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Abstract

Agave bagasse (AB) is a lignocellulosic biomass with potential to obtain high value-added products such as lignin, microcrystalline
cellulose, and polysaccharides that can be used for biofuel production. A Central Composite Design (CCD) was used to evaluate
the effect of temperature, thermal treatment time, ethanol concentration, solid/liquid ratio, size particle, and sodium hydroxide con-
centration on delignification and lignin recovery from AB. In addition, the influence of delignification on the enzymatic hydrolysis
using commercial enzymes was determined. This organosolv process allowed a delignification of 91.49% and 76% of the lignin
recovery, at 150 °C, 10 min, 40% (v/v) ethanol, solid/liquid ratio of 1:10 g/mL, particle size of 0.5 mm — 1 mm, and 5.5% (w/v)
sodium hydroxide. The maximum specific yield of enzymatic hydrolysis (SYEH), under the best conditions for delignification, was
of 844.40 + 9.70 mg total sugars per g of bagasse pretreated with organosolv (BPO), which was 4.42 times higher than the yield
obtained from bagasse without pretreatment (BWP). Additionally, the enzymatic hydrolysate of BPO produced 303.62 + 10.62
NmLCH,/g BPO. Furthermore, an energy recovery efficiency of 64.13 + 0.9% was obtained for BPO hydrolysate which is 2.60 times
higher than that of BWP hydrolysate (24.88 + 0.92%). In a biorefinery concept, alkaline organosolv pretreatment of AB was highly
efficient for lignin production, and improved the enzymatic hydrolysis of polysaccharides, which allowed a higher energy recovery.

Keywords Lignocellulosic biomass - Lignin removal and recovery - Bioenergy production - Cellulose and hemicellulose
hydrolysis - Central composite design

Introduction

AB is a lignocellulosic biomass generated during the pro-
duction of tequila. A production of 550,304 tons of AB was
reported for the period 2017-2021 [1]. This sector often
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struggles to properly dispose the large amount of AB that
accumulates in the distilleries, becoming an environmental
and financial burden [2]. The AB has gained attention as
a potential feedstock to produce biofuels and value-added
by-products in a biorefinery scheme with impact in the cir-
cular bioeconomy to deal with the massive production of
AB, avoid environmental problems related to its improper
disposal (which is associated with leachates, odor genera-
tion, and atmospheric pollution), and improve the recovery
of its economic value [3]. AB is a lignocellulosic biomass,
composed mainly of cellulose, hemicellulose, and lignin.
Cellulose and hemicellulose can be hydrolyzed to produce
monomeric sugars that can be used in biofuels produc-
tion. However, lignin is one of the most important factors
affecting the biodegradability of lignocellulosic materials
[4]. Lignin can be removed and recovered to produce high
value-added products such as hydrogels, resins, binding,
dispersing, and emulsifying agents, offering a remarkable
platform for valorization of lignocellulosic biomass through
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lignin-based biorefineries [5, 6]. Therefore, it is impor-
tant to investigate delignification treatments to maximize
lignin removal. It is also important to investigate the best
conditions for acid precipitation of lignin to maximize its
recovery.

Several pretreatment methods have been described for
the removal of lignin from lignocellulosic biomass, includ-
ing alkaline hydrogen peroxide and ionic liquids [6, 7].
Particularly, the organosolv process involves the use of sol-
vents such as methanol, ethanol, and other organic solvents
to solubilize lignin. Among these solvents, ethanol-based
organosolv pretreatment has attracted more attention due to
its eco-friendliness and low toxicity, as well as the possibil-
ity to recycle the solvents [8]. This process produces a lig-
uor containing solubilized lignin and a delignified biomass.
Lignin can be acid precipitated to obtain a high purity orga-
nosolv lignin. The delignified biomass can be enzymatically
hydrolyzed to solubilized sugars for further biocombustible
production (ethanol, biogas, and biohydrogen) [9].

There are some reports on lignin removal from AB using
organosolv pretreatment. Fernandez-Rodriguez et al. [10]
achieved recovery lignin yields of approximately 9.49%
using organosolv pretreatment. Caspeta et al. [11] used acid
catalyzed ethanosolv pretreatment to investigate the effect of
temperature, thermal treatment time, sulfuric acid concentra-
tions, and ethanol concentrations parameters on the lignin
removal and on the enzymatic hydrolysis of AB and reported
arecovery of 100% of total lignin.

On the other hand, the alkali catalyzed organosolv pre-
treatment is one of the leading technologies for solubiliza-
tion of lignin and alteration of cellulose matrix to increase
cellulose digestibility [12]. In an alkaline medium, hydroly-
sis of a-aryl-ether bonds in the lignin structure occurs in a
lesser extent when compared with acid catalyzed organosolv
delignification [13]. Consequently, the breakage of B-aryl-
ether bonds between lignin units is the predominant reaction
mechanism in alkaline medium. This is due to the reaction
between NaOH and the hydroxyl group of lignin, where the
oxygen from the hydroxyl group of NaOH acts as a nucleo-
phile, forming an ether bond with the lignin [13]. Since,
B-aryl ether bonds constitute 40 to 65% of the total link-
ages in lignin [14], a more efficient lignin removal would be
expected under alkaline conditions. On the other hand, the
remaining biomass after lignin removal are enriched in poly-
saccharides, such as cellulose and hemicellulose. Hydroly-
sis using appropriate enzymes is the most effective method
to release simple sugars from these polysaccharides. Some
studies reported that delignification increases the release of
sugars from cellulose and hemicellulose [15, 16].

Methane production has been investigated using enzy-
matic hydrolysates from untreated AB [17-19]. Addition-
ally, methane production using hydrolysates from different
pretreatments of AB has also been investigated [15, 20].

@ Springer

However, methane production from enzymatic hydro-
lysates of alkaline organosolv delignified AB has not been
evaluated.

