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" Assessment of the potential of agave bagasse as a biofuel feedstock using ionic liquid (IL) pretreatment.
" The total sugar yield was higher for agave bagasse (AGB) than for switchgrass (SWG).
" The initial enzymatic hydrolysis rate was lower for AGB than for SWG.
" Pretreatment resulted in higher delignification for AGB (45.5%) than for SWG (38.4%).
" XRD patterns showed highly crystalline peaks for AGB which decreased with pretreatment.
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a b s t r a c t

Lignocellulose represents a sustainable source of carbon for transformation into biofuels. Effective bio-
mass to sugar conversion strategies are needed to lower processing cost without degradation of polysac-
charides. Since ionic liquids (ILs) are excellent solvents for pretreatment/dissolution of biomass, IL
pretreatment was carried out on agave bagasse (AGB-byproduct of tequila industry) and digestibility
and sugar yield was compared with that obtained with switchgrass (SWG). The IL pretreatment was con-
ducted using ([C2mim][OAc]) at 120 and 160 �C for 3 h and 15% biomass loading. While pretreatment
using [C2mim][OAc] was very effective in improving the digestibility of both feedstocks, IL pretreatment
at 160 �C resulted in higher delignification for AGB (45.5%) than for SWG (38.4%) when compared to
120 �C (AGB-16.6%, SWG-8.2%), formation of a highly amorphous cellulose structure and a significant
enhancement of enzyme kinetics. These results highlight the potential of AGB as a biofuel feedstock that
can produce high sugar yields with IL pretreatment.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction subsequent biomass hydrolysis to liberate fermentable sugars, (2)
Lignocellulosic feedstocks, such as agricultural and forest resi-
dues, industrial and municipal wastes, and dedicated bioenergy
crops, by virtue of their high carbohydrate content, hold tremen-
dous potential for large-scale bioethanol production (Banerjee
et al., 2010). However, lignocellulosic biomass is highly recalcitrant
to breakdown and offers limited accessibility to enzymes or micro-
organisms. Pretreatment, by disrupting the biomass (Zhu et al.,
2008), is an essential prerequisite to make biomass accessible to
enzymes that liberate fermentable sugars. An effective pretreat-
ment must meet the following requirements: (1) improve
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avoid significant degradation or loss of carbohydrates, and (3)
avoid the formation of byproducts that are inhibitory to the subse-
quent hydrolysis and fermentation processes (Kumar et al., 2009).

Several pretreatment technologies are currently employed to
overcome the recalcitrance of lignocellulose, increase hydrolysis
efficiency and improve the yields of monomeric sugars. For exam-
ple, some ionic liquids (ILs) containing anions of chloride, formate,
acetate or alkylphosphonate and organic cations can completely
dissolve microcrystalline cellulose (Dadi et al., 2006). Some of
these ILs also have positive attributes such as low volatility, non-
flammability, and high thermal stability, thus making IL pretreat-
ment potentially benign to the environment when compared to
pretreatments that use acids, bases, or organic solvents. Once
dissolved, cellulose can be easily recovered by the addition of an
anti-solvent (Singh et al., 2009; Sun et al., 2009).
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The pretreatment of lignocellulosic feedstock using ILs offers
several attractive features, like enhanced enzymatic hydrolysis
and efficient recovery of fermentable sugars without breakdown,
when compared to the conventional methods (Li et al., 2010;
Swatloski et al., 2002). IL 1-ethyl-3-methylimidazolium acetate
([C2mim][OAc]) can effectively dissolve switchgrass and enhance
the saccharification kinetics of the recovered product (Arora
et al., 2010; Li et al., 2010; Singh et al., 2009).

Other reports have shown complete dissolution and partial del-
ignification of sugarcane bagasse, corn stover, wheat, softwood and
hardwood in various ILs under different processing conditions (Li
et al., 2008, 2011; Sun et al., 2009; Zhu et al., 2006).

