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Previous studies of agave bagasse (AGB-byproduct of tequila industry) presented uniden-

tified crystalline peaks that are not typical from common biofuel feedstocks (e.g. sugarcane

bagasse, switchgrass or corn stover) making it an important issue to be addressed for

future biorefinery applications. Ionic liquid (IL) pretreatment of AGB was performed using

1-ethyl-3-methylimidazolium acetate ([C2mim][OAc]) at 120, 140 and 160 �C for 3 h and a

mass fraction of 3% in order to identify these peaks. Pretreated samples were analyzed by

powder X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, field

emission scanning electronic microscopy (FE-SEM), thermal analysis (TGA-DSC) and wet

chemistry methods. Previous unidentified XRD peaks on AGB at 2q ¼ 15�, 24.5� and 30.5�,

were found to correspond to calcium oxalate (CaC2O4) in a monohydrated form. IL

pretreatment with [C2mim][OAc] was observed to remove CaC2O4 and decrease cellulose

crystallinity. At 140 �C, IL pretreatment significantly enhances enzymatic kinetics and

leads to ~8 times increase in sugar yield (6.66 kg m�3) when compared to the untreated

samples (960 g m�3). These results indicate that IL pretreatment can effectively process

lignocellulosic biomass with high levels of CaC2O4.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Various physical and chemical pretreatment methods,

including steam explosion, ammoniumfiber expansion, dilute
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acid, lime, and organic solvent pretreatments, have been

demonstrated to be capable of mitigating the biomass recal-

citrance for subsequent enzymatic saccharification in order to

obtain biofuels or value added products [1e3]. Most of these

pretreatment methods are not selective and often produce
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undesirable by products (e.g. acetic acid or furfural) that can

inhibit the downstream fermentative conversion of the

monosaccharides into ethanol and other products [4]. In the

last decade, numerous studies have focused on the dissolu-

tion of lignocellulose in a variety of certain ionic liquids (ILs)

exhibiting a high solubility which have developed into a novel

pretreatment process [5]. Currently, the costs of ILs produc-

tion is high because they are produced on a relatively small

scale; with vigorous research in the search of cheap and

efficient ILs and increasing demand for ILs, the cost will drop

in the near future. Most of the ILs used for biomass pretreat-

ment are stable up to 300 �Cwith processing conditionswithin

80e180 �C and are relatively benign with minimal environ-

mental impact in water and air pollution [6]. Microcrystalline

cellulose can be readily solubilized in some ILs and recovered

by the addition of an anti-solvent, such as water or ethanol.

Crystallinity of the regenerated cellulose is lower than cellu-

lose in the untreated biomass and is more susceptible to

enzymatic hydrolysis [7].

Ionic liquids based on imidazolium cations (e.g., 1-butyl-3-

methyl imidazolium chloride ([C4mim]Cl) and 1-ethyl-3-

methylimidazolium acetate ([C2mim][OAc]) have been

reported to solubilize a significant portion of lignocellulose at

concentrations ranging from 5 to more than 15% (depending

on temperature, nature of the IL, particle size and time) and

enhance the saccharification kinetics of the recovered product

[8]. Several studies have demonstrated that certain ILs can

effectively solubilize lignocellulosic biomass such as switch-

grass, poplar, pine, and corn stover [2], suggesting their

potential for use in pretreating lignocellulosic feedstocks.

It was recently shown by Perez-Pimienta et al. [9] that

[C2mim][OAc] can effectively pretreat agave bagasse (AGB) by

removing a significant amount of lignin (~45%) and generates

a product that is highly amorphous. In the same report it was

observed unidentified crystalline peaks of high intensity of x-

ray diffraction in untreated AGB at 2q ¼ 15�, 24.5� and 30.5�,
that are not reported in diffraction patterns of other biofuel

feedstocks such as switchgrass or corn stover. After IL pre-

treatment with [C2mim][OAc] the intensity of these uniden-

tified peaks decreased. Since AGB is considered as a potential

biofuel feedstock, it is necessary to characterize and analyze

all its components, which may cause interference during

pretreatment and subsequent downstream processes (enzy-

matic saccharification and fermentation).