Therefore, the objective of this work was to determinate
the best conditions for delignification and recovery of lignin
from AB using alkaline organosolv pretreatment, as well as
to evaluate the effect of delignification on enzymatic hydrol-
ysis and further methane production using the enzymatic
hydrolysate.

Materials and Methods
Agave Bagasse

AB was obtained from Casa Herradura (Amatitan, Jalisco,
Mexico). The bagasse was sun-dried and grinded by means
of an agricultural shredder (0.5 mm — 3.35 mm); afterwards,
it was washed four times with distilled water to eliminate
residual sugars from the tequila production. Then, it was
sun-dried again and sieved through a mesh-sieve with a par-
ticle size of 0.5 — 1 mm.

Alkaline Organosolv Delignification

AB was treated using the alkaline organosolv method accord-
ing to Fernandez-Rodriguez et al. [10], with modifications as
described below. To remove lignin, biomass was mixed with
a solution of ethanol (JT Baker, Madrid), distilled water, and
sodium hydroxide (Macron Fine Chemicals, Pennsylvania)
according to the experimental design described below. Cook-
ing process was carried out in a stainless-steel batch pressur-
ized reactor with a PID temperature controller designed by
the Biorefinery Group ( http://www.Biorefinerygroup.com)
[21] with a total volume of 190 mL s (50-mL working vol-
ume), and heated with an electrical resistance. According to
Table 1, two temperatures were used during the screening
with the Placket Burman design, 150 °C and 170 °C. Heating
times to reach each temperature were 29 and 33 min respec-
tively. The reactor was maintained isothermally at the set
temperatures for the times shown in Table 1. Thereafter, the
reactor was cooled with a cold-water bath. Solid and liquid
were separated by a plastic colander with 1.19-mm sieve. To
recover lignin, the pH of the liquid was lowered to pH 1.5 with
hydrochloric acid (Fermont, Canada) 6 M to precipitate the
lignin. Then, the precipitate was washed with distilled water
until neutral pH and dried at 60 °C [10].

The effect of alkaline organosolv parameters on the del-
ignification (percent of lignin removal based on untreated
agave bagasse) and lignin recovery (percent of lignin recov-
ery based on lignin removed) was determined by means of
response surface methodology, using Design Expert 11.0.
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Table 1 Results of the Plackett Burman experimental design for lignin removal and recovery using alkaline organosolv pretreatment®

# Temperature [EtOH] (%) Solid/liquid ~ Size particle [NaOH] (%) Time (min) Delignification Lignin

(°C) (WIv) (mm) (%)° recovery

(%)*°

1 170 40 1/10 <1 0 50 18.82 11.07

2 150 40 1/15 <1 1 50 34.35 100.00

3 170 10 1/15 >3.35 0 50 50.28 0.00

4 150 40 1/15 >3.35 0 10 8.93 42.86

5 170 10 1/15 >3.35 1 10 44.65 87.33

6 170 40 1/10 >3.35 1 50 42.68 48.80

7 170 40 1/15 <1 0 10 20.09 32.93

8 150 10 1/15 <1 1 50 51.73 72.65

9 150 40 1/10 >3.35 1 10 41.06 69.93

10 150 10 1/10 <1 0 10 17.77 0.00

11 170 10 1/10 <1 1 10 32.18 56.43

12 150 10 1/10 >3.35 0 50 12.10 0.00

*Pretreatment was conducted in a reactor of 190 mL (50 mL working volume).

"Delignification percent was calculated based in the initial lignin in agave bagasse.

“Lignin recovery percent was calculated based in lignin removed.

An initial screening using a Plackett-Burman experimental
design was employed to define the most significant param-
eters for the organosolv pretreatment (Table 1). Dependent
variables were lignin removal and lignin recovery. Inde-
pendent variables and levels were as follow: temperature of
150 and 170 °C, ethanol concentration of 10 and 40% (v/v),
solid/liquid ratio of 1:10 and 1:15 (w/v), size particle < 1
mm and > 3.35 mm, sodium hydroxide concentrations of
0% and 1% (w/v), thermal treatment time of 10 and 50 min.
Once the most significant parameters were defined, a cen-
tral composite design was employed to optimize the lignin
removal and recovery (Table 2). To obtain a higher amount
of delignified fiber, AB was treated in a greater reactor with
a volume of 832 mL (400-mL working volume) under the
best conditions found previously using the 100-mL reactor.

To monitor the impact of pretreatment (such as tempera-
ture, time, and pH) on AB, the severity factor (indexed as a
scaling factor) was calculated as [log (R’,)]. This factor was
calculated as follows:

log(R)) =1log (R,) + |IpH = | 1)

logR, = [RU heating] + [Rolsolhermal processing] + [Ro cooling]
2

s _ ctrf _ byax T _
R, = [/ T(t) 100dtl + [/ exp [T(t) 100] d{] + [/ () 100dtl (3)
0 @ ctrl @ 0 ®

where R’ is a combined severity factor proposed by Ped-
ersen et al. [22], R, is the severity factor proposed by

Shiva et al. [23], t,,,, is the time (min) needed to attain

Table2 Results of the central composite design for lignin removal
and recovery using alkaline organosolv pretreatment®

Experiment [NaOH] (%) Solid/liquid Delignification Lignin
(wlv) (%)° recovery
(%)°
1 1 1/7.5 43.68 20.83
2 1 1/10 53.83 47.61
3 10 1/7.5 92.88 66.03
4 10 1/10 94.42 60.81
5 5.5 1/8.76 87.18 68.13
6 5.5 1/8.76 89.82 70.91
7 5.5 1/8.76 88.51 75.52
8 1 1/8.76 46.96 39.26
9 10 1/8.76 93.63 64.54
10 5.5 1/7.5 88.11 70.39
11 5.5 1/10 91.49 72.16

#Pretreatment was conducted in a reactor of 190 mL (50 mL working
volume).