In the current study, switchgrass (SWG), a leading candidate as
an energy crop (Sarath et al., 2008), and agave bagasse (AGB), a rel-
atively new type of agricultural waste product being considered as
a potential bioenergy feedstock, were investigated for bioethanol
production using IL pretreatment with [C2mim][OAc]. Agave tequil-
ana Weber is a plant that is cultivated in Mexico and used as a raw
material in the production of the alcoholic beverage tequila. The
bagasse is a residual fiber obtained from the process and repre-
sents 40% of the processed agave. The annual generation of bagasse
in Mexico has been estimated to be �1.05 � 108 kg (Davis et al.,
2011) and is generated throughout the year. Considering its high
carbohydrate content and low lignin content, AGB has a high po-
tential as bioenergy feedstock (Saucedo-Luna et al., 2011). SWG
is one of the most studied bioenergy candidate and was used in
this study as a comparative system for AGB. SWG and AGB recov-
ered after IL pretreatment were characterized to determine their
glucan, xylan and lignin contents. X-ray diffraction (XRD) was used
to compare the crystallinity of SWG and AGB before and after
[C2mim][OAc] pretreatment. Finally, saccharification kinetics and
overall sugar yields were determined to evaluate both biomass
types after [C2mim][OAc] pretreatment.
2. Methods

2.1. Materials and preparation

Switchgrass (SWG) was supplied by the laboratory of Dr. Daniel
Putnam from the University of California at Davis. Agave bagasse
(AGB) was kindly donated by Destilería Rubio, a Tequila plant from
Jalisco, Mexico. The biomasses were milled with a Thomas-Wiley
Mini Mill fitted with a 40-mesh screen (Model 3383-L10 Arthur
H. Thomas Co., Philadelphia, PA, USA) and stored at 4 �C in a sealed
plastic bag.

Cellic� CTec2 (Cellulase complex for degradation of cellulose)
and HTec2 (Endoxylanase with high specificity toward soluble
hemicellulose) were a gift from Novozymes (Davis, CA, USA). Ionic
liquid, 1-ethyl-3-methylimidazolium acetate ([C2mim][OAc]), ace-
tic acid, sodium acetate, sulfuric acid, 3,5-dinitrosalicylic acid
(DNS), and sodium hydroxide were purchased from Sigma–Aldrich
(St. Louis, MO, USA). Acetyl bromide and hydroxylamine hydro-
chloride were purchased from Alfa Aesar (Ward Hill, MA, USA).
2.2. Ionic liquid pretreatment

A 15% (w/w) biomass/IL mixture was prepared by combining
10 g of milled biomass with 57 mL of [C2mim][OAc] in a 100-mL
autoclave vial. The vials and the contents were heated in an oven
(Thelco Laboratory oven, Precision Instruments, VA, USA) at
120 �C and 160 �C for 3 h (Arora et al., 2010; Li et al., 2010). All
experiments were conducted in triplicates. After 3 h of incubation,
120 mL of deionized water was slowly added into the biomass/
[C2mim][OAc] slurry to recover the pretreated biomass. A precipi-
tate formed immediately, and the samples were centrifuged at
10,000g for 20–25 min. The supernatant containing IL was re-
moved, and the precipitate was washed with water followed by
ethanol to remove any excess IL. The washing process was contin-
ued until the concentration of IL in the supernatant as measured by
Fourier transform infrared (FTIR) spectroscopy was less than 0.2%
(Arora et al., 2010). A portion of the samples were lyophilized for
two days in FreeZone12 (Labconco, MO, USA) equipment.
2.3. Chemical characterization

