant nature of
lignocellulose and also achieve lignin separation for downstream
upgrading to value-added products. The separation of lignin and
its subsequent valorization are necessary steps in the conversion
of the cellulosic component of the biomass to biofuels. To that
end, several pretreatment approaches have been proposed,
namely, dilute acid (DA), ammonia fiber expansion (AFEX),
soaking in aqueous ammonia (SAA), steam explosion, and lime
pretreatments [4, 7]. Many of these pretreatments are ineffective
at increasing cellulose surface accessibility to cellulase and re-
quire high cellulase loading to achieve high sugar yields [11,
18].

Many ionic liquids (ILs) have shown to be very high
performing solvents, having been shown to decrease the de-
gree of crystallinity of cellulose, increase cellulose accessibil-
ity, and both dissolve and depolymerize lignin, depending on
the type of ILs [1, 5]. However, the excellent lignin extraction
and solvation properties of certain ILs necessitate the subse-
quent recovery of the solutes. In addition, as with any solvent
in an industrial process, an IL pretreatment process will re-
quire recovery and reuse of the IL. The very properties which
make ILs excellent solvents (i.e., thermal and chemical stabil-
ity and excellent solvation properties) require new systems to
be developed to remove dissolved species and recycle the IL.
Systems such as distillation cannot be as readily used with
thermally stable ILs as with low-boiling-point organic sol-
vents. Therefore, straightforward solid-liquid separation sys-
tems have been proposed where, typically, water is employed
as a precipitant for both the lignin and cellulose component.
However, this solute removal system subsequently impacts
the IL recycle unit operations, as the water needs to be re-
moved from the IL. The use of water can impose both an
energy, environmental, and performance penalty; in this study,
alcohols were investigated as alternative precipitating agents
for the IL pretreatment process.

Herein, we investigate the effect of different chain lengths
of alcohols and IL pretreatment using 1-ethyl-3-
methylimidazolium acetate ([C2C1Im][OAc]) on lignin ex-
traction efficacy and recycle of IL. The spent IL was reused
for four times to pretreat switchgrass. Pretreatment efficiency
of recycled IL was probed by enzymatic hydrolysis and cross
polarization magic-angle spinning (CP/MAS) 13C NMR of
pretreated biomass by recycled IL. 13C-1H heteronuclear
single-quantum coherence (HSQC) NMR was employed to
probe changes in lignin interunit linkages and relative ratios
of aromatic units on residual solids after enzymatic hydrolysis.

Materials and Methods

Chemicals and Materials All chemicals were of reagent
grade and purchased from Sigma-Aldrich (St. Louis, MO,
USA), unless otherwise noted. [C2C1Im][OAc] was

purchased fromBASF (98% purity, lot no. 11-0005) and used
as received. The cellulase (CTec 2) and hemicellulase (HTec
2) mixtures were provided as a gift by Novozymes North
America (Franklinton, NC, USA), containing 188 and
186 mg protein mL−1, respectively. Alamo switchgrass (Pan-
icum virgatum L.) was provided by Dr. Daniel Putnam, Uni-
versity of California at Davis. Switchgrass was milled by a
Wiley Mill through a 2-mm screen and separated by a vibra-
tory sieve system (Endecotts, Ponte Vedra, FL, USA).

IL Pretreatment IL pretreatment of lignocellulose was con-
ducted. Figure 1 represents a schematic diagram of the IL
pretreatment process, followed by enzymatic hydrolysis used
in the present study. Briefly, 15 % (w/w) switchgrass in
[C2C1Im][OAc] was loaded in a Syrris globe reactor at
140 °C for 1.5 h, unless otherwise noted. The hydrogel-like