"Delignification percent was calculated based in the initial lignin in
agave bagasse.

“Lignin recovery percent was calculated based in lignin removed.

the maximum alkaline organosolv temperature, ctrl and
ctrf are the time (min) needed for the heating-cooling
stages, respectively. The value 100 is the temperature of
reference, T(¢) and T'(¢) (°C) are the temperature profiles
in the heating and the cooling stages respectively, and @
is an empirical parameter (value of 14.75) related to the
activation energy.
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Analytical Characterization

Content of ligning and sugars (glucose and xilose) from
structural carbohydrates of the AB and the solid fiber samples
obtained after the experimental treatments of both designs,
(Plackett-Burman and CCD), were determined by the method
reported by the National Renewable Energy Laboratory (NREL
protocol) [24]. A biomass sample of 300 mg was mixed with 3
mL of 72% H,SO, in a Hatch tube and incubated at 30 °C for
1 h. The sample was mixed with a vortex every 5 min. Subse-
quently, the sample was transferred to a Schott flask, and 84 mL
of distilled water was added to dilute the acid to a concentration
of 4% (v/v). Then, the flask was placed in the autoclave at 121
°C for 1 h. The flask was cooled, and then the solution was
filtered in a previously tared Gooch crucible. Gooch crucible
was dried at 105 °C for 12 h, and then it was weighed. The
solid contained in the crucible corresponds to the acid insoluble
lignin (AIL). On the other hand, to determine the acid soluble
lignin (ASL), the filtered liquid was analyzed in a UV spectro-
photometer at 205 nm [10]. The sugar content in the filtered
liquid (glucose and xylose) was determined by means of a High-
Performance Liquid Chromatography (HPLC) using an Agilent
Technologies 1260 Infinity II equipment with a Metacarb 87H
column (Varian, USA) and a refractive index detector. A sample
of 20 pL. was analyzed with 50 mM H,SO, as mobile phase at
a flow rate of 0.7 mL/min at 60°C.

The crystallinity index of the bagasse fibers was deter-
mined using a Bruker D8 Advance X-Ray Diffractometer
(XRD) (Tokyo, Japan), with monochromatic Cu Ka radia-
tion (4 = 1.5818 A), with a voltage of 44 keV and a current
of 25 mA. The fiber fractions were analyzed in a 26 range
of 5-70° [25]. The results were processed in the Magic plot
program using the deconvolution method.

The morphology of AB fibers was characterized using a
ESEM FEI-QUANTA 200 Scanning Electron Microscope
(SEM) (Holland) [25]. Surface morphological analysis was
carried out under low vacuum.

Enzymatic Hydrolysis

The effect of AB delignification by alkaline organosolv pre-
treatment on enzymatic hydrolysis was conducted using a com-
mercial cellulose enzyme (Cellic-CTec2 with an initial enzy-
matic activity of 109.65 FPU/mL and 6631.17 XYU/mL). The
hydrolysis conditions for the enzyme preparation were 25 g
of biomass in 250 mL of acetate buffer 50 mM at pH 5.5 and
enzyme concentration of 15 FPU/g biomass. The hydrolysis
was conducted at 50 °C, 120 rpm, and 24 h [26]. The hydro-
lysates were characterized regarding the content of Chemical
Oxygen Demand (COD) following the Standard Methods [27]
and total sugars according to the Dubois assay [28]. To evaluate
the contribution of the enzymatic preparation to the COD and
the total sugars to the agave hydrolysates, enzymatic controls
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were performed with the same conditions as for the hydro-
lysates, but biomass addition was excluded.

Methane Production from Enzymatic Hydrolysate

Methane production experiments were carried out in an Auto-
matic Methane Potential Test System (AMPTS II) (Bioprocess
Control, Lund, Sweden) using a BMP protocol reported previ-
ously [17]. In brief;, glass bottles of 600 mL, with a working vol-
ume of 360 mL, were used. Enzymatic hydrolysates of bagasse
without pretreatment and hydrolysates of bagasse pretreated
with alkaline organosolv were used as substrates. Also, three
controls were evaluated, an enzyme control (assay with buffer
and enzyme as substrate), a positive control (assay with glu-
cose as model substrate), and a negative control or endogenous
(assay without substrate). Methane produced by the enzyme and
negative controls were subtracted from the methane produced
by the hydrolysates. The positive control was used to validate
the results of the BMP assay according to Tapia-Rodriguez et al.
[17]. All experiments were evaluated by triplicate. Each bottle
was filled with an appropriate volume of mineral medium that
included 1 g NH,CV/L, 0.1 gNaCl/L, 0.1 g MgCl,-6H,0/L, 0.05
g/CaCl,-2H,0/L, 0.4 g K,HPO,-3H,0O/L. Hydrolysates and glu-
cose were added at a concentration of 5 g COD/g of substrate.
An inoculum with a concentration of 10 g Total Volatile Solid
(TVS)/L was used. The inoculum was an anaerobic granular
sludge from an anaerobic digester of a vinasse-wastewater
treatment plant at Casa Herradura, a tequila distillery located
in Amatitan, Jalisco, Mexico. Additionally, sodium bicarbonate
was added to adjust the final alkalinity of the mixture to 3 g
CaCO4/L, while maintaining a pH range between 6.8 and 7.2.
Headspace was initially purged with N, gas for 60 s. All experi-
ments were conducted at 37 °C and 120 rpm.

Energy Recovery Efficiency

(cob hydrolysate)(BMPhydrolysate)(35.8)x1

ERE =
(biomass)(16.35)

00
C)

where, ERE: energy recovery efficiency in percentage;
COD hydrolysate (g COD/L); BMP hydrolysate (LNCH,/g
COD,,4); biomass: initial dry weight of AB used in the enzy-
matic hydrolysis (g/L); methane energy equivalent (35.8
kJ/L CH,); calorific value of AB (16.35 kJ/g bagasse) which
is the heat produced by the complete combustion of AB.

