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a b s t r a c t

Occurrence of calcium oxalate (CaC2O4 e CaOX) crystals has been observed in more than 215 plant
families. However, very little is known about the effects of calcium oxalate on biomass pretreatment and
saccharification. Agave bagasse (AGB) was used as a model material due to its natural high levels of CaOX.
To understand the physicochemical changes in function of biomass pretreatment, both raw AGB and
CaOX-extracted agave bagasse (EAB) were subjected to ionic liquid (IL) with 1-Butyl-3-
methylimidazolium chloride [C4C1Im][Cl] and alkaline hydrogen peroxide (AHP) pretreatments. Physi-
cochemical changes were monitored by X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), and wet chemistry methods. Results show that free CaOX crystals affected negatively (by ca 39%)
the saccharification of AHP-pretreated EAB compared to AGB. On the other hand, IL pretreatment ach-
ieved higher sugar yield (7.8 g dm�3) and lower crystallinity (14%) with EAB than for AHP (5.4 g dm�3 and
29%, respectively).

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Lignocellulosic biomass is currently considered the most
promising long-term feedstock for biofuels production, however, it
is highly recalcitrant to breakdown and offers limited accessibility
to enzymatic degradation of cell wall sugars and subsequent
fermentation [1]. Pretreatment by deconstructing the biomass is
crucial, but is still a quite costly process that liberates fermentable
sugars from biomass. A suitable pretreatment process involves: (1)
disrupting hydrogen bonds in crystalline cellulose, (2) breaking
down cross-linked matrix of hemicelluloses and lignin, (3) raising
the porosity surface area of cellulose, and finally, (4) avoiding the
formation of byproducts that are inhibitory to subsequent pro-
cesses [2,3].

Several pretreatment technologies are employed to overcome
lignocellulose recalcitrance and can offer high selectivity in
oyola).
deconstructing biomass to desired end products by partially
breakdown the plant cell wall to improve enzymatic accessibility. A
number of processes are currently available to pretreat lignocellu-
losic biomass; some key examples use liquid catalysts such as acids
(H2SO4 or HCl), ammonia, bases (such as NaOH or H2O2), ionic
liquids (such as 1-Butyl-3-methylimidazolium chloride [C4C1Im]
[Cl] or 1-ethyl-3-methylimidazolium acetate [C2C1Im][OAc]) or
simply water. It has been a considerable challenge to clarify the
physicochemical effects of the diverse types of pretreatments upon
subsequent hydrolysis and fermentation [4].

Lignocellulosic feedstock such as Agave plants growing in arid
and semi-arid lands could be a sustainable response to the growing
demand for renewable fuels that do not conflict with food pro-
duction. Such plants use Crassulacean Acid Metabolism (CAM) and
therefore have low water requirements and are productive in
semiarid regions. Therefore as carbon is assimilated overnight
thereby decreasing the diffusive gradient of water out of the leaves
and improve water use efficiency [5,6]. Due this efficient use of
resources, CAM plants have recently been introduced as potential
bioenergy crops [7]. The high soluble carbohydrate reserves that
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CAM plants contain, requires less energy for conversion to fuels
hence resulting in a better quality material. With regard to future
climate change, species of agave may have an advantage over other
bioenergy crops (such as sugarcane or corn stover) because CAM
physiology adapts to extreme temperatures and drought. Interest-
ingly, the areas in the world that have been identified as most
suitable for Agave plantations as feedstock (Mexico, Australia, and
South Africa) are also areas where the variation in the temperature
is relatively low [8]. Another important attribute is the high esti-
mated average annual productivities for Agave species of
10e34 Mg ha�1 year�1 in comparison to switchgrass
(15 Mg ha�1 year�1) and poplar wood (11 Mg ha�1 year�1) [9].

In plants, calcium oxalate deposition is common. Members of
more than 215 plant families accumulate crystals within their tis-
sues [10]. Oxalate-producing plants, which include many crop
plants, accumulate oxalate in a large mass fraction range (3e80% of
their dry weight) [11e14], where as much as 90% of the total cal-
cium of a plant can be found as an oxalate salt [10]. It has been
reported that CAM species such as Agave bagasse have higher
concentration of calcium oxalate (CaC2O4 e CaOX) than most of the
current biofuel feedstocks [15] such as grasses (switchgrass), agri-
cultural (sugarcane bagasse) or forestry residues (pine wood)
[14,16,17]. Furthermore, these feedstocks does contain realty low to
non-measurable elemental calcium content [18e21]. Meanwhile, it
has been reported from different Agave species (americana, atro-
virens, deserti, fourcroydes, lechugilla, salmiana, tequilana, and uta-
hensis) ranging from 1.4 to 6.1% of calcium concentration [14,22,23].

