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� BRF was used to hydrolyze pre-

treated agave and replace the

enzymatic complexes.

� The acid pretreatment increased

significantly the enzymatic di-

gestibility (94.3%).

� DRX and SEM showed important

structural changes in agave pre-

treated with acid.

� BRF was able to release concen-

trations greater than 40 g/L of

glucose.

� The interaction of BRF and C. ace-

tobutylicum favored H2 production.
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a b s t r a c t

The biological production of H2 represents a renewable and eco-friendly energy alternative

compared to fossil fuels. However, its production from lignocellulose involves the use of

expensive enzymatic complexes. In the present work, the production of H2 from pretreated

agave biomass was evaluated by means of a Consolidated Bioprocess (CBP). This strategy

was carried through the interaction of cellulose-degrading microorganisms obtained from

bovine ruminal fluid (BRF) capable of enhancing H2 production by Clostridium acetobutyli-

cum. The results obtained show the capacity of BRF to hydrolyze the acid pretreated agave,

improving the production of H2 in the experiments where the inoculum of Clostridium was
.mx (L. Rı́os-Gonz�alez).
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greater. According to the results, production of H2 is significantly affected by the increase of

the solids loading, obtaining a maximum H2 production at a 10% of solids loading, pH 5.5

and 35 �C, representing a yield of 150 L of H2 per Kg of biomass in 264 h.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Hydrogen has been the subject of many research papers that

establish that it holds several benefits as a fuel, compared to

other fuels. It has zero carbon emissions to the atmosphere,

which in the current times is a tremendous advantage as a

fuel, primarily due to global warming [1e3]. It generates more

energy than conventional fuels, producing almost three times

more energy than gasoline in a weight base [4]. Hydrogen can

be converted into energy in fuel cells, jet engines, gas power

turbines and internal combustion engines [5]. In recent years,

biological production has acquired importance in hydrogen

production because it is environmentally-friendly compared

to natural gas and oil reforming [6]. In biotechnological pro-

cessing, there is a trend to generate microbial products where

few unitary operations are needed, to save cost and time.

These processes are known as consolidated bioprocessing

(CBP) [7]. Commonly, biofuels production is carried out by

separate or simultaneous saccharification and fermentation

[8] and CBP represents another approach. If biotechnological

production of hydrogen is desired by dark fermentation, the

most common microbe that can be used is from the genre

Clostridia. This genre of bacteria has been extensively studied

in hydrogen production, where Clostridium acetobutylicum

stands out in this regard [9e11].

By processing lignocellulosic biomass, it also has been

possible to produce hydrogen with C. acetobutylicum, which

makes it a second-generation biofuel [12]. Additionally, to

increase sugar availability from biomass, pretreatments must

be carried out to make lignocellulose more susceptible to

enzymatic hydrolysis and fermentation [13]. There are several

methods to determine the effectiveness of biomass pretreat-

ment, such as X-ray diffraction, infra-red analysis, among

others [14]. In CBP, the proposed methodology is to acquire or

develop microbial strains capable of producing and excreting

cellulolytic enzymes and also be able to ferment and produce

the biofuel of interest [15]. To comply with the term of

consolidated bioprocess, another possibility in microbial

production of hydrogen from lignocellulosic biomass is the

use of a microbial consortium which can both produce cellu-

lolytic enzymes and hydrogen. To achieve this goal, ruminal

fluid can be included as a mean of consolidating the process

for hydrogen production [16]. This strategy can be applied if

themicrobial strain has certain deficiencies for processing the

substrate added for its degradation. Consolidation can be

carried out by adding a pure or mixed culture of microorgan-

isms that will assist in substrate degradation and subsequent

production of hydrogen in the present case [17e19]. This

procedure has been applied for hydrogen production using
lignocellulosic substrates successfully in recent years, how-