Fig. 1 Lignocellulose chemical structure was disrupted by ionic liquids
and dissolved lignocellulose was regenerated in an antisolvent. Partial
lignin from lignocellulose can be fractionated from a mixture of ionic
liquid and antisolvent, enabling fractionation of lignin for downstream
conversion to value-added products. The mixture of ionic liquid and
antisolvent can be separated and recycled. Regenerated lignocellulose
was then hydrolyzed by cellulolytic enzymes to release sugars for down-
stream conversion to biofuels and/or biochemicals
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solution was allowed to cool to 50 °C, and two volumes of
antisolvents, described below, were added to solubilize partial
lignin and precipitate dissolved switchgrass (Fig. 1, precipita-
tion tank). L2 (Fig. 1) denotes the lignin solubilized in the IL.
After centrifugation, the supernatant was collected (Fig. 1,
decanter). An additional one volume of antisolvent was then
used to wash solubilized lignin from the pretreated switch-
grass. This lignin stream is denoted in Fig. 1 as L3. After
centrifugation, the pellets were washed by one volume of de-
ionized water twice to remove residual [C2C1Im][OAc] and
antisolvents from the solid pellets. The resulting solid pellet
pretreated switchgrasses (PSGs) were used in the enzymatic
hydrolysis experiments. The octanol-IL-mixture-containing
solubilized lignin was allowed to settle; after 24 h any solids
that precipitated could be removed. The two-phase system
was separated via careful pipetting thereby allowing the reuse
of both the IL and the antisolvent.

Influence of Alkyl Chain Length of Alcohols on Enzymatic
Hydrolysis Characteristics of PSG Alcohols of increasing
alkyl chain length were used in this study: methanol, ethanol,
1-propanol, 1-butanol, 1-hexanol, 1-octanol, and isopropanol.
In addition, experiments with acetone, acetone-water (1:1),
and water whose behavior is reported in the literature were
conducted as controls. These results allow us to investigate the
influence of alkyl length on lignin extraction and enzymatic
hydrolysis efficiency.

Carbohydrate and Lignin Assays The carbohydrate compo-
sition of lignocellulose and residual pretreated lignocellulose
after hydrolysis was determined with a modified quantitative
saccharification (QS) procedure [8]. In the modified QS, sec-
ondary hydrolysis was conducted in the presence of 1 % (w/w)
sulfuric acid at 121 °C for 1 h tomore accurately determine the
quantities of sugars susceptible to acid degradation (e.g., xy-
lan). Monomeric sugars in the supernatant were measured
with an Agilent HPLC equipped with a Bio-Rad Aminex
HPX-87H column (Richmond, CA, USA) at a rate of
0.6 mL of 0.1 % (v/v) sulfuric acid per min at 60 °C. The
standard NREL biomass protocol was used to measure lignin
and ash [14]. Briefly, solids remaining after two-stage acid
hydrolysis were held at 105 °C overnight. The mass of the
dried solids corresponds to the amount of acid-insoluble lignin
and ash in the sample. The mass of the ash-only fraction was
then determined gravimetrically via combustion by heating
the solids to 575 °C for 24 h. Percent acid-soluble lignin in
the sample was determined by measuring the UV absorption
of the acid hydrolysis supernatant at 240 nm. All carbohydrate
and lignin assays were conducted in triplicate.

Enzymatic Hydrolysis The pretreated samples were diluted
to 100 g solid L−1 in a 50-mM sodium citrate buffer (pH 4.8)
supplemented with 0.1 % (w/v) NaN3, which prevented the