Calcium oxalate functions in plants include calcium regulation,
plant protection, detoxification (e.g. heavy metals or oxalic acid),
ionic equilibrium and tissue support/plant stiffness, even light
gathering and its reflection [24]. Another interesting property of
calcium oxalate is its exothermic reaction or incompatibility with
strong oxidizers such as hydrogen peroxide or ozone, both widely
used as solvents or chemicals for biomass pretreatment [24e26].
The presence of high levels of calcium oxalate in agave bagasse
could have an effect (positive or negative) on pretreatment per-
formance; hence, this is clearly an important issue to be addressed
for future biorefinery applications.

The main objective of this study is to apply raw agave bagasse
(AGB) as a model (due to its natural high level of CaOX) and CaOX-
extracted agave bagasse (EAB) to understand the physicochemical
changes with both samples in function of biomass pretreatment. An
oxidative process, alkaline hydrogen peroxide (AHP) and ionic
liquid (IL) pretreatments were employed. Lignin removal, crystal-
linity index using X-ray diffraction (XRD) and chemical fingerprint
tracked by Fourier transform infrared spectroscopy (FTIR) were
used as response variables, besides, CaOX crystals distribution with
scanning electron microscopy with energy dispersive X-ray spec-
troscopy (SEM-EDS) were carried out. Finally, we conclude with the
comparison of sugar yield kinetics of untreated and pretreated
biomass.

2. Experimental section

2.1. Experimental design

A 24 factorial design with 3 replicates plus controls was used to
determine the effect of calcium oxalate on saccharification yields.
Four different pretreatment conditions were used namely: AHP
using two hydrogen peroxide concentrations (AHP-A ¼ 125 g kg�1

of biomass and AHP-B ¼ 500 g kg�1 of biomass) and IL using two
temperatures (IL-120 �C and IL-160 �C). Two different biomass
materials with different calcium oxalate content in agave bagasse
samples were applied. On the one hand, named AGB (raw agave
bagasse without any manipulation that have natural high calcium
oxalate concentration) and EAB (agave bagasse that was subjected
to an extraction process that removed the calcium oxalate). Un-
treated AGB and EAB were used as controls. The response variables
tested were lignin removal, crystallinity and sugar production.

2.2. Materials and preparation

Agave bagasse was donated by Destilería Rubio, a Tequila plant
fromWestern Mexico in the state of Jalisco. This facility has a year-
round process with a real possibility for continues use
(6e15 Mg day�1). The central fruit (stem or “pi~na”) was received
from defoliated agave plants aged 7e8 years (20�52 46.374 N;
103�49 8.138 O, altitude: 1180 m above sea level, annual rainfall
mean 1073 mm; semi-arid climate), located near Tequila, Jalisco.
The stems were cooked for 18 h in an autoclave, then milled and
compressed to separate the syrup fromwet bagasse. Samples of the
wet bagasse were collected, washed thoroughly with distilled wa-
ter and dried in a convection oven at 40 �C. The biomass was milled
in a Thomas-Wiley Mini Mill fitted with a 400 mm screen (Model
3383-L10 Arthur H. Thomas Co., Philadelphia, PA, USA). The ground
biomass was stored at 4 �C in a sealed plastic bag prior to their use.
Cellulases from Trichoderma reesei (Celluclast 1.5L with
97 FPU cm�3), b-glucosidase from Aspergillus niger (Novozyme 188
with 320 CBU cm�3), 1-Butyl-3-methylimidazolium chloride
[C4C1Im][Cl], hydrogen peroxide, hydrochloric acid, sulfuric acid,
3,5-dinitrosalicylic acid (DNS), and sodium hydroxide were pur-
chased from SigmaeAldrich (Mexico). Catalasewas purchased from
Merck (Mexico).