In the present study a comprehensive characterization of

AGB was conducted in order to determine the origin and role

of the previously observed and unidentified crystalline com-

ponents. Agave tequilana Weber is a plant that is cultivated in

Mexico and used as a raw material in the production of the

alcoholic beverage tequila. The AGB is a residual fiber ob-

tained from the process and represents 40% of the harvested

plant, with an annual generation in Mexico of about 112 kt in

a wet basis, and at the moment just a small fraction is being

used for soil composting or as plywood, while the rest is

accumulated in landfills [10,11]. In this work, we sought to

understand the physicochemical changes of AGB as a func-

tion of IL pretreatment with [C2mim][OAc], with an emphasis

on the elucidation of the unidentified crystalline peaks pre-

sent in the biomass which has been reported by a number of

research papers [9,12e15].
The experiments were designed to use a similar approach

as in our previous report [9] thereby replicate the biomass

behavior and obtain similar unidentified peaks using powder

X-ray diffraction. Characterization of untreated and IL

pretreated AGB was performed to determine glucan, xylan

and lignin contents. Delignification and other chemical

changes were tracked by Fourier Transform Infrared (FTIR)

spectroscopy. X-ray diffraction (XRD)was used to compare the

crystallinity of AGB before and after [C2mim][OAc] pretreat-

ment. Thermal properties was evaluated using thermogravi-

metric analysis and differential scanning calorimetry (TGA-

DSC). Supramolecular structures of AGB were examined by

field emission scanning electronmicroscopy (FE-SEM). Finally,

the saccharification kinetics and overall sugar yields were

determined.
2. Experimental section

2.1. Materials and sample preparation

Agave bagasse (AGB) was donated by Destilerı́a Rubio, a

Tequila facility from Jalisco, Mexico. This facility only used

plants aged 7e8 years and the plant without the leaves is

cooked about 18 h in an autoclave. After the cooking, the plant

is milled and compressed to separate the syrup from wet

bagasse. AGB samples were collected, washed thoroughly

with distilled water and dried in a convection oven. The

biomasswasmilled with a Thomas-WileyMini Mill fitted with

a 400 mm 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 cel-

lulose) and HTec2 (Endoxylanase with high specificity toward

soluble hemicellulose) were a gift from Novozymes (Davis,

CA). Ionic liquid, 1-ethyl-3-methylimidazolium acetate

([C2mim][OAc]), acetic acid, sodium acetate, sulfuric acid, 3,5-

dinitrosalicylic acid (DNS), and sodium hydroxide were pur-

chased from SigmaeAldrich (St. Louis, MO). Acetyl bromide

and hydroxylamine hydrochloride were purchased from Alfa

Aesar (Ward Hill, MA).
2.2. Ionic liquid pretreatment

A mass fraction of 3% of an AGB/IL mixture was prepared by

combining 300 mg of milled AGB with 9.7 g [C2mim][OAc]

(used as received) in a 50 cm3 autoclave vial. The vials and the

contents were heated in an oven (Thelco Laboratory oven,

Precision Instruments, VA) at 120, 140 and 160 �C for 3 h [2]. All

experiments were conducted in triplicates. After 3 h of incu-

bation, 30 cm3 of deionized water was slowly added into the

biomass[C2mim][OAc]�1 slurry to recover the pretreated AGB.

A precipitate formed immediately, and the samples were

centrifuged at 10,000 g for 10min. The supernatant containing

IL was removed, and the precipitate was washed five times

with additions of water in order to ensure that excess IL had

been removed. The washing process was continued until the

concentration of IL in the supernatant, asmeasured by Fourier

transform infrared (FTIR) spectroscopy using a previously

established technique [9], was less than 0.2%.

http://dx.doi.org/10.1016/j.biombioe.2015.02.026
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2.3. Chemical characterization

Sugars content of untreated and pretreated AGB sampleswere

determined according to the standard analytical procedures

of the National Renewable Energy Laboratory (NREL) using a

two-step acid hydrolysismethod [16,17] as described by Perez-

Pimienta et al. [9]. The untreated and pretreated 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. The content of acid insoluble

lignin was determined gravimetrically as the solid residue

remaining after two-step hydrolysis. The liquid filtrates were

used to determine the content of acid soluble lignin. Samples

were diluted as appropriate, and their ultra-violet absorbance

was recorded in an Agilent 8453 UVeVis spectrophotometer.

The lignin content was determined with the absorbance at

280 nm and calculated using an averaged extinction coeffi-

cient of 1775m�3kg�1 m�1 [18]. Total concentration of lignin in

the samples was calculated as the sum of the concentrations

of acid-soluble lignin, and acid-insoluble lignin. All acid

hydrolyzes were run in triplicate.