ever, there are scarce reports on the topic, such as, wheat

straw using C. cellulovorans inoculated with C. acetobutylicum

[9] and corn stover using Thermoanaerobacterium thermo-

saccharolyticum as inoculum [20]. Naturally, many microbes

create a symbiotic association or a syntrophic relationship,

where an example can be the microbial consortia in ruminal

fluid [21]. Thesemicroorganisms possess the ability to degrade

cellulose and hemicellulose by producing and excreting cel-

lobiohydrolases, cellodextrinases, endoglucanases and b-glu-

cosidases [22]. Since microbial strains such as Clostridium are

not very effective to produce cellulolytic enzymes, the addi-

tion of ruminal microbial consortia will provide biomass

degradation, which will release sugars for Clostridia to

assimilate and produce hydrogen [23]. Considering that

lignocellulosic biomass is the most abundant resource on the

planet, its composition is of utmost importance in biofuel

production sector. The polysaccharides contained in its

structure (hemicellulose and most importantly cellulose), are

used to obtain fermentable sugars for hydrogen [4]. There are

many residues, by-products and plants which are readily

available for depolymerization, via cellulolytic enzymes and

one these alternatives is agave biomass [25]. Agave is a plant

that is able to grow in arid environments and it is commonly

found in the semidesertic areas ofMexico. A type of agave that

can accumulate lignocellulosic fibers at a high degree is Agave

lechuguilla [24]. This plant is a fiber source utilized for textile

purposes and many rural areas in northern Mexico depend of

this economic activity. To increase the value ofA. lechuguilla, a

biotechnological approach may provide added-value to the

plant [25]. Agave has been utilized for biofuels production

such as ethanol, butanol and hydrogen, from lignocellulose,

which has garnered interest among researchers [26e28]. The

objective of the present study was to assess the biotechno-

logical production of hydrogen via dark fermentation by

Clostridium acetobutylicum ATCC 824 and bovine ruminal fluid

under a consolidated bioprocess configuration using A. lechu-

guilla biomass.
Materials and methods

Agave biomass

The central leaves of the plant ofA. lechuguilla (cogollos) with a

height of 25e30 cm were collected in arid zones of the mu-

nicipality of Ramos Arizpe, Coahuila, Mexico (25� 550 4500 North

y 101� 550 4700 West) at an altitude of 933 m above the sea level.

The leaves were separated and cut in pieces of 0.5 cm of width

and dried for 24 h at 45 �C in a hot air dehydrator. The dry
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leaves were grinded using a cuttingmill, to an average particle

size of 2 mm. The sample was homogenized and stored in a

black polypropylene bag until use.

Agave characterization and enzymatic digestibility

Dry agave was characterized according to the analytical

methods of the National Renewable Energy Laboratory (NREL).

The extractives were removed in two stages using water and

ethanol and were quantified according to NREL/TP-510-42619

protocol [29]. Structural sugars (cellulose and hemicellulose)

and lignin that were free of extractives were quantified by the

H2SO4 hydrolysis method in two stages (at [72% and 4% v/v]

respectively)asdescribedbyRios-Gonz�alezetal. [30].Finally, the

ash and protein content were determined by the NREL/TP-510-

42622 protocol [31] and the Kjeldahlmethod respectively [32].

The enzymatic digestibility of the agave biomass was

evaluated using the enzymatic commercial complex Cellic

CTec3® provided by Novozymes, Denmark. The experiments

were carried out during 72 h at 50 �C and 200 rpm in 250 mL

Erlenmeyer flasks at 5% of solid loading (w/w) in 0.05 M so-

dium citrate buffer at pH 4.8 and an enzyme loading of 10 FPU

(Filter Paper Units)/g cellulose. After 72 h of hydrolysis, the

hydrolysate was centrifuged at 10,000 rpm for 10 min and the

liquid fraction was filtered through 0.22 mm PVDF filters for

glucose and xylose quantification by HPLC.