2.3. Analytical methods and procedures

2.3.1. Calcium oxalate extraction
In order to obtain the extracted agave bagasse (EAB) a total

calcium oxalate extraction was performed using 1 g of AGB into a
250 cm3 Erlenmeyer flasks and 50 cm3 of 2 mol dm�3 HCl. The
flasks were placed in a shaking water bath at 80 �C for 30 min. The
extracts where further diluted with 50 cm3 of deionized water and
then transferred into 15 cm3 centrifuge tubes and centrifuged at
10600� g for 10 min [27]. The supernatants were filtered through
Whatman #1 filter paper, washed with deionized water and the
recovered biomass was vacuum oven dried at 45 �C for 48 h before
compositional analysis.

2.3.2. Pretreatment processes
2.3.2.1. IL pretreatment. The ionic liquid [C4C1Im][Cl] was pur-
chased from SigmaeAldrich (�95% pure), and used without further
purification or drying. Pretreatment initiate by mixing 0.3 g of
milled biomass with 9.7 g of [C4C1Im][Cl] in a 25 cm3 autoclavable
vial using AGB and EAB. The vials and their contents were heated in
an oven (Binder KBF Laboratory oven) at 120 �C and 160 �C for 3 h
[28]. All experiments were conducted in triplicates. After 3 h of
incubation, 40 cm3 of deionized water was slowly added into the
biomass [C4C1Im][Cl] slurry to recover the pretreated biomass. A
precipitate immediately formed, and the samples were centrifuged
at 10600� g for 20e25 min. The supernatant containing IL was
removed, and the precipitate was washed with water to remove
any IL excess. The washing process was continued until the con-
centration of IL in the supernatant as measured by Fourier trans-
form infrared (FTIR) spectroscopy was less than 0.2%. The recovered
product was vacuum dried at 45 �C for 48 h before compositional
analysis.

2.3.2.2. AHP pretreatment. A solution of hydrogen peroxide (H2O2)
diluted from a commercial 30% stock (SigmaeAldrich ACS Reagent
Grade) was adjusted to pH 11.5 ± 0.2 with 5 mol dm�3 NaOH and
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mixed with the biomass (AGB and EAB). Two different concentra-
tions of H2O2 were used (AHP-A and AHP-B) using 1 g of dry
biomass plus 10 cm3 pretreatment solution and their respective
NaOH loadings. These conditions were previously determined by
Banerjee et al. [25] due to high lignin removal and saccharification
yield. All experiments were done in 125 cm3

flasks at 23 �C
(9.43 rad s�1 during 48 h). With AHP-A, the pH tended to drift
downward, thus the pH was maintained at 11.5 by addition of
5 mol dm�3 NaOH every 6 h. After pretreatment, the biomass so-
lutions were neutralized to approximately pH 7 with concentrated
HCl, treated with catalase to destroy residual H2O2, heated at 90 �C
for 15 min to inactivate the catalase, and the recovered product was
vacuum dried at 45 �C for 48 h before compositional analysis.

2.3.3. Analysis
2.3.3.1. Chemical characterization. Untreated and pretreated
biomass (AGB and EAB) samples were dried overnight at 80 �C to
determine moisture content and heated to 550 �C in a muffle
furnace for 24± 6 h to determine ash content according to the NREL
LAPs: Preparation of Samples for Compositional Analysis (NREL/TP-
510-42620) and Determination of Ash in Biomass (NREL/TP-510-
42622). Sugar composition of untreated and pretreated biomass
(AGB and EAB) samples was determined based on a modified NREL
LAPs (Determination of Structural Carbohydrates and Lignin in
Biomass, NREL/TP-510-42618) using a two-step acid hydrolysis.
Glucose and xylose were simultaneously measured with an YSI
2700 biochemistry analyzer [29e31]. The content of acid insoluble
lignin was measured as the solid residue remaining after two-step
hydrolysis. The liquid filtrates were used to determine the content
of acid soluble lignin. The acid soluble lignin content was deter-
mined with the absorbance at 280 nm and calculated using an
averaged extinction coefficient of 1775 dm3 g�1 cm�1 [32].