Results
Agave Bagasse Composition

AB composition was determined to evaluate its potential
use as feedstock for lignin and methane production. AB
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contains 43.65 + 1.84% and 19.09 + 0.1% of glucans and
xylan respectively, which are feasible substrates for methane
production. The total content of lignin was 19.11 + 0.80%,
while 4.60 + 0.74% and 5.44 + 0.65% correspond to extrac-
tives and ash, respectively. These results are slightly higher
than those reported by Caspeta et al. [11], 38.60%, 13.60%,
and 16% for glucans, xylan, and lignin, respectively. The
observed differences in composition are due to different fac-
tors, such as agave species, growing regions, climates, and
age of the plant [29].

Alkaline Organosolv Pretreatment

To the best of our knowledge, there are no reports on del-
ignification of AB by alkaline organosolv pretreatment.
Therefore, a Placket Burman design was first performed to
determinate the most significant independent variables that
maximize two response variables, delignification of AB and
lignin recovery. The results are shown in Table 1. Overall,
delignification values from 8.93 to 51.73% and lignin recov-
ery values from 0 to 100% were achieved with the alkaline
organosolv pretreatment. Table 1 shows that experiment 8
was the best condition for lignin removal with a 51.73% of
delignification. On the other hand, the highest value of lignin
recovery, 100%, was observed in experiment 2.

Results of the Plackett Burman design were represented in
a Pareto chart (data not shown). According to this chart and
analyses of variance (ANOVAs) (data not shown), the most
significant variables were determined at a 95% confidence
level (p <0.05) for both response variables. In the case of
delignification, the concentration of sodium hydroxide was
the only significant factor. For the other response variable,
lignin recovery, the concentration of sodium hydroxide and
the S/L ratio were significant. Therefore, these two variables
were included in the CCD experiments. On the other hand,
temperature, size particle, reaction time, and concentration
of ethanol were non-significant for both response variables.

Because one of the aims of this work was to achieve a
high lignin recovery yield, this yield was considered the
main response parameter to fix the non-significant varia-
bles for the CCD experiments. Therefore, conditions for the
non-significant response variables, defined by experiment
2, which showed the highest lignin recovery were selected
for the CCD experiments. Thus, a temperature of 150 °C,
an ethanol concentration of 40% (v/v), and size particle less
than 1 mm were fixed variables in the CCD experiments.
Regarding the reaction time, the highest lignin recovery,
according to experiment 2, was obtained at a time of 50 min.
However, because reaction time is a non-significant variable
a shorter reaction time of 10 min was selected, because it
produces less energy demand than a longer time of 50 min.

To define the pretreatment conditions for maximizing
delignification and lignin recovery, a CCD experimental

design was performed varying both the NaOH concentra-
tion and the S/L ratio. The other parameters were fixed as
explained previously. The experimental design indicated that
the NaOH concentration contributed 46.14% and 20.23%
to delignification and lignin recovery, respectively, while
the S/L ratio contributed 5.03% and 2.64% to delignification
and lignin recovery. Therefore, NaOH concentration was the
factor with the greater influence on both response variables.
As previously mentioned, the Pareto diagram showed that
NaOH concentration has a positive effect, that is, the higher
the NaOH concentration the higher the delignification and
recovery of lignin. Table 2 shows that the highest delignifi-
cation value (94.42%) was observed in experiment 4, while
the highest lignin recovery value (75.52%) was observed in
experiment 7. However, experiment 11 showed high delig-
nification as well as lignin recovery (91.49% and 72.16%
respectively), and both values are very similar to the values
observed in experiment 4 (for delignification) and experi-
ment 7 (for lignin recovery). For this reason, the conditions
of experiment 11, as well as the conditions defined for the
non-significant variables by the Plackett Burman design,
were selected to carry out the alkaline organosolv pretreat-
ment on a larger scale.

The response surfaces of delignification and lignin recov-
ery as function of the significant factors are shown in Fig. 1.
ANOVA of the CCD indicated the statistical model was sig-
nificant and showed no lack of fit. The adjusted R? statistic
explains 99.67% and 95.44% of the variability for delignifica-
tion and lignin recovery model. According to Gutiérrez-Pulido
et al. [30] models with adjusted R values greater than 70%
are considered to have a good prediction quality. Therefore,
both models were accepted. It can be seen from the figures
that the higher delignification percentages were obtained for
high sodium hydroxide concentrations and that the influence
of S/L ratio was weak. It can be also noticed from Fig. 1 that
the higher lignin recovery percentages were obtained for high
sodium hydroxide concentrations and S/L ratios.

According to the analysis of the CCD data, the following
quadratic equations for each response variable were obtained:

Y, = 122.90 + 11.71X, — 12.27X, + 0.29X, X, — 0.91X? + 0.40X>

Y, =34.01 + 2.11X, + 6.41 + 1.07X,X, — 1.04X} — 0.63X

where Y : delignification (%) and Y,: lignin recovery (%);
X: sodium hydroxide concentration and X,: S/L ratio.
The optimal conditions for delignification and lignin
recovery predicted by these equations were NaOH concen-
tration of 9.95% and 1:7.75 g/mL of S/L ratio with a pre-
dicted 95.04% of delignification and 67.41% of lignin recov-
ery. Although the optimal conditions defined by the surface
response methodology were slightly different to the ones
obtained with experiment 11, the delignification and lignin
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Fig. 1 Response surface
obtained for a delignification
and b lignin recovery as func-
tion of solid/liquid ratio and
sodium hydroxide concentration

Delignification (%)