Agave pretreatment

Two pretreatment methods previously reported using the

same feedstock: autohydrolysis [33] and diluted acid [34] were

compared in the present work. Both pretreatments were car-

riedout ina 1L stainless steel agitated reactor (model 4525, Parr

Instruments Company, IL, USA) equipped with a temperature

controller (model 4848, Parr Instruments Company, IL., USA).

During each experiment, the reactorwas loadedwith 83.33 g of

agave biomass (dry base weight) and 500 mL of distilled water

in the case of autohydrolysis pretreatment andH2SO4 solution

(1.24% v/v) in the case acid pretreatment, resulting in a solid

loading of 16.6% (w/v) in both cases. The autohydrolysis and

acid pretreatmentswere carried out in an isothermal regimeat

190 �C for 30min and non-isothermal at 180 �C respectively. In

the last case, the reactor was immediately cooled down once

the temperature was reached. Both pretreatment methods

were carried out at 200 rpm.During each repetition, the reactor

was opened until the temperature dropped to 50 �C.
Each pretreatment was repeated 6 times to obtain more

pretreated biomass for subsequent experiments. After each

pretreatment, the material was separated by filtration and

washedwith 30 vol of distilledwater to eliminate the presence

of inhibitors that could remain to the solid fraction. The solids

obtained from the six reactions by the pretreatment method

were homogenized and stored at 4 �C in two plastic containers

for subsequent studies.

Pretreated solids with acid and autohydrolysis were char-

acterized according to the methods previously described for

the determination of cellulose, hemicellulose and lignin.

The liquid fraction was analyzed by HPLC to quantify

sugars (glucose and xylose), and inhibitors (acetic acid and

formic acid).
FTIR analysis

To assess the changes in the chemical composition of pre-

treated samples by the two methods and the raw material

were also analyzed in an FTIR spectrometer (Agilent, Cary 630,

USA) with an ATR detector (total attenuated reflectance). The

FTIR spectrums were recorded in transmittance bandmode in

the range of 650e4000 cm�1 with a resolution of 4 cm�1 and 32

scans. Subsequently, the resulting FTIR spectrums were

analyzed, normalized and then plotted in the Origin software

(OriginLab®, USA).

Crystallinity measurement

Diffraction patterns of pretreated and unpretreated agave

biomass were obtained using an X-ray diffractometer (Mal-

vern Panalytical Ltd., model: Empyrean, United Kingdom)

equipped with a source of Cu Ka radiation operated at 40 kV

and 40 mA. The diffracted intensity was measured at a scan

rate of 10�/min with in a 2q range of 10�e30� in continuous

scanning mode with a 0.02� step size. The crystallinity index

(CrI) was calculated according to Perez-Pimienta et al. [35]:

CrI¼
�
I002 � Iam

I002

�
*100 Eq. 1

where I002 is the intensity of the crystalline portion of the

biomass (cellulose) in approximately 2q ¼ 22.5 and Iam is the

peak of the amorphous portion (e.g. cellulose, hemicellulose

and lignin) in approximately 2q ¼ 18.

Scanning electron microscopy (SEM)

Images of pretreated and unpretreated agave samples were

obtained at different magnifications (150, 800 and 1800 times)

using a Hitachi S-8010 Field Emission Scanning Electron Mi-

croscope (FESEM) with an accelerating voltage of 10 kV. Prior

to taking images, the samples were covered with a thin film

(35 nm) of AuePd (80-20% by weight).

Optimization of hydrogen production through CBP

Microorganisms
For the development of the CBP strategy to produce

hydrogen from pretreated agave biomass in a single opera-

tion without the use of commercial cellulose enzymes,

Clostridium acetobutylicum (ATCC 824) and bovine ruminal

fluid (BRF) provided by the local slaughterhouse was used

(volatile suspended solids - SVS of 6.69 g/L). To eliminate the

microorganisms consuming hydrogen in the BRF (mainly

methanogenic), it was subjected to a thermal/acid treatment

according to Moreno-Davila et al. [36,37]. The Clostridium

strain was kindly provided by the School of Biochemical

Engineering of the Pontifical Catholic University of Valpar-

aiso, Chile.