2.3.3.2. Crystallinity measurement. X-ray powder diffraction pat-
terns of untreated and pretreated biomass were collected with an
Empyrean diffractometer equipped with a PIXCel detector and
operated at 40 kV and 40 mA using Cu-Ka radiation. Samples from
three replicates were mixed for XRD analysis. Samples were
pelletized with a PIKE Crush IR e digital hydraulic press and taped
on microscope slides. A reflection-transmission spinner was used
as a sample holder and the spinning rate was 0.42 rad s�1. Patterns
were collected in the 2q range of 10e50�, the step size was 0.0167�,
and the exposure time was 35 min. Crystallinity index (CrI) of un-
treated and pretreated biomass was determined fromXRD data and
calculated by curve fitting of the diffraction patterns using the
software package HighScore Plus. In order to make an appropriate
comparison between CrI of untreated and pretreated biomass, the
next equation was employed to calculate the percentage of crys-
tallinity relative reduction (CRR), as follows:

CRR ð%Þ ¼ Untreated biomass CrI � Pretreated biomass CrI
Untreated biomass CrI

*100

(1)

where, positive numbers indicate reduction.

2.3.3.3. Attenuated total reflectance (ATR)eFTIR spectroscopy.
ATReFTIR was conducted using a Bruker Optics Vertex systemwith
built-in diamond-germanium ATR single reflection crystal. Un-
treated and pretreated biomass 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 500 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 pretreated biomass samples, respectively. Baseline
correction was conducted using the rubberband method following
the spectrum minima.

2.3.3.4. Analysis of morphology and elemental analysis. The
morphology of untreated biomass was analyzed using a field
emission scanning electron microscope (FE-SEM) by a JEOL JSM-
7600F equipment. Prior to acquiring images, samples were moun-
ted with doubled 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
and 10 kV accelerating voltage for AGB and EAB, respectively.
Determination of element content was performed with energy
dispersive X-ray spectroscopy (EDS), whichwas carried out in along
with SEM imaging.

2.3.3.5. Enzymatic saccharification. Commercially available Cellu-
clast 1.5L and Novozyme 188 enzyme mixtures were used during
the saccharification of untreated and pretreated biomass (AGB and
EAB) at 55 �C and 15.71 rad s�1 in 0.05 mol dm�3 citrate buffer (pH
4.8). Enzyme loading was normalized to the glucan content
(5 g glucan dm�3) in the biomass samples to understand the impact
of IL and AHP pretreatment. Enzyme concentration of Celluclast 1.5L
and Novozyme 188 were set at 30 FPU g�1 of glucan and 60 CBU g�1

of glucan, respectively. All assays were performed in triplicate. Er-
ror bars show the standard deviation of triplicate measurements.

2.3.3.6. Reducing sugars assay. Saccharification reaction was
monitored by taking 50 mm3 of the saccharification supernatant at
specific time intervals (0, 0.5, 1, 3, 6, 24, 48 and 72 h). Collected
samples were centrifuged at 10,600� g for 5 min, and reducing
sugars released during the saccharification were measured by DNS
assay. Solutions of D-glucose in water were used as standards [33].
All assays were performed in triplicate. Error bars show the stan-
dard deviation of triplicate measurements.

3. Results and discussion

3.1. Composition variability in untreated and pretreated biomass

Changes in chemical composition of AGB and EAB under
different pretreatment conditions using IL and AHP pretreatment
are shown in Table 1. Chemical composition of untreated AGB was
consistent with other reported values (19.6% of lignin, 21.3% of
xylan and 40.5% of glucan) [22,34]. While untreated EAB presented
similar values for lignin, lower hemicelluloses and enrichment in
glucan (19.3% of lignin, 14.8% of xylan and 46.6% of glucan).

EAB resulted in a relative variation of their components, only the
ash segment present a significant difference with a ~50% change
when compared to AGB, probably due to CaOX removal. Both IL and
AHP pretreated biomass when compared to the untreated AGB and
EAB achieved a higher glucan and lower xylan content with AHP-A
presenting the minors changes. Moreover, IL pretreatment was
more effective than AHP in terms of glucan enrichment obtaining
its highest yield at 160 �C decreasing its output with EAB. The EAB
treated at IL-160 �C finished with 56.5% of glucan, whereas AHP
obtained the highest level with AHP-B (53.5%). However, the AHP-A
process condition only obtained 46.9% of glucan meaning that a
higher concentration of hydrogen peroxide contribute to the
effectiveness of AHP pretreatment. Xylan removal in the pretreated
biomass did not represent any interaction between pretreatments
obtaining the highest yield with IL-160 �C. Therefore EAB is deter-
mined to be most effective than AGB in increasing sugar content
and decreasing total lignin content. During AHP pretreatment, a
significant bubbling occurred only on EAB during the first minutes
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of both treatments (AHP-A and AHP-B), which suggested that free
microcrystals of CaOX react with H2O2, thus liberating CO2 and
water. However, this had the side effect of a lower hydrogen
peroxide available for biomass pretreatment. This confirms the
incompatibility of CaOX with strong oxidizers that were still pre-
sent after the washing step during the CaOX extraction process, as
shown in the biomass morphology section [24]. On the other hand
using IL pretreatment in EAB did not have any interaction with the
CaOX as ILs are not oxidative agents.