Lignin recovery (%)

recovery values were similar to those obtained with experi-
ment 11. To obtain enough pretreated biomass for its charac-
terization and the mass balance described below in Sect. 3.3
and 3.6, the alkaline organosolv pretreatment was carried
out in an 832-mL reactor. Although the same conditions
found for experiment 11, during the optimization process in
a 190-mL reactor, were used for the 832-mL reactor, lower
values for delignification of 84.56% and for lignin recovery
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of 42.60% were obtained. This difference could be attributed
to the scaling up of the volume reactor. To evaluate this
possibility the severity factor was calculated. The 832-mL
reactor had a severity factor of 10.71, whereas the smaller
190-mL reactor presented a slightly lower severity of 10.63.
Therefore, it is unlikely that the severity factor could account
for the lower effectiveness of the larger reactor. Another dif-
ference between both reactors is the mixing regime. The
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larger reactor has a propeller system, whereas the smaller
reactor does not have one. Thus, it would be expected that
the larger reactor would be more effective which is the oppo-
site to the observed results. Therefore, additional factors may
be at play, and further investigation is needed to understand
the underlying causes of these observations.

Other authors have pretreated AB using the acid-catalyzed
organosolv method achieving lower percentages of delignifi-
cation as compared to delignification values reported in this
work. Pérez-Pimienta et al. [31] used a solution with water,
ethanol, and sulfuric acid and reached 45% of delignification
after pretreatment at 160 °C, 10 min, and 1:10 (w/v) solid/
liquid ratio. Caspeta et al. [11] used sulfuric acid as catalyst
in a solution containing water and ethanol, 160 °C during
10 min and reached 65.61% delignification. Delignification
value obtained in the present study is 2.03 and 1.53 times
higher than values for acid-catalyzed organosolv reported
by Pérez-Pimienta et al. [31] and Caspeta et al. [11], respec-
tively. The increased levels of delignification observed in the
alkaline organosolv pretreatment could be attributed to the
high content of B-aryl-ether bonds in lignin and the fact that
breakage of B-aryl-ether bonds is predominant in the alkaline
medium as mentioned in the introduction. Furthermore, the
delignification percentage achieved in the present study in
the 832-mL reactor (84.56%) was 1.8 times higher than the
value of 47.87% reported by Pérez-Pimienta et al. [32] for
AB pretreated with ionic liquids in a 1-L reactor (Table 3).

On the contrary, the delignification percentage obtained
in this work in the 832-mL reactor was lower than the 97%
reported by Galindo-Hernandez et al. [15] for AB pretreated
with alkaline hydrogen peroxide. This last difference could
be attributed to the different methodologies used to deter-
mine the composition of AB. In the case of Galindo-Hernan-
dez et al. [15] thermogravimetric analysis was used, while
the NREL protocol was used in this work which is a more
precise method for lignocellulosic biomass characterization.

Regarding lignin recovery, Fernandez-Rodriguez et al.
[10] reported a 9.49% of lignin recovery with a non-cata-
lyzed organosolv pretreatment using a mixture of ethanol/
water (70:30 v/v) at 200°C during 90 min and a solid/liq-
uid ratio of 1:15 (w/v). This lignin recovery percentage was
lower than the one obtained in this study (12.62%, Table 3),
but under more severe conditions of temperature, ethanol
concentration, and reaction time. On the other hand, Caspeta
etal. [11] reported 100% of lignin recovery with an acid-cat-
alyzed organosolv, which is higher than the lignin recovery
yield obtained in the present study (72.16%, Table 3). The
present study differs from that of Caspeta et al. [11] in the
way of measuring lignin. In the case of Caspeta et al. [11]
the fibers were washed with ethanol and the ethanol washes
were combined with the liquor containing lignin, whereas
in the present study the fiber was washed with water and the
washing water was discarded. Therefore, some lignin was

lost in the washing water. Overall, lignin removal by alkaline
organosolv pretreatment was higher than the acid-catalyzed
organosolv, and the ionic liquid delignification. Regarding
lignin recovery, the alkaline organosolv pretreatment was
higher than the one reported for non-catalyzed organosolv,
but lower than the recovery reported for acid-catalyzed
organosolyv.

Crystallinity and Morphological Characterization
Effect of Pretreatment on Biomass Crystallinity Index

Crystallinity of cellulose is acknowledged as an important
characteristic that affects cellulose enzymatic hydrolysis
efficiency.

The Crl of bagasse without pretreatment (BWP) and
pretreated with alkaline organosolv (BPO) was calculated
based on the X-ray diffraction (XRD) results (Fig. 2). The
diffractograms of BWP, BPO, and standard cellulose (Avi-
cel) show characteristic peaks for microcrystalline cellulose
at 20 of 15°, 16.5°, 22.8°, and 34.6°. In addition to cellulose
signals, there are distinctive and prominent peaks (lines) at
20 of 14.8°, 24.2°,30.0°, and 38° corresponding to calcium
oxalate as previously reported by Pérez-Pimienta et al. [33].
The Crl for BWP was 56%. This value is similar to the
Crl value of 51.2% reported by Lépez-Gutiérrez [25] for
untreated AB. The difference in the CrI values is due to nat-
ural variability of agave crops. Also, Pérez-Pimienta et al.
[31] determined the CrI for untreated AB obtaining a lower
value of 39%. In the case of Pérez-Pimienta et al. [31] the
observed difference of the CrI value is likely due to the dif-
ferent methodologies used to determine Crl. In the present
study the crystallinity index was calculated using the decon-
volution method, which allows separation of the amorphous
from the crystalline signals (considering the four peaks of
crystalline cellulose) by curve fitting, assuming Gaussian
functions for each peak [34]. In contrast, the method used
by Perez Pimienta et al. [31] considered only the scattered
intensity in the main peak. After alkaline organosolv pre-
treatment, the Crl increased to 59.04 %. This increment was
attributed to the elimination of amorphous hemicellulose
and lignin which enriched the content of crystalline cel-
lulose in BPO [8, 35]. This enrichment is consistent with
the cellulose content present in the delignified fiber meas-
ured by NREL. Pérez-Pimienta et al. [31] also reported an
increase of the Crl after organosolv pretreatment on AB,
which increased to 44.6%