Clostridium inoculum was prepared in 120-mL glass bottles

containing 70 mL of synthetic medium at pH 6.7 as described

by Oliva-Rodrı́guez et al. [26], that was composed of (g/L): 60

glucose; 0.20 MgSO4$7H2O; 0.01 MnSO4$H2O; 0.5 KH2PO4; 0.5

KH2PO4; 0.01 FeSO4$7H2O; 0.01 NaCl; 2.2 ammonium acetate;

vitamin solution (0.001 p-aminobenzoic acid; 0.0001 biotin;

https://doi.org/10.1016/j.ijhydene.2019.11.089
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Table 2 e Experimental array Taguchi (L9(34)) used for the
optimization.

Experiment
No.

Factors/Levels

A,
Temperature

(�C)

B, Inoculum
ratio (BRF

mL:
Clostridium

mL)

C,
Solids
loading
(w/w,
%)

D, initial
medium

pH

1 30 2:1 10 5.5

2 30 1:1 15 6.5

3 30 1:2 20 7.5

4 35 2:1 15 7.5

5 35 1:1 20 5.5

6 35 1:2 10 6.5

7 40 2:1 20 6.5

8 40 1:1 10 7.5

9 40 1:2 15 5.5
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0.001 thiamine); 1.0 yeast extract; 0.5 cysteine and resazurin

solution (4 mL at 0.025%).

Experimental design
The optimization of the hydrogen production process from

agave biomass through a CBP strategy was carried out using a

Taguchi (L9(34)) experimental array [38,39]. Nine experiments

with three replicates (27 in total) were evaluated by varying

the temperature from 30 to 40 �C; inoculum ratio (1:1, 2:1 and

1:2 with a total volume of 4 mL); solids loading from 10 to 20%

(w/w); and initial medium pH from 5.5 to 7.5. The conditions

selected for the optimization are shown in Tables 1 and 2.

All experiments were carried out in 120 mL glass bottles

using 40 mL of synthetic medium (as described in

Microorganisms) without glucose. The pH of the mediumwas

adjusted according to the conditions described in the Taguchi

experimental array (Table 2). After adding the 40 mL of me-

dium and the corresponding pretreated agave biomass, the

reactors were inoculated using BRF and Clostridium acetobuty-

licum in the ratio as described in the experimental array

(2:1 ¼ 2.66 mL:1.33 mL; 1:1 ¼ 2 mL:2 mL; 1:2 ¼ 1.33 mL:2.66 mL)

and maintained at the temperature mentioned in Table 2 in

three orbital shakers at 200 rpm for 264 h. Two control ex-

periments were studied: [Clostridium þ biomass] and

[BRF þ biomass]. Both were prepared using the same volume

of medium adjusted at pH 5.5 and 10% (w/w) of solids loading

(pretreated agave biomass). After being inoculated with 4 mL

of Clostridium or BRF, thesewere incubated in an orbital shaker

at 35 �C and 200 rpm for 264 h.

All reactors were sealed with butyl rubber stoppers and

aluminum caps, and oxygen was removed from the gaseous

phase of each reactor with nitrogen gas for 15 min to generate

anaerobic conditions. The gas production was measured by

water displacement at 48, 144, 216 and 264 h and the compo-

sition was determined by gas chromatography. After each

measurement, the reactors gaseous phase was displaced with

N2 gas. A liquid sample was taken from each reactor (at the

end of the experiment) for the quantification of glucose and

xylose, acetic acid, butyric acid and butanol by HPLC.

Experimental data from the response variable (hydrogen

production) were statistically analyzed by the ANOVA using

the Qualitek-4® software (Nutek, Inc., USA).