2.4. Crystallinity measurement

XRD patterns of untreated and pretreated AGB were collected

with a PANalytical Empyrean X-ray diffractometer equipped

with a PIXcel3D detector and operated at 40 kV and 40 kA using

CuKa radiation. Samples from three replicates were mixed for

XRD analysis. AGB samples were cast with double-sided tape

on microscope slides. A reflection-transmission spinner was

used as a sample holder and the spinning rate was 0.067 Hz.

Patterns were collected in the 2q range of 5e65�, the step size

was 0.026�, and the exposure time was 300 s. The crystallinity

index (CrI) was determined by curve fitting of the diffraction

patterns using the software package HighScore Plus®.

2.5. Attenuated total reflectance (ATR)eFTIR
spectroscopy

ATReFTIRwas conducted using a Bruker Optics Vertex system

with built-in diamond-germanium ATR single reflection

crystal. Untreated and pretreated AGB samples were pressed

uniformly against the diamond surface using a spring-loaded

anvil. Sample spectra were obtained in triplicates using an

average of 128 scans over the range between 850 cm�1 and

2000 cm�1 with a spectral resolution of 2 cm�1. Air, water and

IL solution were used as background for untreated and pre-

treated biomass samples, respectively. Baseline correction

was conducted using the rubber band method following the

spectrum minima [8].

2.6. Analysis of morphology

The morphology and localized chemical information of un-

treated and pretreated AGB solids were analyzed using a field

emission scanning electron microscope (FE-SEM) by a JEOL

JSM-7600F equipment. Prior to acquiring images, the samples

were mounted with double-sided carbon taped on precut

brass sample stubs and coated with approximately 20 nm of

gold using a sputtering system in order to avoid static change
and kept in a desiccator until analysis. The representative

images were acquired with a 7.5 kV accelerating voltage.

2.7. DSC and TGA analysis

A differential scanning calorimeter (DSC Q100) from TA

Instruments was usedwith a N2 atmosphere (50 cm3 min�1) in

the range of 25e256 �C, using a 10 Kmin�1 ramp. DSC curves

were obtained using 3.3 mg. The TGA curves were obtained

using around 3.8 mg of AGB as initial sample mass. The

bagasse was tested in a TGA SDT Q600 from TA Instruments,

with temperature range of 25e800 �C and heating rate of

10K min�1 in N2 atmosphere.

2.8. Enzymatic saccharification

Enzymatic saccharification using commercially available

Cellic® CTec2 and HTec2 enzyme mixtures of untreated and

pretreated AGB samples was conducted at 55 �C and 2.5 Hz in

9.6 kgm�3 citrate buffer (pH of 4.8). The untreated AGB were

run concurrently with the samples to eliminate potential

differences in temperature history or enzyme loading. The

enzyme concentrations of CTec2 and HTec2 were set at 20 g

protein per kg glucan and 2 g protein per kg xylan, respec-

tively. Enzyme concentration for CTec2 and HTec2 were 188

and 24.6 kg protein m�3, respectively. Enzyme activities for

CTec2 and HTec2 were 320 FPUcm�3 and 1300 xylanase

IUcm�3, respectively. All assays were performed in triplicate.

Error bars show the standard deviation of triplicate

measurements.

2.9. 3,5-Dinitrosalicylic acid (DNS) assay

Saccharification reactions were monitored by taking 50 mm�3

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 10,000 g for 5 min, and reducing sugars were

measured using the DNS assay on a DTX 880 Multimode

Detector (Beckman Coulter, CA) [19]. Using glucose solutions

in water as calibration standards. The initial rate of enzymatic

saccharification was calculated based on the sugar released

during the first 30 min of hydrolysis [20]. All assays were

performed in triplicate.
3. Results and discussion

3.1. Compositional analysis

Previous studies have found that [C2mim][OAc] is an effective

solvent to solubilize the plant cell wall at relatively mild

temperatures [21]. Subsequent cellulose precipitation and

regeneration via addition of water as an anti-solvent leads to a

fraction of lignin remaining dissolved in the mixture of IL and

water [8]. As shown in Table 1, the chemical composition of

untreated AGB (lignin-19.9%, xylan-19.8% and glucan-45.6%) is

consistent with literature data [11]. After pretreatment with

[C2mim][OAc], the samples were enriched in carbohydrates

(xylan þ glucan) and reduced in lignin, which facilitated

subsequent enzymatic hydrolysis. The recovered samples

http://dx.doi.org/10.1016/j.biombioe.2015.02.026
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Table 1 e Polymer and ash mass fractions (%) of untreated and IL treated AGB.