Effect of Pretreatment on Biomass Morphology
Structural modification between BWP and BPO are illus-

trated in Fig. 3. The surface of the AB without pretreat-
ment (Fig. 3a) is mainly constituted by the sclerenchyma
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Table 3 Comparison of different parameters and results for the pretreatments that have used agave bagasse

Delignification Conditions Delignification Lignin Glucans Xylan SYEH Severity Reference
pretreatment (%) recovery (%)*  removed removed factor
(%) (%)
Alkaline organosolv
190-mL reactor 95.04 67.41 n. ap. This work
(predicted)
190-mL reactor T: 150 °C 91.49 72.16 (12.62)° 9.47
(Exp. 11) t: 10 min
832-mL reactor ~ [EtOH]:40% 77 19 46.84 (6.91)°  45.60 76.50 844.40 +9.70 10.71
[NaOH]: 5.5 % mg TS/ g
S/L: 1/10 g/mL bagasse
Organosolv pretreatments
Without catalyzer T: 200 °C n. av. 9.49° n. av. n. av. Fernindez-
t: 90 min Rodriguez
[EtOH]: 70 % etal. [10]
S/L: 1/15 g/mL
Acid organosolv T: 160 °C 45 n. av. 0 86.36 733mg TS/ g n.av. Pérez-Pimienta
[EtOH]: 25 % bagasse etal. [31]
[acido] 0.5 %
S/L: 1/10 g/mL
V: 500 mL
Acid organosolv T: 160 °C 65.61 1007 6.78 81.76 477 mg n. av. Caspeta et al.
t: 10 min glucose/g [11]
[EtOH]: 50 % bagasse
[4cido] 0.5 %
S/L: 1/10 g/mL
V: 45 mL
Other pretreatments to remove lignin
Ionic liquids T: 120 °C 46.43 n. av. 507 mg TS/ g n.av. Pérez-Pimienta
t:3h bagasse et al. [32]
S/L: 50/450 g/g
V:1L
Alkaline hydrogen T: 50 °C 97 n. av. 297.03 mg n. av. Galindo-
peroxide (AHP) t: 1.5h TS/g bagasse Hernandez
S/L: 1/20 g/mL etal. [15]
[AHP]: 2 %

SYEH specific yield of enzymatic hydrolysis, 7S total sugars, n.ap. not applicable, n.av. not available.

*Lignin recovery based on removed lignin.

®Lignin recovery based on initial biomass.

tissue (support tissue formed by non-living cells with a lig-
nified secondary wall; its main function is of a mechanical
nature) and parenchyma tissue (fundamental tissue made up
of living cells with a primary wall, rich in hemicellulose,
pectic, and soluble substances) [36]. Additionally, calcium
oxalates are present in raphide and styloid forms (Fig. 3a).
Comparison of Fig. 3a, b, shows that some tissues such as
the parenchyma and the sclerenchyma were removed after
alkaline organosolv pretreatment. This can be attributed to
the delignification process. Additionally, Fig. 3a presents
well-defined calcium oxalate crystals. However, after pre-
treatment (Fig. 3b), the micrographs show that AB fibers
have a low amount of calcium oxalate crystals due to the
partial removal of them. The removal of the sclerenchyma

@ Springer

and parenchyma was reflected in the XRD analyses. Lignin
and hemicellulose are amorphous polymers; therefore, their
removal causes an increase in Crl. Furthermore, this is sup-
ported by the NREL analysis, which showed that 84.60% of
lignin and 76.50% of xylan were removed, whereas a 45.60%
of glucans were removed during the pretreatment process.
Figure 3b also shows that structural changes after alka-
line organosolv pretreatment are mainly on the surface of
bagasse fibers, suggesting that other lignified structures
such as xylem and phloem that are internal structures are not
affected. Figure 3c, d corresponds to AB fibers after alkaline
hydrogen peroxide pretreatment [37]. In this case, the figure
shows two micrographs with different degrees of delignifica-
tion due to pretreatment. The changes on the fiber structure
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Fig.2 XRD diffractograms of
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are not homogenous along the fiber. For example, Fig. 3c
shows mainly changes on the surface of the fiber, while
Fig. 3d shows severe internal degradation of the fiber. In
fact, Fig. 3d shows vascular bundles that are internal ligni-
fied structures (xylem and phloem) that cannot be observed
after alkaline organosolv pretreatment, supporting the idea
that alkaline organosolv pretreatment does not affect these
internal structures.

Enzymatic Hydrolysis

The effect of alkaline organosolv treatment on the enzymatic
hydrolysis of AB was evaluated. Enzymatic hydrolysates of
BWP and BPO were obtained using the commercial enzyme
preparation Cellic-CTec2. Results of the characterization
of the hydrolysates and the specific yield of enzymatic
hydrolysis (SYEH) are shown in Table 4. Results show a
positive effect of the alkaline organosolv pretreatment on
the COD and total sugar concentrations of the enzymatic
hydrolysates. After pretreatment, COD concentration in the
enzymatic hydrolysate increased approximately 3 times,
and total sugar concentration in the enzymatic hydrolysate
increased 4.5 times as compared to the values obtained from
the enzymatic hydrolysate obtained from untreated bagasse.
Observed increases in COD and total sugar concentrations
are because the alkaline organosolv treatment removed
84.60% of lignin and 76.50% of xylan from the bagasse.

20

Therefore, enzymatic hydrolysis of remaining holocellulose
(mainly cellulose and a small percentage of hemicellulose)
in the BPO fiber was more effective. Xylan removal during
organosolv treatment has been previously reported for agave
bagasse. In this sense, Caspeta et al. [11] and Pérez-Pimienta
et al. [32] reported xylan removal efficiencies of 81.80% and
50.60%, respectively, using acid-catalyzed organosolv.