The untreated and pretreated biomass (SWG and AGB) samples
were dried overnight at 80 �C to determine the moisture content
and heated to 550 �C in a muffle furnace for 4 h to determine the
ash content. Sugar composition of untreated and lyophilized pre-
treated biomass (SWG and AGB) samples was determined based
on the analytical procedure of the National Renewable Energy Lab-
oratory (NREL) using a two-step acid hydrolysis method (Sluiter
et al., 2008a,b). Sugar composition was analyzed by high perfor-
mance anion exchange chromatography (HPAEC) on an ICS-3000
system (Dionex, CA) equipped with an electrochemical detector
and a 4 � 250 mm CarboPac PA20 analytical column (Dionex)
(Øbro et al., 2004). Twenty microliters of the sample was injected
into the column and the concentration of the elutant was main-
tained at 97.2% (v/v) water and 2.8% (v/v) 1 M NaOH for 15 min.
The elution fluid was switched to 55.0% (v/v) water and 45.0% (v/
v) 1 M NaOH for 20 min and returned to 97.2% (v/v) water and
2.8% (v/v) 1 M NaOH for 10 min to equilibrate the column. The flow
rate was set at 0.5 mL/min. The content of acid insoluble lignin was
measured as the solid residue remaining after two-step hydrolysis.
Ash content was subtracted from the solid residue. The acid soluble
lignin content of untreated and lyophilized pretreated biomass
(SWG and AGB) was determined with a modified acetyl bromide
method (Pandey and Pitman, 2004). For untreated biomass sam-
ples, alcohol-insoluble residue (AIR) was obtained by extracting
50 mg of the biomass with 95% ethanol (1:4 w/v) at 100 �C for
30 min, centrifugation at 10,000g for 10 min, washing five times
with 70% ethanol and drying at 32 �C under vacuum to obtain
AIR. Both AIR and IL pretreated samples (5 mg) were treated with
25% (w/w) acetyl bromide in glacial acetic acid (0.6 mL). The tubes
were sealed and incubated at 50 �C for 3 h at 800 rpm on an Eppen-
dorf Thermomixer (Thermo Fisher Scientific Inc., PA, USA). After
digestion, the solutions were centrifuged at 10,000g for 10 min,
and 0.1 mL of the supernatant was mixed with 0.4 mL of 2 M so-
dium hydroxide solution and 70 lL of 0.5 M hydroxylamine hydro-
chloride solution in a new Eppendorf tube. Fifty-seven microliters
of the mixture was transferred to a 96-well plate and diluted with
0.2 mL of glacial acetic acid. The UV spectra (Spectramax M2-02,
Molecular Devices, CA, USA) of the solutions were measured
against a blank prepared using the same method. The lignin con-
tent was determined with the absorbance at 280 nm and calcu-
lated using an averaged extinction coefficient of 17.75 L g�1 cm�1

(Fukushima and Hatfield, 2004).
2.4. Crystallinity measurement

X-ray powder diffraction patterns of untreated and lyophilized
pretreated biomass (SWG and AGB) were obtained using a PANa-
lytical Empyrean diffractometer equipped with a PIXcel3D detector
with Cu Ka radiation. Samples from three replicates were mixed
for XRD analysis. SWG and AGB samples were cast with double-
sided tape on microscope slides. Scans were collected at 45 kV
and 40 mA with a wavelength of 1.5418 Å. A reflection-transmis-
sion spinner was used as a sample holder and the spinning rate
was 4 rpm. Patterns were collected in the 2h range of 5–65�,
the step size was 0.026�, and the exposure time was 300 s. The



Table 1
Compositional analysis of untreated and IL pretreated biomass (SWG and AGB).

Glucan Xylan Arabinan Galactan Total lignina Acid-soluble lignin Acid-insoluble lignin Ashes Moisture content

Switchgrass
Untreated 46.9 ± 1.6 25.6 ± 0.8 4.3 ± 0.2 0.8 ± 0.7 15.9 ± 0.9 3.2 ± 0.3 12.7 ± 0.6 9.2 ± 0.2 9.4 ± 0.0
120 �C 52.5 ± 1.0 28.9 ± 0.3 5.2 ± 0.1 0.3 ± 0.6 14.6 ± 1.9 2.8 ± 0.2 11.8 ± 1.7 8.5 ± 0.2 2.5 ± 0.1
160 �C 68.4 ± 0.7 21.9 ± 1.0 4.9 ± 0.3 0.8 ± 0.1 9.8 ± 2.0 2.5 ± 0.1 7.3 ± 1.9 8.1 ± 0.3 1.6 ± 0.0