Agave
bagasse

Glucan Xylan Arabinan Galactan Total lignina Acid-soluble
lignin

Acid-insoluble
lignin

Ashes Moisture
content

Untreated 45.6 ± 1.6 19.8 ± 0.7 4.3 ± 0.0 0.8 ± 0.7 19.9 ± 0.2 3.9 ± 0.1 16.0 ± 0.1 4.3 ± 0.1 7.4 ± 0.1

120 �C 52.6 ± 1.5 20.5 ± 1.4 0.1 ± 0.0 0.3 ± 0.1 16.7 ± 0.5 3.4 ± 0.4 13.3 ± 0.1 3.7 ± 0.1 1.4 ± 0.3

140 �C 46.9 ± 1.6 25.6 ± 0.8 0.1 ± 0.0 0.1 ± 0.1 15.2 ± 0.6 3.2 ± 0.2 12.0 ± 0.4 3.8 ± 0.2 2.1 ± 0.1

160 �C 66.4 ± 1.5 21.3 ± 1.7 0.1 ± 0.0 0.1 ± 0.1 12.8 ± 0.6 2.6 ± 0.3 10.2 ± 0.3 3.6 ± 0.1 1.4 ± 0.1

a Total lignin ¼ Acid soluble lignin þ Acid insoluble lignin.
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after being treated at 120 and 160 �C for 3 h had higher glucan

content when compared to untreated biomass (52.6 and 66.4%

vs. 46.9%). The xylan content remained roughly constant

(Supplementary data, Fig. I). It was, however, noted that the

glucan content of the sample IL-140 �C was close to that of

untreated AGB while the xylan content increased from 19.8 to

25.6%. It appears that the xylan is largely preserved while the

cellulose suffered some losses after the biomass sample was

pretreated at 140 �C. This contrasts with those of 120 and

160 �C while the cellulose was mostly preserved and xylan

suffered some losses.We also noticed that based on TGA data,

sample IL-140 �C became easier to thermally decompose,

which suggests that at this temperature the IL pretreatment

may have depolymerized both cellulose and xylan, but it is not

clear why this would happen at 140 �C. For these reasons, we

are planning further studies on the correlation of tempera-

ture, IL content and crystalline material content reported on

the X-ray diffraction section. During IL pretreatment, total

delignification was determined to be 16.1% at 120 �C, 21.6% at

140 �C and 35.7% at 160 �C. Currently, there are not many

reports regarding the effectiveness of delignification from

AGB. However, literature results for other agricultural resi-

dues suggest that it depends on biomass type and pretreat-

ment conditions. daSilva et al. [22] reported a delignification

up to 57.8% of wheat straw after pretreatment at 140 �C for 6 h.

A recent study investigated the [C2mim][OAc] dissolution of

sugarcane bagasse using a mass fraction of 5% at 120 �C for

0.5 h, and they achieved a lignin reduction of 32.1% [23]. Li

et al. [2] hypothesized that the differences during IL pre-

treatment in the reported delignification efficiencies were

likely due to the following reasons: the interactions of specific

ionic liquids in pretreatment had an effect within the biomass

which was dependent on the cation, anion, temperature, and

time used in the process, and the extent and degree of

biomass recalcitrance varies as a function of the biomass itself

and was influenced by inherent variations in terms of age,

harvest method, extent of drying, and storage conditions.
Fig. 1 e XRD spectrum of untreated and IL pretreated AGB.
3.2. X-ray diffraction

The features of recovered AGB after IL pretreatment were

examined using powder XRD and compared to the untreated

sample. The measured XRD patterns are presented in Fig. 1A

noticeable effect of IL pretreatment is the loss of sharp crys-

talline peaks at 2q ¼ 15�, 24.5� and 30.5� as a function of

temperature. These peaks were previously reported, and were

hypothesized that those signals were produced by an

impregnated substance on the AGB during the fermentation
process or byproducts confinement [9,12e15]. Those peaks are

identified to be from calcium oxalate (CaC2O4) in a mono-

hydrated form, this material is also known as whewellite.