Table 4 also shows that the SYEH of the BPO hydro-
lysate was 4.42 times higher than the SYEH of the BWP
hydrolysate. Overall, these results indicate that alkaline
organosolv pretreatment improved enzymatic hydrolysis by
modifying the recalcitrant structure of bagasse during the
delignification process enabling the access of the enzymes
to holocellulose. Similar results have been observed in previ-
ous studies that reported increases in total sugar concentra-
tion and SYEH of AB hydrolysates obtained with different
pretreatments, including organosolv [12, 15, 31].

In this work, the SYEH obtained using Cellic CTec2 for
the hydrolysis of BPO was 844.40 + 9.70 mg TS/g bagasse,
which is significatively higher than the SYEH values of 733
mg TS/g Bagasse and 477 mg glucose/g bagasse reported
by Pérez-Pimienta et al. [33] and Caspeta et al. [11] respec-
tively for AB pretreated with acid organosolv (Table 3).
Pérez-Pimienta et al. [31] and Galindo-Hernandez et al.
[15] also reported SYEH values of 507 mg TS/g bagasse
and 297 mg TS/g bagasse for AB pretreated with ionic liq-
uids and alkaline hydrogen peroxide, respectively. Compared
to these pretreatments, the SYEH values obtained in this
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Fig.3 Micrographs of agave bagasse with different treatments: a
bagasse without pretreatment (BWP); b bagasse pretreated with alka-
line organosolv under the best conditions (BPO); ¢ and d bagasse

Table 4 Characterization of the enzymatic hydrolysates obtained with
Cellic CTec2 from agave bagasse without pretreatment and with alka-
line organosolv pretreatment

Hydrolysate COD (g/L) TS (g/L) SYEH (mg total
sugar/g bagasse)

BWP 26.09 +0.20 19.17 + 0.40 191.10 + 4.05

BPO 80.50 £ 0.53 86.34 +£2.40 844.40 +9.70°

All data are corrected by the enzyme control. *SYEH value based on
BPO.

BWP bagasse without pretreatment, BPO bagasse pretreated with
alkaline organosolv, TS total sugar, SYEH specific yield of enzymatic
hydrolysis.

study were 1.67 and 2.84 times higher, respectively. Overall,
these results show that alkaline organosolv pretreatment was
more effective for enhancing enzymatic hydrolysis of agave
bagasse than the acid-catalyzed organosolyv, ionic liquid, and
alkaline hydrogen peroxide pretreatments due to the high
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pretreated with alkaline hydrogen peroxide (BAHP). All micrographs
were obtained at a magnification of 250x except for micrograph d,
which was obtained at 100X

removal of lignin and xylan from the bagasse leading to a
more effective enzymatic hydrolysis of the BPO fiber.

Methane Production

The potential for methane production of BWP and BPO
hydrolysates was evaluated. The values of biochemical
methane potential (BMP), biodegradability, specific meth-
ane yield (SMY), and ERE obtained for BWP and BPO
hydrolysates are shown in Table 5. Glucose control pro-
duced 308.24 + 2.13 NmLCH,/g COD, 4, which correspond
to 88.1% of the theoretical value, result that validates the
BMP assays [17]. BPO hydrolysate presented a higher BMP
(311.02 + 4.83 NmLCH,/g DQO) as compared with BWP
hydrolysate (275.33 + 0.94 NmLCH,/g DQO). Considering
that both assays were performed at a normalized COD of 5
g/L, the observed differences in BMPs are due to different
hydrolysate biodegradability. The biodegradability percent-
age is estimated considering the BMP in terms of mL CH,/g
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Table 5 Methgne production Hydrolysate BMP Biodegradability (%) SMY?* (NmLCH,/g bagasse) ERE (%)
from enzymatic hydrolysates (NmLCH,/g
of untreated and organosolv COD,,,)
pretreated agave bagasse
BWP 27533 £0.94 78.67 + 0.30 111.23 £ 0.38 24.88 +0.92
BPO 311.02 +4.83 88.90 £ 1.40 303.62 + 10.62° 65.46 +2.41
Glucose 308.24 +2.13

BWP bagasse without pretreatment, BPO bagasse pretreated with organosolv, BMP biochemical methane
potential, COD,,;; COD added, SMY specific methane yield. ERE energy recovery efficiency

4SMY value based on BPO.

COD, 4 and the theoretical value of 350 mL CH,/g COD
[38]. Table 5 shows that the BPO hydrolysate has a biodeg-
radability of 88.90 + 1.40% while the BWP hydrolysate has
a biodegradability of 78.67 £ 0.30%. Such differences in
biodegradability could be related with the presence of oli-
gomers of carbohydrates associated with lignin in the BWP
hydrolysate, which are not easily transformed to methane
under the BMP experimental conditions. On the contrary, in
the case of BPO hydrolysate, there would be a lower content
of carbohydrate-lignin complexes since a high percentage of
the lignin was removed by the pretreatment before enzymatic
hydrolysis. These results indicate that the alkaline organo-
solv pretreatment improves the biodegradability of the enzy-
matic hydrolysate. According to Table 5, the SMY value for
the BPO hydrolysate was 2.73 times higher compared with
BWP hydrolysate, indicating a higher potential for methane
production. This result shows the importance of the higher
biodegradability of BPO hydrolysate, which is due to the
presence of more readily biodegradable organic compounds.