Agave bagasse
Untreated 45.6 ± 1.6 19.9 ± 0.7 0.7 ± 0.0 2.2 ± 0.2 19.3 ± 1.5 4.1 ± 0.1 15.2 ± 1.4 4.4 ± 0.6 8.5 ± 0.0
120 �C 52.6 ± 0.5 20.5 ± 1.4 0.3 ± 0.0 0.9 ± 0.1 16.1 ± 0.5 3.4 ± 0.2 12.7 ± 0.3 4.1 ± 0.5 1.7 ± 0.1
160 �C 66.0 ± 1.1 21.3 ± 1.7 0.3 ± 0.0 0.9 ± 0.1 10.9 ± 1.0 2.7 ± 0.2 8.2 ± 0.8 3.9 ± 0.3 2.5 ± 0.1

a Total lignin = acid soluble lignin + acid insoluble lignin.
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crystallinity index (CrI) was determined by curve fitting of the dif-
fraction patterns using the software package HighScore Plus�.

2.5. Enzymatic saccharification

Wet IL pretreated samples were saccharified without any dry-
ing at a solids loading of 15%.

Enzymatic saccharification of untreated and pretreated biomass
(SWG and AGB) samples was conducted at 55 �C and 150 rpm in
50 mM citrate buffer (pH of 5.5). The enzyme loading was normal-
ized to the glucose and xylose contents in the biomass samples to
understand the impact of ionic liquid pretreatment and dissolution
of hemicelluloses, a TFA hydrolysis/HPAEC was performed, and set
at 40 mg of CTec2/g glucan and 4 mg of HTec2/g xylan were used
for all saccharification experiments. In a parallel set of saccharifica-
tion experiments, lyophilized IL pretreated samples were used. The
total solid loading was normalized to the total glucan (5 g glucan/
L) content of the samples. The untreated SWG and AGB were run
concurrently with the lyophilized samples to eliminate potential
differences in temperature history or enzyme loading. The enzyme
concentrations of CTec2 and HTec2 were 20 mg protein/g glucan
and 2 mg protein/g xylan, respectively.

2.6. DNS (3,5-dinitrosalicylic acid) assay

Saccharification reactions were monitored by taking 50 lL of
the saccharification supernatant at specific time intervals (0, 0.5,
1, 3, 6, 24, 48 and 72 h). The collected samples were centrifuged
at 10,000g for 5 min, and reducing sugars were measured using
the DNS assay (Miller, 1959) on a DTX 880 Multimode Detector
(Beckman Coulter, CA, USA). Solutions (0–5 mM) of D-glucose in
Fig. 1. Percent lignin removed after 3 h of IL pretreatment using [C2mim][OAc] in
SWG and AGB. Error bars show the standard deviation of triplicate measurements.
water were used as calibration standards. The rate of enzymatic
saccharification was calculated based on the sugar released during
the first 30 min of hydrolysis (Dadi et al., 2006). All assays were
performed in triplicate.
3. Results and discussion

3.1. Compositional analysis before and after pretreatment

The chemical composition of the pretreated and untreated
biomass (SGW and AGB) is shown in Table 1. The chemical compo-
sition of untreated AGB (lignin – 19.3%, xylan – 45.6% and glucan –
52.6%) is consistent with other reported values (Davis et al., 2011;
Iñiguez-Covarrubias et al., 2001). When compared to SWG, AGB
10 20 30 40 50 60
2θ(°)
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Fig. 2. XRD spectrum of untreated and pretreated (top) SWG and (bottom) AGB.
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had higher lignin content, and lower hemicelluloses and ash con-
tent. The recovered samples after being treated at 160 �C for 3 h
were enriched in cellulose and had a higher total sugar content
as a percentage of total composition when compared to untreated
biomass (45.6–66.0% and 46.9–68.4% for AGB and SWG, respec-
tively). The total lignin content in the recovered samples decreased
as a function of pretreatment temperature. During ionic liquid
pretreatment, total delignification for SWG was 8.2% at 120 �C
and 38.4% at 160 �C, and that of AGB was 16.6% at 120 �C and
45.5% at 160 �C (Fig. 1). The extent of delignification for SWG are
consistent with the delignification values reported for another
switchgrass cultivar pretreated with [C2mim][OAc] at 160 �C for
3 h (Li et al., 2010). The total sugar and glucose contents of SWG
and AGB increased after IL pretreatment (Supporting material,
Fig. I). IL pretreatment with [C2mim][OAc] was therefore very
effective in increasing the sugar content and decreasing the total
lignin content of AGB and SWG. The extent of delignification
(Fig. 1) at 120 and 160 �C was higher for AGB than to SWG. After
Fig. 3. Enzymatic hydrolysis of untreated and pretreated (top) SWG and (bottom) A
measurements.
pretreatment, SWG had a higher sugar and lower lignin content
than AGB. For both the biomasses, xylan content decreased with
an increase in pretreatment temperature from 120 to 160 �C, indi-
cating a loss of hemicelluloses after IL pretreatment at 160 �C.