growth of microorganisms. All enzymatic hydrolysis experi-
ments were conducted in triplicate. Pretreated samples were
completely suspended in a rotary shaker at 250 rpm at 50 °C.
The enzyme loadings were kept constant at 20 and 5 mg pro-
tein per gram of glucan (initial glucan) using commercial
CTec2 and HTec2 (9:1 CTec2/HTec2 by weight). Eight hun-
dred microliters of well-mixed hydrolysate was removed,
followed by immediate centrifugation at 13,000 rpm for
5 min. Exactly 500 μL of the supernatant was transferred to
another microcentrifuge tube and stayed at room temperature
for 30 min, to allow the conversion of all cellobiose to glu-
cose. The supernatant was then acidified by adding 30 μL of
10 % (w/w) sulfuric acid, followed by freezing overnight. The
frozen samples were thawed, mixed well, and then centrifuged
at 13,000 rpm for 5 min, to remove any precipitated solid
sediments. The soluble glucose and xylose in the enzymatic
hydrolysate were measured by HPLC equipped with a Bio-
Rad HPX-87H column at a rate of 0.6 mL of 0.1 % (v/v)
sulfuric acid per min at 60 °C. Galactose and mannose co-
eluted with xylose. After 72-h hydrolysis, the remaining hy-
drolysate was transferred to a 50-mL centrifuge tube and cen-
trifuged at 4500 rpm for 15 min, and soluble sugar content
was determined using the same procedure as other hydrolysate
samples, as described above. After all remaining hydrolysate
was decanted, the pellets were resuspended in 30 mL of water
and centrifuged to remove residual soluble sugars from the
pellets. The sugar content of the washed pellets was deter-
mined by modified QS as described above. Enzymatic glucan
digestibility after 72 h was calculated using the ratio of soluble
glucose in the supernatant to the sum of this soluble glucose
and the glucose equivalent of the residual glucan.

Isolation of Enzymatic Mild Acidolysis Lignin (EMAL)
Ball milling of biomass was performed using a Retsch PM
100 planetary ball mill spinning at 600 rpm with zirconium
dioxide (ZrO2) container and balls. The ball milling conditions
are described elsewhere [3]. Briefly, the ball-milled biomass
samples were treated with cellulase (CTec2) and
hemicellulase (HTec2) in the amount of 50 mg protein g−1

biomass. The enzymatic hydrolysis was carried out at 50 °C
for 48 h at 2 % consistency in the presence of 2 % Tween 20 in
50-mM citrate buffer (pH ∼4.8). The insoluble materials were
washed with deionized water, and a fresh batch of enzymes, in
the same quantity, was added for another 48 h. The insoluble
materials remaining after enzymatic hydrolysis were washed
with deionized water to remove soluble sugars. Residual pro-
teins on the surface of solid pellets were then washed twice
with 6 M guanidine hydrochloride (Gnd HCl) and freeze-
dried. The crude lignin obtained was further subjected to mild
acid hydrolysis using an azeotrope of dioxane-water (96:4 (v/
v)) containing 0.01 N HCl under nitrogen atmosphere. The
resulting suspension was centrifuged, and the supernatant
was collected. The supernatant was neutralized with 2 M
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sodium bicarbonate and then added drop-wise into 1 L acidi-
fied water (pH 2.0). The precipitated lignin was allowed to
equilibrate overnight, recovered by centrifugation, washed
with deionized water twice, and freeze-dried.

Gel Permeation Chromatography (GPC) Lignin solution,
1 % (w/v) EMAL of switchgrass, was prepared in analytical-
grade 1-methyl-2-pyrrolidinone (NMP). Streams L2 and L3

were analyzed by taking a minute amount of L2 and L3 ali-
quots in 200 μLNMP. EMAL produced from switchgrass was
also evaluated as the control. The polydispersity of dissolved
lignin was determined using analytical techniques involving
GPC UV-A absorbance (GPC UV-A290) as previously de-
scribed [1]. An Agilent 1200 series binary LC system
(G1312B) equipped with DA (G1315D) detector was used.
Separation was achieved with a Mixed-D column (5-μm par-
ticle size, 300×7.5-mm id, linear molecular mass range of 200
to 400,000 μ, Polymer Laboratories) at 80 °C using a mobile
phase of NMP at a flow rate of 0.5 mL min−1. Absorbance of
materials eluting from the column was detected at 290 nm
(UV-A). Intensities were area-normalized and molecular mass
estimates were determined after calibration of the system with
polystyrene standards. Based on current knowledge, polysty-
rene does not represent the geometry, or chemistry of the lig-
nin molecule, but is the currently used standard for GPC cal-
ibration in the literature. Polystyrene calibrations were con-
ducted here to confirm correct GPC system behavior and so
that the data presented in this study may be compared to other
published data using similar GPC systems and methods.