Analysis

The H2 produced in the experiments was sampled from the

gaseous phasewith a chromatographic syringe and quantified

by gas chromatography (Varian 3400, Palo Alto, USA) equipped

with a thermal conductivity detector at 200 �C and a packed
Table 1 e Conditions used for the optimization process
using experimental array Taguchi.

Factors Levels

1 2 3

A, Temperature (�C) 30 (A1) 35 (A2) 40 (A3)

B, Inoculum ratio (BRF mL: ClostridiummL) 2:1 (B1) 1:1 (B2) 1:2 (B3)

C, Solids loading (w/w, %) 10 (C1) 15 (C2) 20 (C3)

D, initial medium pH 5.5 (D1) 6.5 (D2) 7.5 (D3)
column at 30 �C, using Ar gas as a mobile phase at a flow of

6 mL/min. Sugars (glucose and xylose), organic acids (acetic,

formic, butyric) and alcohols (ethanol and butanol) were

quantified by HPLC (Agilent 1260 Infinity, CA, USA) using a

refraction index detector at 45 �C, and an Agilent Hi-Plex H

column at 35 �C (7.7 � 300 mm, CA, USA) with H2SO4 5 mM as

mobile phase at a flow of 0.5 mL/min. All experiments were

carried out by triplicate and the average values are reported.
Results and discussion

Agave characterization and pretreatments

The chemical characterization of agave showed that extrac-

tives were the main component (see Table 3). The low enzy-

matic digestibility obtained is related to the high content of

lignin in this material, as observed in results reported for

other species of agaves [35]. The successful solubilization of

the hemicellulose present in the material has been previously

reported [32e34,40] with a significant increase in the di-

gestibility of cellulose present in the agave.

The chemical composition of the agave and liquor obtained

after the two pretreatments are shown in Table 4. The acid

pretreatment showed a slightly higher removal of solids

compared to the autohydrolysis pretreatment. Although the

severity factor (logR0) for the acid pretreatment was lower

compared to the autohydrolysis pretreatment, the hydrolysis

of hemicellulose was slightly higher in the case of the acid

pretreatment [34]. The thermal and chemical stability of

hemicellulose is lower compared to cellulose, due to the lower

degree of polymerization and an amorphous structure of

hemicellulose [41]. The acid hydrolysis of hemicellulose

showed a higher solubilization of pentoses, compared to the

autohydrolysis pretreatment. The lowest concentration of

xylose in the liquid fraction obtained with the autohydrolysis

pretreatment can be attributed to a partial hydrolysis of

hemicellulose that releases xylooligosaccharides.

Aguilar et al. [42] reported a high concentration of xyloo-

ligosaccharides (15.31 g/L) in the liquid fraction of Agave

tequilana bagasse using a hydrothermal pretreatment at 180 �C

https://doi.org/10.1016/j.ijhydene.2019.11.089
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Table 3 e Chemical characterization of A. lechuguilla
biomass.

Component % (w/w), dry base

Cellulose 18.3 ± 1.1

Hemicellulose 9.7 ± 0.5

Acid-insoluble lignin 18.9 ± 0.8

Extractives 26.2 ± 0.7

Ashes 7.4 ± 0.2

Proteins 5.5 ± 0.2

Others 14.0 ± 0.6

Enzymatic digestibility (%) 12.6 ± 0.4

Table 4 e Composition of solid and liquid fractions after
acid and autohydrolysis pretreatment of agave.