3.2. Effect of material and pretreatment on biomass delignification

Lignin interferes with biomass saccharification in nature and in
biofuel production by occluding and protecting cellulose fibers
from depolymerization. Lignin also binds and inactivates cellulo-
lytic enzymes and can produce degradation products that inhibit
further fermentation [35]. A decrease as function of pretreatment
severity was obtained. The highest lignin removal for each pre-
treatment in both materials occurred with IL-160 �C and AHP-B. In
terms of biomass type, based on 19.6% (untreated AGB) and 19.3%
(untreated EAB) the highest difference of total lignin occurred with
IL-160 �Cwith 17.2% and 15.4% for AGB and EAB, respectively. Hence,
IL pretreatment was more effective than AHP in decreasing lignin
content from the biomass and an increase occurred with EABwhen
compared to AGB with both pretreatments. Differences in lignin
content of untreated vs. pretreated AGB is lower when compared to
another report where untreated AGB was 19.9% of lignin and IL-
pretreated AGB with [C2C1Im][OAc] at 120 and 160 �C was 16.7
and 12.8% of lignin, respectively [15]. We hypothesize that the
differences in the reported delignification efficiency are likely due
to the following reasons: (1) a high content of CaOX in the agaves
could interfere in the oxidative pretreatment due to the recalci-
trance of the biomass. This recalcitrance is largely governed by the
relative composition and proportions of the cell wall components
like cellulose, lignin, hemicellulose, among others, as well as the
interactions between these polymers [36], (2) employing higher
temperatures in IL from 120 to 160 �C, proportion of H2O2 in AHP
and incubation times, presented more effective pretreatments,
indicating that there may be effective lignin glass transition tem-
perature that must be exceeded to efficiently solubilize lignin, (3) a
decreased cellulose crystallinity as reported in the following
chapter and (4) the interactions of specific ionic liquids with
biomass depended on the cation, anion, temperature, and time
used in the pretreatment process.

Fig. 1 shows the FTIR spectroscopy used to track changes in
chemical composition of the pretreated and untreated biomass
Table 1
Polymer and ash mass fractions (%) of untreated and pretreated biomass (agave bagasse

Glucan Xylan Total lignina

Agave bagasse (AGB)
Untreated 40.5 ± 0.5 21.3 ± 0.4 19.6 ± 0.9
AHP-Ab 40.8 ± 0.7 19.9 ± 0.6 18.5 ± 0.4
AHP-Bc 44.5 ± 0.7 18.9 ± 0.2 17.6 ± 0.1
IL-120 �C 49.9 ± 0.7 19.2 ± 0.0 17.3 ± 0.2
IL-160 �C 52.5 ± 0.4 18.6 ± 0.1 17.2 ± 0.1
Extracted agave bagasse (EAB)
Untreated 46.6 ± 0.5 14.8 ± 0.1 19.3 ± 0.3
AHP-Ab 46.9 ± 0.6 13.2 ± 0.5 18.2 ± 0.4
AHP-Bc 58.9 ± 0.3 10.9 ± 0.3 17.4 ± 0.7
IL-120 �C 53.5 ± 0.4 11.6 ± 0.1 15.8 ± 0.2
IL-160 �C 56.5 ± 0.4 10.6 ± 0.0 15.4 ± 0.2