2D 13C-1H HSQC NMR Spectroscopy Residual solids after
enzymatic hydrolysis were ball-milled as previously described
[3, 6]. The gels were formed using dimethyl sulfoxide
(DMSO)-d6 and pyridine-d5 and sonicated until homogenous
in a Branson 2510 tabletop cleaner (Branson Ultrasonic Cor-
poration, Danbury, CT, USA). The temperature of the bath
was closely monitored and maintained below 55 °C. The ho-
mogeneous solutions were transferred to NMR tubes. HSQC
spectra were acquired at 25 °C using a Bruker Avance 600-
MHz instrument equipped with a 5-mm inverse-gradient
1H/13C cryoprobe using a q_hsqcetgp pulse program (ns=
200, ds=16, number of increments=256, d1=1.0 s) [2].
Chemical shifts were referenced to the central DMSO peak
(δC/δH 39.5/2.5 ppm). Assignment of the HSQC spectra is
described elsewhere [3, 16]. A semiquantitative analysis of
the volume integrals of the HSQC correlation peaks was per-
formed using Bruker’s Topspin 3.1 (Windows) processing
software. A Gaussian apodization in F2 (LB=−0.50, GB=
0.001) and squared cosine-bell in F1 (LB=−0.10, GB=
0.001) were applied prior to 2D Fourier transformation.

Solid-State NMR (ssNMR) The CP/MAS 13C-NMR spectra
of all samples were obtained on a Bruker Avance I 500-MHz

NMR spectrometer operating at the resonance frequencies of
500.23 MHz for 1H and 125.80 MHz for 13C, using a double-
resonance Bruker 4.0-mm broad-band CP-MAS probe spin-
ning at 13–14 kHz. Cross polarization for 2-ms contact time
was achieved using a 1H 90° pulse width of 4.2 μs at 60-kHz
two-pulse phase-modulated proton decoupling field and 2-s
recycle delay. Total accumulation time was between 1000
and 3000 transients. All spectra were collected at room tem-
perature and referenced against the chemical shifts of
adamantane at 38.48 and 29.45 ppm. According to the C4

peak-deconvolution method [3], the degree of crystallinity
was determined and expressed as crystallinity index (CrI).
The CrI value was calculated from the ratio of the crystalline
area over the total area, where separation of crystalline
(δ86–92 ppm) and amorphous (δ79–86 ppm) fractions was based
on Gaussian line shape function.

Fourier Transform Infrared Spectroscopy (FTIR) All
FTIR spectra were collected on the Thermo Nicolet 8700
spectrometer equipped with attenuated total reflectance
(ATR) mode (Thermo Fisher Scientific, Inc., USA). Sixty
scans at resolution of 4 cm−1 were averaged for each sample.
A background was collected prior to analyzing each sample
and subtracted from each spectrum. Spectra width is 4000–
600 cm−1. All the spectra are auto-baseline-corrected using the
Omnic software.

Results and Discussion

Influence of Alcohol Alkyl Chain Length on PSG
Characteristics and Their Enzymatic Hydrolysis
Efficiency

Switchgrass samples of 2-mm particle size were pretreated by
[C2C1Im][OAc]. After IL pretreatment, an antisolvent was
added to precipitate dissolved switchgrass samples. A number
of alcohols of different alkyl chain lengths were evaluated as
antisolvents—methanol, ethanol, 1-propanol, 1-butnaol, 1-
hexanol, and 1-octanol. Water, 2-propanol, acetone, and
acetone-water (50/50) were also used for comparison as these
antisolvents were previously reported. Importantly, an in-
crease in hydrophobicity of alcohols was observed as a func-
tion of chain length, which for octanol led to a two-phase IL-
alcohol system. PSG samples from different antisolvents were
hydrolyzed by CTec2 and HTec2 at 5 and 20 mg protein g−1

glucan. The nitrogen content in the PSGwas tested to evaluate
protein binding to all the biomass tested, and this was found to
be negligible (below instrument limits of quantification). At a
low enzyme loading of 5 mg protein g−1 glucan, enzymatic
glucan digestibility yields of PSG were higher than 78 %,
regardless of antisolvents used (Fig. 2a). An increase in en-
zyme loading to 20 mg protein g−1 glucan (Fig. 2b) showed a
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faster initial hydrolysis rate, as reflected in more than twofold
increase in glucan digestibilities within a 1-h hydrolysis time.
All enzymatic hydrolysis reactions at 20 mg protein g−1 glu-
can yielded higher than 90 % glucan digestibility, regardless
of the choice of an antisolvent. These results suggested the
high biomass pretreatment efficiency by IL under the current
pretreatment condition, as shown in high glucan digestibilities
of PSG even at a fourfold decrease in enzyme loading.