Fig. 2 shows the XRD patterns of untreated AGB and the

calculated pattern for calcium oxalate monohydrate, gener-

ated from the published crystal structure by Deganello [24].

Crystalline features of the untreated AGB sample are in good

agreement with the expected diffraction peaks for

CaC2O4$H2O. The main peaks at 2q ¼ 15�, 24.5� and 30.5�

correspond to the (10-1), (020) and (20-2) lattice planes in

monoclinic CaC2O4$H2O, I2 m�1space group (Supplementary

data, Fig. II) [24]. It also agrees well with other reports of

CaC2O4 in plants, such as the report by Hartl et al. [25] The

presence of calcium oxalate in biomass is well documented,

with more than 215 plant families known to accumulate

crystals within their tissues, including many crop plants that

can accumulate calcium oxalate in the range of 3e80% of their

dry weight, however, it is not present in this magnitude in any

currently employed biofuel feedstock like corn stover or

switchgrass [26]. The crystals have a variety of important

functions, including tissue calcium regulation, plant protec-

tion and detoxification of heavy metals [27]. Besides, CaC2O4

traces can be found as calcite (CaCO3) in the ash of untreated

AGB (data not shown). It is noted that many Crassulacean acid

metabolism (CAM) plants, which include cactus and agaves,

have higher levels of calcium oxalate compared to other bio-

fuel feedstocks [27].As can be observed from the XRD patterns,

the IL pretreatment is efficient in removing most of the

calcium oxalate phases. Moreover, calcium oxalate reacts

exothermically with strong oxidants such as hydrogen

http://dx.doi.org/10.1016/j.biombioe.2015.02.026
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Fig. 2 e XRD spectrum of untreated AGB and calculated calcium oxalate monohydrate. The calculated CaC2O4·H2O pattern

was generated by Mercury™ (version 3.1) from published Crystallographic Information File.
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peroxide or ozone but it does not react with biological agents

[28]. It should be noted that further studies are needed to

determine the effect of calcium oxalate in biomass pre-

treatments (especially oxidant ones) in terms of process effi-

ciency and subsequent enzymatic saccharification.

XRD measurements provide one of the best options to es-

timate the impact of pretreatment on biomass crystallinity,

which is believed to significantly affect enzymatic saccharifi-

cation of glucan [29]. XRD is a robust methodology to deter-

mine the cellulose crystallinity index (CrI) and identify

cellulose polymorphs. The CrI of the cellulose I lattice was

estimated by separation of amorphous and crystalline con-

tributions to the diffraction spectrum. The sample CrI of

untreated AGB, defined as mass fraction of crystalline cellu-

lose over whole biomass samples, is estimated to be 0.28. The

cellulose CrI, obtained after normalizing to its cellulose con-

tent, equals to 0.61, which suggest that 61% of the cellulose is

crystalline. After [C2mim][OAc] pretreatment at 120 �C, the

main peak at around 22.1� shifted to lower angle and became

broader. Meanwhile, the broad peak at around 16.0�, which is

a composite peak, dropped its intensity and became a weak

shoulder peak. This effect has been reported before and is

consistent with severely distortion of cellulose I lattice [30]

and a decrease in crystallinity (sample CrI of ~5%). With

increasing pretreatment temperature, a cellulose II structure

evolved with the characteristic peaks at around 12.0� and

20.0�, which indicates partial dissolution of AGB samples.

However the CrI of cellulose II is relatively low in these

pretreated samples with the sample CrI of less than 10% and

the cellulose CrI of less than 20%. Therefore, these IL pre-

treated samples are mainly amorphous.

3.3. ATR-FTIR analysis

Chemical fingerprinting of IL-pretreated and untreated AGB

was characterized by ATReFTIR, using a normalized spectra at

a band position between 850 cm�1 and 2000 cm�1
(Supplementary data, Fig. III). For ATReFTIR data, seven bands

are used to monitor the chemical changes of lignin and car-

bohydrates, as well as the amorphous to crystalline cellulose

ratio and two bands for changes in calcium oxalate intensity.