a Total lignin ¼ acid soluble lignin þ acid insoluble lignin.
b Alkaline hydrogen peroxide using 125 g kg�1 of biomass.
c Alkaline hydrogen peroxide using 500 g kg�1 of biomass.
samples and relative changes in chemical compositions of the
solids from IL and AHP pretreatments along with the assignment of
band positions are shown in Supporting material Tables SI and SII
for AGB and EAB, respectively. For ATReFTIR data, six unique
lignin and carbohydrate specific bands are used to monitor the
chemical changes plus two additional ones for calcium oxalate, as
well as the amorphous to crystalline cellulose ratio. The band po-
sition attributed to CaOX at 1321 and 1622 cm�1 was present as
expected in AGB while EAB show minor intensities from the effec-
tiveness of the CaOX extraction process [16,37]. The relative change
in the pretreated AGB in terms of the calcium oxalate bands was
significantly higher with ILwhen compared to AHP. In contrast with
the untreated samples, both pretreatment processes decrease the
CaOX peak intensities. In AGB, IL pretreatment show higher
decrease for the CaOX bands than AHP pretreatment. The peak at
900 cm�1 (anti-symmetric out-of plane ring stretch of amorphous
cellulose) observed in the spectra of IL pretreated samples of AGB,
which reflects the relative increase in cellulose content as a result of
partial removal of both lignin and hemicellulose. The band at
1745 cm�1 which is associated with carbonyl C]O stretching
decreased for AHP to a similar extent for AGB and EAB, indicating
more cleavage of lignin removal and side chains [38]. However, the
band at 1510 cm�1 (aromatic skeletal from lignin) could not be
effectively determined in AGB due to a peak overlap of the lignin
peak by the high intensity calcium oxalate peak. Event that did not
occurred with EAB due to calcium oxalate extraction. Finally, de-
creases occurred in the intensities of the bands at 1375 cm�1 (CeH
deformation in cellulose & hemicellulose) and 1056 cm�1 (CeO
stretch in cellulose & hemicellulose) with both pretreatments in
AGB and EAB, being higher with IL pretreatment probably due to
xylan removal [39]. The ratio intensities at the bands 900 and
1098 cm�1 are dependent on pretreatment condition that can alter
the ratio of amorphous to crystalline cellulose.

3.3. Effect of pretreatment on biomass crystallinity

X-ray diffraction (XRD) patterns of AGB and EAB are shown in
Fig. 2. Crystallinity of cellulosic biomass has been reported to affect
enzymatic saccharification and its efficiency [40]. Various pre-
treatments have been shown to change cellulose crystallinity and
cellulose structure in the biomass by disrupting inter- and intra-
chain hydrogen bonding of cellulose fibrils [41].

Cellulose crystallinity index (CrI) and cellulose polymorph pre-
sent in the biomass is based on the assumption that there is only a
single crystalline phase present along an amorphous phase. The
diffraction pattern of AGB displays prominent peaks of CaOX at
and extracted agave bagasse).

Acid-soluble lignin Acid-insoluble lignin Ashes

3.6 ± 0.3 16.0 ± 0.6 6.4 ± 0.2
2.8 ± 0.2 15.7 ± 0.2 8.8 ± 0.2
2.5 ± 0.0 10.3 ± 0.1 4.5 ± 0.3
2.5 ± 0.1 14.8 ± 0.1 4.3 ± 0.4
2.5 ± 0.0 14.7 ± 0.1 4.0 ± 0.3

4.1 ± 0.1 15.2 ± 1.4 2.8 ± 0.6
3.4 ± 0.2 14.8 ± 0.3 3.1 ± 0.3
2.1 ± 0.2 15.3 ± 0.5 2.7 ± 0.4
1.9 ± 0.0 13.9 ± 0.2 2.2 ± 0.8
1.8 ± 0.1 13.6 ± 0.1 1.9 ± 0.9
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2q ¼ 15�, 24.5� and 30.5�, which correspond to the (10�1), (020)
and (20�2) lattice planes in monoclinic CaOX.

Calcium oxalate extraction process efficiency can be confirmed
using the diffraction pattern of EAB where a notable reduction in
each of the CaOX peaks is evident. Crystallinity index of the cellu-
lose I lattice was estimated using software to separate amorphous
and crystalline contributions to the diffraction spectrum using a
curve-fitting process. The CrI of untreated AGB was 39% with a
reduction in the pretreated samples 35% of AHP-A, 34% of AHP-B,
28% of IL-120 �C and 17% of IL-160 �C.