Moreover, the SMY value of the BPO hydrolysate
(303.62 + 10.62 mL CH,/g bagasse) was 23% lower than
that reported for AB pretreated with alkaline hydrogen
peroxide (393.40 + 13 mL CH,/g bagasse) by Galindo-
Hernéandez et al. [15], but 2.62 times higher than that
reported for AB pretreated with ozone by Valdez-Vazquez

Fig.4 Mass balance for the
sequential treatment of agave
bagasse, under the best condi-
tions for the alkaline organosolv
pretreatment. Cellic CTec2
enzyme preparation was used
for the enzymatic hydrolysis
of agave bagasse. Methane
production was evaluated in
batch mode using a AMPTS 11
equipment

|

94.68 g Ethanol
16.5 g NaOH
180 g Water

Agave bagasse
29.80 Total solid
12.62 g Glucan
5.70 g Xylan

Alkaline Organoslv
pretreatment

|

5.70 g Lignin
1.37 g Extractives
1.62 g Ash

et al. [20]. These results show that the type of pretreat-
ment has different effect on the enhancement of the bio-
degradability and methane production potential from
lignocellulosic substrates.

Table 5 presents the ERE values for the hydrolysates
of BWP and BPO, which express the percentage of the
energy contained in the bagasse (16.35 kJ/g bagasse) that
was recovered. Table 5 shows that ERE value for BPO
hydrolysate (64.13 + 0.99%) was 2.60 times higher than
that of BWP hydrolysate (24.88 + 0.92%). This substan-
tial increment in ERE can be attributed to the delignifi-
cation process that enhances the biodegradability of the
BPO hydrolysate.

The ERE value achieved in this study for the BPO hydro-
lysate was 64.13% which is lower than the value of 86.14%
achieved by Galindo-Hernandez et al. [15], who used alka-
line peroxide hydrogen in AB, but 2.54 times higher than the
value of 25.20% reported by Valdez-Vazquez et al. [20] for
AB pretreated with ozone.

Overall, these results show that alkaline organosolv
pretreatment allowed a more efficient energy recovery,
higher than the obtained with the ozone pretreatment and
lower than the one obtained with the alkaline hydrogen
peroxide pretreatment.
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Mass Balance

The mass balance for the pretreatment at the best condi-
tions for the alkaline organsolv pretreatment and for the
enzymatic hydrolysis is presented in Fig. 4. This figure
shows that 40.10% of AB biomass was recovered after alka-
line organosolv treatment, mainly due to the high deligni-
fication (84.56%) and high holocellulose removal (76.50%
of hemicellulose and 45.60% of cellulose) during the delig-
nification process. A lignin fraction of 2.06 g of lignin was
recovered which represents 36.15% of initial lignin. There-
fore, alkaline organosolyv is not a selective pretreatment since
not only removes lignin but polysaccharides, too.

The solid obtained after pretreatment was subject to enzy-
matic hydrolysis because its high content of holocellulose,
8.21 g. After enzymatic hydrolysis, 16.40 g of the total sugar
was obtained in the hydrolysate in the form of monomeric
sugars. Subsequently monomeric sugars available from the
enzymatic hydrolysate were used to produce methane. The
final methane production was 2.60 g CH, per 29.80 g BWP.
After enzymatic hydrolysis, the solid residue was composed
of the non-hydrolyzed polysaccharides (0.57 g glucan and
0.47 g xylan), 0.70 g of lignin and 0.43 g of ash. Potentially,
this solid enriched in lignin could be used to generate com-
posite films or phenolic derivates in a biorefinery concept.

In a biorefinery scheme, alkaline organosolv process pro-
duces a lignin rich stream that corresponds to the liquid frac-
tion after organosolv pretreatment. This liquid fraction is com-
monly called “black liquor.” In this stream, 4.82 g lignin per
29.80 g of BWP was present. After acid precipitation of lignin,
2.06 g is recovered as precipitated lignin with a composition
of 74.83% of lignin and 21.83% of holocellulose. The high
content of lignin in the precipitate is due to the high hemicel-
lulose removal during the alkaline organosolv pretreatment.

This solid fraction has the potential to produce high
value-added products such as binding agents, dispersing
agents, emulsifying agents, sequestrant agents, hydrogels,
micro and nano capsules, as well as a raw material for syn-
thetic polymers such as phenol-formaldehyde resin, epoxy
resin, polyurethane resin, and polyester [5, 6]. Delignified
black liquor contain the non-precipitated lignin (2.76 g/29.8
g of BWP). Also, it contains a fraction of holocellulose
(10.11 g/29.8 g of BWP). The black liquor was not chemi-
cally characterized. However, it is expected that in addition
to lignin, monomers and oligomers of cellulose and hemicel-
lulose are present, although the relative proportion of each
type of compound is unknown. A complete valorization of
the black liquor requires a further process to separate the
remaining lignin. This delignified black liquor could be used
to produce more methane, but the low pH of the black liquor
probably will not allow anaerobic digestion.

Alkaline organosolv pretreatment investigated in this
study presented better operational conditions to remove
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lignin as compared to acid catalyze and non-catalyzed orga-
nosolv, such as a shorter time and lower temperature pro-
cess. Overall, from a biorefinery processing perspective, the
obtained results are very important due to lignin recovery
and the recovery of energy in the form of methane.

Conclusions

The present study showed that alkaline organosolv pretreat-
ment is a highly efficient process to delignify the AB. Also,
a fiber enriched in cellulose and in less proportion in hemi-
cellulose was obtained for enzymatic hydrolysis. Indeed, the
SYEH of the alkaline organosolv pretreated fiber increased
4.43 times as compared to the AB without delignification.
In terms of methane production from the enzymatic hydro-
lysate, the use of alkaline organosolv pretreatment yields a
more biodegradable enzymatic hydrolysate, which allowed
a substantial increase in ERE, 2.6 times higher than in the
absence of the pretreatment. These results demonstrate the
effectiveness of the alkaline organosolv pretreatment in
improving lignin removal and recovery, and energy recov-
ery from delignified bagasse under more environmentally
friendly conditions, since it does not require strong oxidizing
agents such as ozone or hydrogen peroxide, and ethanol can
be recovered and reused. It also demonstrates that alkaline
organosolv pretreatment of agave bagasse has a high poten-
tial for a biorefinery approach.
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