3.2. Cellulose crystallinity before and after pretreatment

Cellulose crystallinity significantly affects enzymatic saccharifi-
cation efficiency (Kumar et al., 2009; Zhang and Lynd, 2006). Var-
ious pretreatments change cellulose crystallinity and cellulose
structure y disrupting inter- and intra-chain hydrogen bonding of
cellulose fibrils (Mosier et al., 2005). X-ray diffraction (XRD) is still
the most robust methodology available to determine the cellulose
crystallinity index (CrI) and cellulose polymorphs. Fig. 2 presents
XRD patterns of untreated and IL pretreated SWG and AGB. The
crystallinity index of the cellulose I lattice was estimated using
software to separate amorphous and crystalline contributions to
the diffraction spectrum using a curve-fitting process. The CrI of
GB at 15% biomass loading. Error bars show the standard deviation of triplicate
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untreated SWG was 39.2%. After [C2mim][OAc] pretreatment at
120 �C, the main peak at around 22.0� shifted to a lower angle
(21.2�) and became broader. Cheng et al. (2011) also reported a
shift in the main peak for 3 wt.% switchgrass pretreated at 120 �C
for 3 h using [C2mim][OAc]. The broad peak at around 16.0�, which
is a composite peak, dropped its intensity and became a weak
shoulder peak. These changes are consistent with severe distortion
of cellulose I lattice and a decrease in crystallinity (CrI of �0.09).
After pretreatment at 160 �C, the SWG sample was amorphous.
This decrease in CrI of cellulose I after IL pretreatment using [C2mi-
m][OAc] is consistent with the results reported for 3 wt.% switch-
grass pretreated at higher temperatures (Cheng et al., 2011; Li
et al., 2010); however, in the current study amorphous cellulose
was seen as a result of pretreatment at 15 wt.% loading in [C2mi-
m][OAc]. Cheng et al. (2011) have reported the formation of cellu-
lose II due to complete dissolution of the biomass under severe
pretreatment conditions. Absence of cellulose II structure indicates
that, at 15 wt.% biomass loading, SWG was not completely dis-
solved in [C2mim][OAc]. The CrI of untreated AGB was 28.6%,
which is lower than that of SWG considering that they had a sim-
ilar glucan content (Table 1). A similar trend was observed for AGB
after pretreatment, as the main peak at around 22.1� shifted to a
lower angle (20.6�) after pretreatment at 120 �C. It appears that
was already mostly amorphous after pretreatment at 120 �C (CrI
of �0.03), although the assessment could be affected by the inter-
ference of sharp crystalline peaks of some unidentified crystalline
peaks that do not typically appear in the diffraction patterns of
Fig. 4. Enzymatic hydrolysis of untreated and pretreated (top) SWG and (bottom) AGB u
measurements.
either cellulose or lignocellulose. Tronc et al. (2007) have also re-
ported the presence of these peaks in untreated AGB at 2h = 15�,
24.5� and 30.5�. After IL pretreatment, the intensity of these
unidentified peaks decreased for AGB (Fig. 2). These peaks possibly
represent substance(s) that are impregnated into the AGB during
Tequila production, but further study is needed. These unidentified
peaks were not present in other varieties of agave, like Agave Amer-
icana not used for Tequila production (Saikia, 2008; Singha and
Rana, 2010). The ionic liquid pretreatment distorted the native cel-
lulose I lattice at 120 �C and transformed it to amorphous cellulose
at 160 �C, with increased cellulose accessibility, which should en-
able more efficient cellulose hydrolysis. Although the cellulose
regeneration process occurring during IL pretreatment transforms
cellulose I to cellulose II (Cheng et al., 2011; O’Sullivan, 1997),
transformation to cellulose II was not observed either for SWG or
AGB, which may be due to the higher biomass loading (15% in
the present study vs. 3% in the previous studies).