The main antisymmetric carbonyl stretching band specific to

the oxalate family occurs at 1618 cm�1 for CaC2O4$H2O and the

secondary carbonyl stretching band, the metal-carboxylate

stretch, is located at 1317 cm�1. Those two bands are

observed to decrease with IL pretreatment in agreement with

the peak reduction on XRD [31]. A decrease in the reduction in

the 1745 cm�1 intensity associated with carbonyl C]O

stretching occurs in the pretreated samples, this indicates

cleavage of lignin side chains increasing slightly only at

sample IL-160 �C. When compared to the untreated spectrum,

the bands at 1510 cm�1 (aromatic skeletal from lignin) and

1375 cm�1 (CeH deformation in cellulose & hemicellulose)

increase for IL-pretreated samples. However, usually the

bands at 1510 cm�1 decreases after IL pretreatment [21], which

reflects the degree of delignification. In this work, the lignin

bands are affected by the broad and intense CaC2O4 peaks.

Furthermore, a significant increase at 1056 cm�1 band (CeO

stretch in cellulose & hemicellulose) is observed for all IL-

pretreated sample, and a minor decrease in the band in-

tensity at 1235 cm�1 (CeO stretching in lignin&hemicellulose)

was observed for samples IL-120 �C and IL-140 �C, increasing
its intensity only on sample IL-160 �C. This is likely due to the

cleavage of ester linkages in lignin and hemicelluloses after

pretreatment at 160 �C. In addition to that, the crystalline to

amorphous cellulose ratio peaks of 1098 cm�1and 900 cm�1 is

decreasing as a function of the IL pretreatment temperature,

which is consistent with the XRD pattern, indicating the

decrease of cellulose crystallinity [2]. In comparison, an in-

crease in the band intensity at 900 cm�1 (anti-symmetric out-

of-plane ring stretch of amorphous cellulose) is observed in

the spectra of IL-pretreated samples, which reflects the rela-

tive increase in cellulose content as a result of partial removal

of both lignin and hemicellulose.

http://dx.doi.org/10.1016/j.biombioe.2015.02.026
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Table 2 e Onset Ts and decomposition Td temperatures
for untreated and IL pretreated AGB.

Property Pretreatment

Untreated IL-120 �C IL-140 �C IL-160 �C

Ts, �C 253 247 230 239

Td, �C 376 370 347 355
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3.4. Thermogravimetric and differential scanning
calorimetry analysis

Fig. 3 shows the differential TG plots rather than standard

weight loss plots of untreated and IL pretreated AGB; that is,

the function plotted is rate of weight loss (percent per degree

centigrade) as function of temperature. All samples show

three decomposition stages and some initial weight loss up to

125 �C (related to water loss associated with moisture pre-

sent). The degradation onset temperature (Ts) is observed to

decrease for IL treated samples as compared to the untreated

AGB, shown in Table 2. A similar trend is also observed for

thermal decomposition temperature (Td) stage, in both cases

the lowest value corresponds to IL-pretreated sample at

140 �C. These results indicate IL pretreatment reduced the

activation energy that is needed to decompose woody

biomass by deconstructing the tight plant cell wall structures.

The temperature region between 220 and 300 �C is mainly

attributed to thermal depolymerization of hemicelluloses,

while lignin decomposition extends to the whole temperature

range, from 200 �C until 700 �C, due to different activities of the

chemical bonds present on its structure and the degradation

of cellulose taken place between 275 and 400 �C [32]. The final

decomposition of all samples was completed between 600 and

680 �C, attributed to secondary reactions of carbon-containing

residues, which Fisher et al. [33] have shown that, at tem-

peratures above 400 �C, a weight loss due to thermolysis of

carbon containing residues does take place. When the Ts and

Td of the untreated AGB are compared to the IL-pretreated

samples, a reduction is obtained corresponding to: sample

IL-120 �C (2.4 and 1.6%), sample IL-140 �C (9.1 and 7.7%) and

sample IL-160 �C (5.5 and 5.6%) for Ts and Td, respectively. The

decrease of both Ts and Td is expected to occur due to the

effect of IL pretreatment and associated lignin removal. Yang

et al. [34] reported the pyrolysis characteristics of pure hemi-

cellulose, cellulose and lignin at a heating rate of 10 Kmin�1 in

terms of maximum weight loss. They found that the
Fig. 3 e Differential TGA plot is shown for: a) untreated AGB
decomposition temperature of hemicellulose and cellulose

were 268 �C and 355 �C, respectively. Lignin was the most

difficult to decompose, which happened slowly under the

whole temperature range from ambient to 900 �C. Couhert
et al. [35] stated that decomposition of pure components dif-

fers from real biomass because the pyrolysis reactions are less

hindered by interaction with other components. Therefore,

we hypothesize that the IL treated samples are thermally

more stable in terms of decomposition temperatures after

pretreatment that leads to a downshift in degradation tem-

peratures, making them suitable for subsequent higher yields

in enzymatic saccharification.