Component % (w/w), *(g per 100 g on oven-dry basis)

Acid
pretreatment

Autohydrolysis
pretreatment

Recovered solids

(%)

38.9 ± 1.2 41.6 ± 1.4

*Solids composition

Cellulose 29.4 ± 0.8 33.3 ± 1.0

Hemicellulose 2.4 ± 0.1 2.5 ± 0.1

Lignin 47.0 ± 1.2 46.2 ± 1.3

*Solids fraction removed

Cellulose 37.6 ± 1.1 24.6 ± 0.9

Hemicellulose 90.3 ± 2.4 89.1 ± 2.1

Lignin 3.4 ± 0.1 0 ± 0

Liquid composition (g/L)

Glucose 7.0 ± 0.1 0.4 ± 0.1

Xylose 10.2 ± 0.1 1.0 ± 0.1

Arabinose 2.4 ± 0.1 0 ± 0

Formic acid 10.0 ± 0.1 10.4 ± 0.1

Acetic acid 4.2 ± 0.1 3.0 ± 0.1

Enzymatic digestibility

Glucose (g/L) 72 h 20.1 ± 0.1 16.2 ± 0.1

Hydrolysis yield

(%)

94.3 ± 2.5 71.0 ± 1.7

Fig. 1 e IR spectrum of unpretreated agave compared to

pretreated agave.
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for 20 min (logR0 ¼ 3.85). Also, the effect of acid can be

observed in cellulose and lignin hydrolysis, obtaining solids

with a slightly lower cellulose content than autohydrolysis

pretreatment. The formic acid concentration was very similar

in both pretreatments as described in Table 4. However, a

slightly higher concentration of acetic acidwas detected in the

case of acid pretreatment compared to the autohydrolysis

pretreatment, showing again that the acid pretreatment pre-

sented a higher severity [43]. Enzymatic digestibility experi-

ments of the agave pretreated with acid showed a higher

hydrolysis yield compared to the agave pretreated by auto-

hydrolysis. Therefore, the biomass pretreated with acid was

selected to carry out the following studies of hydrogen pro-

duction and optimization through CBP.

FTIR spectroscopy and crystallinity measurement by DRX

FTIR spectroscopy is a very useful tool for studying chemical

changes that occur during pretreatments of lignocellulosic

biomass [44]. Fig. 1 shows the FTIR spectrum obtained, a

change in the chemical structure of the agave biomass can be
observed after the pretreatments compared to the unpre-

treated agave. Unpretreated agave biomass presents the

typical absorption bands of lignocellulosicmaterials, although

the magnitudes of these absorption bands vary for each ma-

terial [45]. The FTIR spectrum of lignocellulosic materials is

regularly analyzed in two sections: the first is the region of low

wavelengths (800-1800 cm�1) and the second region of high

wavelengths (2700-3800 cm�1) [46]. The broad peak at

approximately 3400 cm�1 is related to the stretching of OeH

(hydrogen bonding) in cellulose. Signals between 2920 cm�1

and 2850 cm�1 are commonly detected in lignocellulosic

biomass samples and corresponds to methyl and methylene

groups (-CH3 and -CH2) in cellulose. The stretches observed

between 1500 and 1600 cm�1 represent the vibrations of aro-

matic structures in lignin. The signals found at 1735 cm�1,

1375 cm�1, 1240 cm�1, 1160 and 1091 cm�1 are related to the

stretching and deformation of cellulose and hemicellulose

structures. The signals attributable to the symmetrical and

asymmetric stretching of CeOeC in glucosidic bonds were of

greater intensity in the samples pretreated with acid at

1160 cm�1 and 1091 cm�1 and correspond to the b-1,4-

glycosidic bonds that link the glucose units in cellulose [47].

The peaks at 1040 cm�1 indicate the stretching vibration of

the CeO ether and themethoxyl and b-O-4 bonds, these peaks

presented a decrease in intensity after pretreatments [48].

Absorption peaks at wavelengths below 2000 cm�1 are called

“fingerprint region” for lignocellulosic materials [44], repre-

senting a complex and important region to understand

chemical changes during pretreatments of these materials.