In contrast, the EAB achieved a lower CrI than AGB. The CrI of
untreated EAB was 28% and the pretreated samples are: 30% (AHP-
A), 29% (AHP-B), 14% (IL-120 �C) and 11% (IL-160 �C). Only on the IL
pretreated samples in EAB at 120 �C and 160 �C, the main peak at
around 22.0� shifted to a lower angle (21.2�) and became broader.
Perez-Pimienta et al. [7] reported a shift in the main peak for 3% of
[C2C1Im][OAc] at 120 �C for 3 h in AGB. The broad peak dropped its
intensity and became a weak shoulder peak at around 16.0�.
However, the CrI in the IL pretreated sample at 160 �C in both AGB
Fig. 1. Chemical changes tracked of untreated and pretreated agave bagasse (top) and
extracted agave bagasse (bottom), as determined by FTIR. Calcium oxalate bands are
outlined (1321 and 1622 cm�1).
(17%) and EAB (11%) did not achieved a decrease in crystallinity as
low as 9% at the same temperature and time using [C2C1Im][OAc] as
shown in the same report.

A decrease in crystallinity due to these changes is consistent
with severe distortion of cellulose I lattice [42]. Fig. 3 presents the
percentage of crystallinity relative reduction (CRR) of IL and AHP
pretreated samples of AGB and EAB. The CRR of the AGB presented
positive numbers for both IL and AHP, whereas, in the EAB only the
IL pretreatment achieved positive CRR but not in AHP pretreatment
where therewas a reduction up to 7%. During the AHP pretreatment
using AHP-A and AHP-B achieved similar CRR values for AGB (10 and
13%). Similarly, but in negative values for EAB was �7 and �4%
(AHP-A and AHP-B, respectively) indicating that a lower crystal-
linity could be obtained at a higher concentration of H2O2. More-
over, the IL pretreatment obtained the highest CRR at 160 �C for
both AGB (56%) and EAB (61%) whereas at 120 �C were 28% and 50%
for AGB and EAB, respectively. Furthermore, the CRR for IL pre-
treatment at 160 �C in AGB and EAB achieved similar values with
only a minor difference (~5%) in comparison to IL-120 �C (~22%). All
these results suggest that CaOX provides a specific recalcitrance for
agave bagasse and its removal could lead to a lower CrI in IL
pretreatment.

3.4. Effect of pretreatment on biomass morphology

SEM images were taken using a magnification of 5,000� and
1,000� of untreated AGB and EAB, respectively, to deduce the CaOX
crystals distribution (Supporting material, Figs. SI-A and SI-B).
Calcium oxalate crystals of ~1 mm in considerable quantities were
found in untreated AGB mainly in the form of styloid crystals
dispersed along the surface which are consistent with previous
reports [43]. Environmental conditions influence the quantity of
calcium oxalate produced and the number of crystals formedwhich
in the genre agave are stored in deposits located on the cuticular
surface, which may be present in various forms, either as druses
(composite shapes), styloid (elongated simple) and raphides
(elongated in aggregate), which becomes a defense system against
insects and animals. These compounds are the main agents of
dermatitis in handling plant workers in the tequila industry [44]. In
contrast, the SEM images of untreated EAB present notable differ-
ences when compared to AGB; in this case it is evident the presence
of free calcium oxalate crystals separated from the plant cell wall
and reaching large size (~20 mm). As a result of the extraction
process, the growth of the {001} pinacoid planes is stabilized
resulting in large {001} faces and truncated {101} faces as identified
in isolated CaOX crystals by Pennisi et al. [45]. We show this
structure in Supporting material Fig. SI-C. We can hypothesize that
free CaOX crystals in EAB could have reacted with the H2O2 during
the AHP pretreatment, resulting in a reduced sugar yield in com-
parison to AGB, inwhich CaOX crystals remained tightly attached to
the plant cell wall. Additionally, elemental analysis (weight per-
centages) using EDS showed that AGB contains a high percentage of
calcium (4.7%) in addition to 51.5% of C and 43.8% of O when
compared to current biofuel feedstocks (with really low to non-
measurable Ca amounts) [18e20] but lower than Opuntia with
values above 6% [14,23]. Furthermore, calcium content of AGB are
within the range of others agave species ranging 1.7e6.1% [14,23].
On the other hand, EDS analysis (weight percentages) of EAB
showed that Ca was removed from the plant cell wall after
extraction, only 70.7% of C and 27.7% of O remains with trace
amounts of others elements.