Fig. 4 illustrates the DSC curves of untreated AGB and IL

pretreated AGB (120, 140 and 160 �C) with two endothermic

peaks observed. Vaporization temperatures and energy of

AGB were estimated for untreated (94 �C e 25.2 J g�1),

sample IL-120 �C (77 �C e 26.42 J g�1), sample IL-140 �C
(90 �C e 12.7 J g�1), and sample IL-160 �C (77 �C e 22.4 J g�1). In

addition, a slight curve corresponding to free water that

evaporates before subsequent degradation stages can be

observed in untreated AGB (154 �Ce 0.6 J g�1), sample IL-120 �C
(150 �Ce4.1 J g�1), sample IL-140 �C (157 �Ce5.8 J g�1), and

sample IL-160 �C (130 �Ce1.5 J g�1) samples. The IL-pretreated

samples exhibit higher calorific values than the untreated

AGB [35]. A recent report by Satyanarayana et al. [12] pre-

sented DSC curves for untreated AGB with one endothermic

peak corresponding to dehydration at 89.2 �C and 328.1 J g�1,

which were higher than the energy values of 25.2 J g�1 at 94 �C
and IL pretreatment at b) 120 �C, c) 140 �C and d) 160 �C.

http://dx.doi.org/10.1016/j.biombioe.2015.02.026
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Fig. 4 e DSC results for: a) untreated AGB, IL pretreated at b) 120 �C, c) 140 �C and d) 160 �C.

Fig. 5 e Enzymatic hydrolysis of untreated and IL

pretreated AGB. Error bars show the standard deviation of

triplicate measurements.

b i om a s s a n d b i o e n e r g y 7 5 ( 2 0 1 5 ) 1 8 0e1 8 8186
in this study. These differences could be attributed to chem-

ical composition and water content. It should be noted that

this is not observed in a particular path or incidence of CaC2O4

in neither TGA nor DSC [36]. Finally, TGA-DSC analyses show

that thermal degradation depends mainly on cellulose struc-

ture and biomass composition with higher calorific values

found in the IL-pretreated samples.

3.5. Field emission scanning electron microscope

The FE-SEM images of untreated and IL pretreated AGB were

taken at 5,000x and 10,000x magnification (Supplementary

data, Figs. IV and V). The results show presence of recogniz-

able but dispersed crystals of calcium oxalate in the untreated

samples and more organized structures in the pretreated

samples. IL pretreatment significantly alters the fibrillar

structure and there are pores observed over several length

scales. These results are consistent with the observations that

faster hydrolysis rates and higher glucan yields are obtained

for IL treated biomass. The presence of calcium oxalate crys-

tals in considerable quantities are found in untreated AGB

mainly in the form of styloid crystals dispersed along the

surface [37]. Increasing the temperature of IL pretreatment

induce to different forms of CaC2O4, such as crystals with

dominating bypiramid prism in the 120 �C IL treated samples,

this form can be found present in a cactus species (Brachy-

cereusnesioticus) or in precipitates of CaC2O4 [37,38]. At the

sample IL-140 �C CaC2O4 is confined into defined areas as

spherical crystals and finally in the sample IL-160 �C the

concentration of CaC2O4 was reduced and it cannot be found

specific crystals, which is consistent with the XRD results of

the lower quantity of CaC2O4.

3.6. Enzymatic saccharification

Enzymatic hydrolysis of both untreated and IL-pretreated AGB

was carried out to compare their initial kinetics and cellulose
digestibility. Cellulase cocktails derived from filamentous