DRX analysis of unpretreated agave showed the presence

of calcium oxalate. This compound has been reported in

different species of agaves as a protectionmechanism against

insects and forage animals [35,49e52]. The measurement of

the crystallinity index (CrI) of the pretreated samples was

compared with the sample of the unpretreated agave

(CrI ¼ 23.0%). These analyses showed the effectiveness of

enzymatic hydrolysis in the agave that was pretreated with

acid, showing a lower crystalline value (CrI ¼ 0.1%) compared

to that obtained in the agave that was pretreated by autohy-

drolysis (CrI ¼ 6.2%). A similar result compared to the acid

pretreatment was obtained by P�erez-Pimienta et al. [50] using

Agave tequilana bagasse pretreated with ionic liquids at 120 �C
(CrI ¼ 0.03%).
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Scanning electron microscopy (SEM)

The SEM's obtained showed a smooth compact structure in

the case of the unpretreated agave (Fig. 2a). The small frac-

tures observed can be attributed to themilling process and the

small crystalline structures present in the surface could be the

oxalate calcium [49]. The pretreatment (mainly acid pre-

treatment) created a rupture in the cell wall that unfold the

fibers, increasing the roughness and porosity of the structure,

and consequently increasing the enzymatic digestibility

(Fig. 2b y 2c).

Optimization of hydrogen production through CBP

The optimization for the CBP carried out under a Taguchi

experimental (L9(34) array favored the hydrogen production

process. Gas composition (hydrogen andmethane) shows that

in all experiments the methane was not generated, attributed

to the previous pretreatment carried out in BRF, in whichmost

likely all methanogenic microbes were inactivated. According

to the experiment array, the effects of temperature, inoculum

ratio, solids loading and initial medium pHwere evaluated for

the response variable as showed in Fig. 3. By these results and

the data from the analysis of variance (Table 5) the solids

loading is the factor with the most significance by 50%, while

initial pH and inoculum ratio 20.1 and 19.64% respectively and

the factor with less significance was temperature. The levels

evaluated in the case of the temperature, the A2 level showed

the highest value compared to the other levels. The effect of

the A1 level on H2 production resulted in 340.19 mL of H2,

meanwhile, as temperature was increased (A3 level) it was

observed a significant decrease in the H2 production. This ef-

fect may be correlated to the thermal tolerance of Clostridium

to temperatures above 40 �C [45,53]. The inoculum ratio

showed the highest H2 production where C. acetobutylicum cell

concentration was higher. For the inoculum ratio, conditions

B3 (BRF 1:2 C. acetobutylicum) accumulated 405.08 mL of H2

followed by B1 (BRF 2:1 C. acetobutylicum) with 307.25 and

173.44 mL from B2 (BRF 1:1 C. acetobutylicum). Even though

theremay be H2-producing bacteria in BRF such as Butyrivibrio

fibrisolvens, Ruminococci albus, Megasphaera elsdenii, Lachnospira

miltuparus or Clostridium lochheadii, the experiment in which a

higher amount of C. acetobutylicum cells were added, produced

more H2which can be a synergy effect in gas production or the

mentioned bacteria, which most of them also possess cellu-

lolytic activities, and may have contributed more to cellulose

degradation rather than H2 production [54]. For the solids

loading, the lowest amount of pretreated biomass (C1) allowed
Fig. 2 e SEM's images of unpretreated agave (a), au
a higher H2 production followed by C2 and finally C3. When

high amounts of solids are being biodegraded, it may take

more time for a more effective depolymerization and H2 will

be produced in less amount in the same timeframe, compared

to the most effective treatment. If lower levels of biomass are

in contact with the BRF, there is more contact surface area for

enzymes to act upon and therefore, more chance to produce

H2 [54,55]. The initial pH level favored H2 production in

treatment D1 with 404.0 mL of H2 while treatments D2 and D3

produced 311.52 and 170.25 mL of H2 respectively. The levels

of 5.5 are more adequate for cellulose degradation by cellu-

lases, with the addition of the fact thatmore acidic levels favor

the microbial consortium in BRF, thus, microorganisms could

release more fermentable sugar for H2 production [56].

In Fig. 4 is shown the H2 production over a time of 264 h.