3.3. Enzymatic saccharification

Enzymatic hydrolysis of untreated and IL-pretreated SWG and
AGB to reducing sugar was carried out to compare their initial
kinetics and cellulose digestibility using two different experimen-
tal techniques. Fig. 3 shows total reducing sugar production for un-
treated and IL-pretreated SWG and AGB using 15% solids loading.
Taking into account the hydrolysis reaction stoichiometry, 1 g of
cellulose, upon complete hydrolysis, produces 1.11 g of glucose
sing constant enzyme loading. Error bars show the standard deviation of triplicate
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(Dadi et al., 2006). When compared to untreated samples, the
IL-pretreated SWG and AGB exhibited significantly faster cellu-
lose-to-sugar conversion efficiency. The initial rate of hydrolysis
increased as total lignin content decreased at 160 �C (Supporting
material, Fig. II). Saccharification efficiency and yield were higher
for biomass samples pretreated at 160 �C than at 120 �C. The initial
hydrolysis rate for pretreated SWG and AGB was 0.104 and
0.09 mg/mL/min, respectively. IL pretreatment at 160 �C increased
the amount of reducing sugars released after 24 h when compared
to untreated samples by 100% (7–14 mg/mL) for SWG and by 183%
(6–17 mg/mL) for AGB. The initial rate of hydrolysis was higher for
SWG than AGB at both pretreatment temperatures, but the in-
crease in total yield, after 24 h of saccharification, was higher for
AGB. The increase in yields of reducing sugars during the sacchar-
ification experiments is attributed to: (1) delignification and depo-
lymerization of hemicelluloses, which is consistent with the
observations of Lee et al. (2009) and Li et al. (2010), and (2) de-
creased cellulose crystallinity, resulting in amorphous cellulose
that provides an enhanced surface area leading to better enzyme
accessibility and increased binding sites in recovered cellulose fi-
bers. This higher saccharification kinetics at relatively high bio-
mass loading and during pretreatment and saccharification
translates into major economic benefits during the production of
biofuels. In the second set of saccharification experiments, enzyme
loading was held constant and normalized to glucan content of the
samples. Fig. 4 presents the total reducing sugar produced for un-
treated and pretreated SWG and AGB using this approach. Maxi-
mum sugar yields (7.69 and 7.64 mg/mL for SWG and AGB,
respectively) were observed for biomass samples pretreated at
120 �C after 72 h of enzymatic hydrolysis. The sugar yields for
the high biomass loading and normalized enzyme loading runs
were similar and unaffected by the total biomass loading. These re-
sults show that IL pretreatment using [C2mim][OAc] can signifi-
cantly improve biomass saccharification efficiency at relatively
high solids loading.

4. Conclusions

IL pretreatment using [C2mim][OAc] has increased the sacchar-
ification kinetics and sugar yields of switchgrass (SWG) and agave
bagasse (AGB). Compositional analysis indicated delignification,
partial hemicellulose removal and cellulose enrichment. IL pre-
treatment using [C2mim][OAc] was also effective in the conversion
of cellulose I to amorphous cellulose in SWG and AGB. Though the
initial enzymatic hydrolysis rate was lower for agave bagasse when
compared to switchgrass, the total sugar yield was higher. This
study highlights the potential of AGB as a biofuel feedstock that
can produce high sugar yields with IL pretreatment.
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