fungi are incompatible with ILs such as [C2mim][OAc]; there-

fore a watching step is necessary to remove residual IL from

biomass prior to addition of enzymes [39]. Developing

IL-tolerant enzymes and microorganisms to conduct enzyme

hydrolysis and microbial fermentation in one bioreactor, or

using aqueous IL solutions (20e50% IL) to pretreat biomass

and potentially reduce the amount of washing required prior

to enzymatic saccharification are some of the current options

to make the IL pretreatment more efficient [40]. Fig. 5 shows

total reducing sugar production for untreated and IL pre-

treated AGB with a mass fraction of 3%. When compared with

untreated samples, the IL pretreated AGB exhibited signifi-

cantly faster cellulose to sugar conversion. Additionally, the

initial rates of hydrolysis and percentage of lignin removed as

function of IL pretreatment temperature are shown in

http://dx.doi.org/10.1016/j.biombioe.2015.02.026
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Supplementary data as Fig. VI. The amount of reducing sugars

released during 24 h increased from 960 g m�3 to 5.72 kg m�3

from sample IL-120 �C, 5.39 kg m�3 from sample IL-140 �C and

4.33 kg m�3 from sample IL-160 �C, respectively. The initial

hydrolysis rates were observed to be 0.133 kg m�3min�1at

120 �C, 0.135 kg m�3min�1at 140 �C and 0.112 kg m�3 min�1 at

160 �C. The maximum yields occurred for the sample pre-

treated at 140 �C (48 h hydrolysis - 6.66 kg m�3) which can be

correlated to its low Ts (230 �C) and Td (347 �C). Furthermore,

when compared to the untreated AGB, the sample IL-140 �C
achieved an increase of ~8 times in its sugar yield. However,

even with a higher level of delignification, sample IL-160 �C
exhibited a lower sugar yield. Interestingly, sample IL-160 �C
has a higher Ts (239 �C) and Td (355 �C) than those of sample

IL-140 �C. It has been shown in the literature that decrystal-

lization and delignification in general favor enzymatic

hydrolysis, yet the degree of their impacts on the enzymatic

hydrolysis varies with the type of biomass.

Due to the complex plant cell wall structures and their

interactions with ILs at high temperatures, a clear under-

standing of the mechanism of IL pretreatment is still lacking,

which was the reason we and also many other carried out

investigations in this field. Severalmechanisms can be related

to an increase in yields of reducing sugar in enzymatic hy-

drolysis after IL pretreatment such as: an increased accessible

surface area and porosity facilities subsequent saccharifica-

tion, disrupting hydrogen bonds in native crystalline cellulose

I resulted in a decreased cellulose crystallinity, delignification

and depolymerization of hemicelluloses by disrupting the

cross-linked matrix of lignin and hemicelluloses in which

cellulose microfibrils are embedded.

Having said that, after IL pretreatment,many chemical and

physical changes are coupled together which present their

overall effect as improved enzymatic hydrolysis. The

delignification alone sometimes may not stand out as other

factors may overwhelm. For example, in a recent study by

DeMartini et al. [41], the delignification played a less impor-

tant role than hemicellulose removal in improving enzymatic

hydrolysis in switchgrass.
4. Conclusions

The chemical and structural changes of AGB as a function of IL

pretreatment using [C2mim][OAc] were investigated. Previ-

ously unidentified peaks in the XRD patterns at 2q ¼ 15.0�,
24.5� and 30.5�, were found to correspond to calcium oxalate

(CaC2O4) in a monohydrated form. High sugar yields were

obtained for all AGB samples treated with [C2mim][OAc], with

a maximum yield of 6.66 kg m�3 from the sample IL-140 �C,
which is about 8 times higher when compare to the untreated

AGB. The content of calcium oxalate is observed to be reduced

in the recovered product as a function of IL pretreatment

temperature. These results indicate that IL pretreatment is a

promising pretreatment process for AGB in terms of effi-

ciency, total process time, and high yields of sugar obtained

from the recovered product when compared to the untreated

samples. Finally, specific studies are needed to determine the

effect of calcium oxalate in biomass pretreatments in terms of

efficiency and subsequent enzymatic saccharification.
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Abbreviation used

[C2mim][OAc] 1-ethyl-3-methylimidazolium acetate

AGB agave bagasse

ATReFTIR Attenuated total reflectance e Fourier transform

infrared spectroscopy

CrI crystallinity index

DSC differential scanning calorimetry

FE e SEM field emission scanning electron microscope

IL ionic liquid

Td thermal decomposition temperature

TGA thermogravimetric analysis

Ts degradation onset temperature

XRD X-Ray diffraction

Sample IL-120 �C sample pretreated at 120 �C
Sample IL-140 �C sample pretreated at 140 �C
Sample IL-160 �C sample pretreated at 160 �C
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