Influence of Alcohol Alkyl Chain Length on Lignin
Elution Characteristics After IL Pretreatment

Most current pretreatment studies focus on lowering the de-
gree of lignocellulose recalcitrance to enhance enzymatic glu-
can digestibility. Herein, we investigated how lignin

biopolymers behave after IL pretreatment. As shown in
Fig. 1, lignin from lignocellulose could partition into IL, as
IL ([C2C1Im][OAc] in this study) has been shown to be effec-
tive not only at pretreating lignocellulose but also at partially
solubilizing lignin [12]. Varanasi et al. [15] showed that dur-
ing IL pretreatment, a part of lignin within lignocellulose was
hydrolyzed and some small lignin fragments were detected in
IL. As such, we hypothesized that although the choice of
antisolvents would not affect enzymatic hydrolysis perfor-
mance of PSG, different antisolvents could influence lignin
elution profiles of recovered lignin, with certain lignin frag-
ments preferentially partitioning into the alcohol phase.

Molecular weight distribution (MWD) of lignin in different
antisolvents was evaluated by GPC. EMAL of SGwas used as a
control and the GPC chromatogram of EMAL of SG showed a
bi-modal distribution (Fig. 3), suggesting that EMAL of SG
(stream L1, Fig. 1) consists of mainly high-molecular-weight
lignin fragments with a trace amount of low-molecular-weight
lignin fragments. After IL pretreatment (stream L2, Fig. 1), par-
tial lignin was hydrolyzed as shown in polydispersed character-
istic of L2 (Fig. 3). Addition of the antisolvents in the pretreat-
ment slurry (stream L3, Fig. 1) showed similar molecular weight
distribution as L2, which was because most of the antisolvents in
this study are miscible with IL except 1-hexanol and 1-octanol
(partiallymiscible). Interestingly, in the case of L3 of 1-octanol, a
strong signal was observed in both excluded and retained

Fig. 2 Enzymatic hydrolysis profiles of [C2C1Im][OAc]-pretreated
switchgrass samples using different alcohols as antisolvents at 5 mg
protein g−1 glucan (a) show high glucan digestibilities and using
different antisolvents do not show statistically significant difference in
glucan digestibilities. An increase in enzyme loading to 20 mg
protein g−1 glucan (b) to hydrolyze pretreated switchgrass yielded faster
initial hydrolysis rates (1-h hydrolysis time) and slightly higher glucan
digestibilities

Fig. 3 GPC elution profiles of extracted lignin in [C2C1Im][OAc] before
and after addition of different antisolvents revealed lignin
depolymerization during pretreatment
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regions, implying that both high and low-molecular-weight lig-
nin fragments migrated to octanol, which indicates a more com-
plete removal of the lignin from the IL.

Enzymatic Hydrolysis Efficiency of PSG by Recycled IL

One of the major challenges in IL pretreatment is the recycle
of ionic liquids. IL recycle is a difficult task, as most
antisolvents are miscible with IL. We found that for IL-
octanol solution after pretreatment, adding 10%water created
a meniscus between octanol and IL, enabling a multiphase
separation and IL recycle. Consequently, octanol and IL
phases were reused for three subsequent IL pretreatments.
Octanol was observed to be darker in color following each
recycle, which might be due to migration of lignin fragments
into the octanol phase, corroborated by the presence of a
strong signal of lignin elution profiles as detected by GPC.
PSG samples by the first, second, and third recycled IL were
enzymatically hydrolyzed, and the enzymatic saccharification
efficiency values were similar to that of fresh IL (Fig. 4), sug-
gesting good recycling efficiency of the IL-octanol system.