3.5. Effect of pretreatment on sugar production

Saccharification experiments were carried out using IL and AHP



Fig. 2. X-ray diffractograms of untreated and pretreated agave bagasse (top) and
extracted agave bagasse (bottom).

Fig. 3. Effect of ionic liquid and alkaline hydrogen peroxide pretreatment on agave
bagasse and extracted agave bagasse in the percentage of crystallinity relative
reduction.
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pretreated biomass with commercial enzyme cocktails in order to
compare their digestibility using a normalized glucan content
(5 g dm�3). Sugar production profiles for untreated and pretreated
biomass are available in Supporting material Fig. SII. When
compared to the untreated samples both pretreatments (IL and
AHP) were effective to obtain higher sugar yield in AGB and EAB due
to lower lignin content and crystallinity. Sugar production kinetics
from EAB reached their highest values with IL pretreatment when
compared to AHP, inverse to those obtained with AGB under the
same conditions.

Sugar production at 72 h from untreated and pretreated of both
samples (AGB and EAB) is summarized in Fig. 4. The highest pro-
duction of reducing sugars during enzymatic saccharification for
each pretreatment was obtained for EABwith IL-120 �C (7.8 g dm�3)
followed by AGBwith AHP-B (6.9 g dm�3). It should be noted that it
was expected the opposite results in both samples, obtaining the
highest yield with AHP and IL pretreatment for AGB and EAB,
respectively. Due to the oxidative characteristics of AHP
pretreatment, the hydrogen peroxide was expected to react with
the CaOX contained on the AGB cell wall, however, this was not the
case. Instead, the H2O2 interacted with the free CaOX microcrystals
on EAB, hence, we can infer that were detached from the plant cell
wall (based on SEM-EDS analysis), and finally consumed, turning
AHP pretreatment into a less effective process. Finally, a noticeable
reduction on the final sugar yield of AHP-pretreated EAB occurred
(by ca 39%) when compared to AGB. Hence, when AGB is applied to
biorefineries schemes using AHP (at the applied conditions) would
not cause any effect in the AGB-CaOX, obtaining high lignin removal
and sugar yields. However, further studies are necessaries to un-
cover CaOX mechanism using higher H2O2 concentration (or
similar oxidants such as ozone) with elevated CaOX levels materials
such as AGB or Opuntia.

Calcium oxalate extraction in terms of pretreatment has an ef-
fect showing improving sugar production and faster enzymatic
hydrolysis with AHP in AGB and IL in EAB. Sugar yield increase in the
saccharification can be attributed to: (1) lignin removal and xylan
depolymerization, (2) reduced cellulose crystallinity, most noto-
rious on the EAB samples resulted in amorphous cellulose that
provides an enhanced surface area leading to a better enzyme
accessibility, (3) EAB resulted in an effective recovered product in
terms of lignin removal and crystallinity during IL pretreatment
than with AGB (that had higher natural levels of calcium oxalate),
and (4) calcium oxalate extraction results in more free accessible
area to enzymes that could react on the cellulose.

4. Conclusions

Effects of CaOX on IL and AHP pretreatment of AGB and EAB have
been systematically investigated in terms of physicochemical
changes and enzymatic saccharification. Compositional analysis
indicated delignification, partial xylan removal and glucan enrich-
ment for both IL and AHP pretreatments. A lower biomass crystal-
linity was achieved after pretreatment in both AGB and EAB.
Removal of CaOX extraction in AGB had a positive effect in terms of
sugar production for the IL pretreatment using [C4C1Im][Cl], while



Fig. 4. Sugar production at 72 h with untreated and pretreated biomass (agave bagasse
(AGB) and extracted agave bagasse (EAB) with ionic liquid and alkaline hydrogen
peroxide.

J.A. Perez-Pimienta et al. / Biomass and Bioenergy 91 (2016) 48e5554
AHP reacted negatively to free CaOX crystals detached from the AGB
cell wall. Hence, this study indicates that an oxidative pretreatment
such as AHP at the applied conditions would not cause any effect in
the AGB-CaOX thus obtaining high lignin removal and sugar yields.
However, further studies are necessaries to uncover CaOx mecha-
nism using higher levels of H2O2 (or similar oxidants such as ozone)
applied in elevated CaOX levels materials such as AGB or Opuntia.
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