Structural Characteristics of PSG by Recycled IL via
Solid-State NMR and FTIR

CP/MAS 13C NMR spectroscopy is a useful tool to analyze
breaking and rearranging of hydrogen bonding of cellulose
chains. C4 and C6 regions of CP/MAS 13C NMR spectra of
lignocellulose reveal the state of cellulose crystallinity and
hydrogen bonding among cellulose chains, respectively [9,
10]. C4 peak deconvolution was applied to separate the con-
tribution of crystalline and amorphous cellulose on intact SG
sample (Fig. 5b) and CrI was calculated as previously de-
scribed [13]. CrI of intact SG was found to be ∼38 %, which
is in agreement with the previous reported value [13], suggest-
ing a robustness of this CrI calculation method. The PSG

samples by fresh and recycled IL were probed by CP/MAS
13CNMR. PSGswere lyophilized prior to CP/MAS 13CNMR
analysis. It should be noted that we do not see changes in CrI
after sample lyophilization. CrI of PSG samples was 15.9,
12.1, and 14.0 % for PSG by fresh and the first and second
(round) recycled IL, respectively. Moreover, the peak shift in
the C6 region (Fig. 5c) to the higher field after pretreatment by
the recycled IL implied that both fresh and recycled IL could
effectively disrupt hydrogen bonding among cellulose chains
of switchgrass. These results suggest that recycled IL from the
[C2C1Im][OAc]-octanol system still retains pretreatment effi-
cacy similar to the fresh IL.

Changes in the FTIR spectra of PSG by fresh IL compared
to that of intact SG were observed in the fingerprint region
(Fig. 5d). Full FTIR spectra of intact SG and PSG by fresh IL
and the first and second recycled IL are shown in Fig. S2
(Supporting Material). A significant decrease in the spectral
intensity of etheric Caromatic–O–Caliphatic at 1249 cm−1 of PSG
indicated that pretreatment severed the lignin and carbohydrate
bonds, releasing lignin fragments in the [C2C1Im][OAc] after
pretreatment as shown in GPC results (Fig. 3). A decrease in the
spectral intensity at 1730 cm−1 (υ(C═O), carbonyl stretching),
suggesting that acetylated groups from hemicelluloses were
removed as a result of IL pretreatment. B’Moreover, enhanced
band intensities at 897 (υas(ring), anomeric vibration at β-
glycosidic linkages) and 1159 cm−1 (υas(COC), COC antisym-
metric stretching) of PSG by fresh and recycled
[C2C1Im][OAc] compared to that of intact SG, suggesting that
PSG samples were more disordered (amorphous) and
[C2C1Im][OAc] could be reused (three times in the present
study) without reducing its pretreatment efficiency.

Chemical Structure Characteristics of Lignin from PSG
Post-enzymatic Hydrolysis via 2D NMR

13C-1H HSQC NMR was performed to investigate changes of
aliphatic (lignin side chain units, Fig. 6a, b) and aromatic
(Fig. 6c, d) regions of intact SG and PSG samples post-
enzymatic hydrolysis by fresh and recycled IL. Aliphatic re-
gions of intact SG exhibited two distinct peaks of 2-O-Ac-β-
D-Xylp(R) (X′2) and 3-O-Ac-β-D-Xylp(R) (X′3), suggesting
acetylation of hemicelluloses in the intact SG. Moreover, lig-
nin of intact SG consists mainly of β-aryl ether (β-O-4),
resinol (β-5), and dibenzodioxocins. The β-aryl ether linkage
is the most abundant in plant lignins and can be easily cleaved
compared to resinol and phenylcoumaran. After IL pretreat-
ment, the β-aryl ether cross peak became weaker, suggesting
that the ether bonds were severed and lignin fragments were
possibly released. This result is in agreement with our GPC
elution profiles, revealing different lignin fragments released
in the [C2C1Im][OAc] after pretreatment (Fig. 3). Moreover,
dibenzodioxocins were not observed in PSG samples.
Dibenzodioxocins are believed to be branching points of

Fig. 4 Recycled [C2C1Im][OAc] was used to pretreat switchgrass for
three times, and no decrease in the glucan digestibility of pretreated
switchgrass was observed
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lignin. Hence, an absence of dibenzodioxocins after pretreat-
ment suggested that lignin was depolymerized during pretreat-
ment, corroborating with the presence of lignin fragments in
the L2 and L3 stream by GPC (Fig. 3). Moreover, X′2 and X′3
disappeared after IL pretreatment and subsequent enzymatic
hydrolysis, suggesting that a large amount of hemicelluloses
were removed after enzymatic hydrolysis.

Examination of the aromatic region (Fig. 6c, d) demonstrat-
ed that PSG did not show any alteration in the signals for
major aromatic units compared to that of intact SG except
the disappearance of the ferulic acid (FAα) and para-coumaric
acid (pCAα) after IL pretreatment. FA and pCA are believed
to bridge between lignin and carbohydrate units as lignin-
carbohydrate complex (LCC) linkages. Hence, post-
enzymatic hydrolysis, a part of FA and pCA might become
labile in the enzymatic hydrolysis solution. These results

suggest that while IL pretreatment could hydrolyze some lig-
nin into smaller fragments, the remaining lignin in PSG sam-
ples has similar aromatic structures to lignin of intact SG.
Similar results were observed on lignin post-enzymatic hydro-
lysis from PSG by the first and second recycled
[C2C1Im][OAc] (Fig. S3, Supporting Material), indicating a
good pretreatment and recovery efficiency of the
[C2C1Im][OAc]-octanol system.

One of the major challenges in a rapid commercialization
of the IL-based lignocellulose pretreatment is the price of ion-
ic liquids. Consequently, an efficient recycle of IL is required.
The function of antisolvents in cellulose solvent-based pre-
treatments is typically for regeneration of dissolved lignocel-
lulose for subsequent enzymatic hydrolysis and fermentation.
Most antisolvents are polar and miscible with ionic liquids,
making it hard to recycle ionic liquids.

Fig. 5 Full CP/MAS 13C NMR spectra (δ120–50, a), C4 region (δ94–80, b),
and C6 region (δ68–58, c) of intact SG and PSG by fresh and recycled
[C2C1Im][OAc] show that recycled [C2C1Im][OAc] can effectively

pretreat biomass. Fingerprint region of FTIR of intact SG and PSG by
fresh and recycled IL (d)
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Conclusion

This study demonstrated a new antisolvent process that allows
for the treatment of wet biomass, eliminates the use of large
quantities of process water, and enables efficient
[C2C1Im][OAc] and antisolvent recycle via the use of a mul-
tiphase system. The study showed that enzymatic hydrolysis
of PSG is independent of antisolvent when alcohols of differ-
ent alkyl chains are used. However, the polydispersity of re-
covered lignin is dependent upon the alcohol used as a pre-
cipitant, with the octanol system showing the broadest range
of lignin components migrating to this antisolvent. The

[C2C1Im][OAc]-octanol system enabled high enzymatic glu-
can digestibilities at a low enzyme dosage and lignin fraction-
ation and, due to its immiscibility with [C2C1Im][OAc] and
10 % water, enabled efficient [C2C1Im][OAc] recycle via this
multiphase separation. Solids recovered after enzymatic hy-
drolysis consisted mainly of lignin which was shown to have
undergone depolymerization. Recycled [C2C1Im][OAc] from
this system was shown to be an effective pretreatment solvent
after at least three reuses, as was the octanol antisolvent, and
importantly, it was shown that the resulting PSG samples
showed similar chemical and structural characteristics to SG
pretreated by fresh [C2C1Im][OAc]. The [C2C1Im][OAc]-

Fig. 6 13C-1H HSQC NMR spectra of residual solids post-enzymatic hydrolysis of PSG by fresh IL show lignin structural integrity of residual solids
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octanol process demonstrated in this study therefore shows
promise as an efficient new pretreatment system.
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