The experiments showed a behavior that can be separated in

two groups taking in account the H2 production. The treat-

ments coded as 1 and 4 accumulated 650mL of H2, followed by

experiment 9 with 435 mL. The second group, where H2

accumulation differed, showed 240 mL in experiments 2 and

4; 137.5 in experiments 3, 5 and 8 and experiment 7 with 40mL

of H2. The behavior due to the conditions of the second group

(2, 3, 4, 5, 7 and 8), after 48 h of fermentation, reached an

almost stalemate production, where small amounts of H2 was

produced at their respective levels. In experiment 9 appar-

ently the H2 production came to a halt at 216 h while 1 and 6

continued to produce even at the time of the final sample,

which resulted in the highest H2 production. In the case of

experiments 1 and 6 were monitored an additional 24 h

(288 h), detecting a production of H2 of less than 1% (data not

shown). The factor in these conditions that is similar is solids

loading, which may promote a better cellulose degradation in

low amounts. Hydrogen produced in the controls was less

than in the cases of experiments 1, 6 and 9. Results obtained in

both controls showed that hydrogen was produced in a

greater amount when C. acetobutylicum (440 mL) was used as

inoculum compared with the control with BRF (335 mL).

Hydrogen production suggests that the inoculum was

enhanced by means of addition of BRF, and this can be

attributed to an improvement in the hydrolyzation of cellu-

lose and the fermentation of sugars.

In Table 6, levels of glucose, acetic acid, butyric acid and

butanol are also shown. It is worth noting that there is a sig-

nificant accumulation of glucose in the experiments. Initially,

butanol was produced as C. acetobutylicum is a solventogenic

microorganism, as well as a hydrogen producer. In experi-

ments 1, 2 and 5 butanol was produced at 7.18, 1.42 and

0.309 g/L respectively. Acetic and butyric acid were also
tohydrolysis (b) and acid (c) pretreated agave.

https://doi.org/10.1016/j.ijhydene.2019.11.089
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Fig. 3 e Factors performance at different levels.

Table 5 e Analysis of variance (ANOVA).

Factors DOF Sums of squares Variance F-Ratio Pure Sum Percentage

Temperature 2 77041 38520 10433 77034 9.326

Inoculum ratio 2 162265 81132 21975 162258 19.643

Solids loading 2 420379 210189 56931 420372 50.891

Initial medium pH 2 166298 83149 22521 166291 20.131

Other/Error 9 33.226 3.691 0.009

Total 17 826019.5 100.00%

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 1 3 7 0 7e1 3 7 1 6 13713
detected, where the highest levels were 3.95 and 3.26 g/L in

experiment 6.

In Acetone-Butanol-Ethanol fermentation, which is the

metabolic pathway that C. acetobutylicum performs, acetic
Fig. 4 e Hydrogen production in different e
acid, butyric acid are produced, as well as H2 and butanol [57].

Even though these compounds can be attributed to C. aceto-

butylicum, the microorganisms from BRF are also able to pro-

duce these organic acids [55]. The most important aspect in a
xperiments according Taguchi array.

https://doi.org/10.1016/j.ijhydene.2019.11.089
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Table 6 e Main metabolites produced during the
fermentation of agave biomass pretreated through CBP.

Experiment No. Products (g/L)

Glucose Acetic acid Butyric acid Butanol

1 0 ± 0 1.4 ± 0.1 2.2 ± 0.1 7.1 ± 0.1

2 36.4 ± 1.2 2.2 ± 0.2 1.4 ± 0.1 1.4 ± 0.1

3 43.9 ± 1.6 2.3 ± 0.1 1.5 ± 0.1 0 ± 0

4 42.5 ± 1.9 3.4 ± 0.1 1.3 ± 0.1 0 ± 0

5 30.0 ± 0.5 1.8 ± 0.1 1.1 ± 0.1 0.3 ± 0.1

6 28.5 ± 0.8 3.9 ± 0.1 3.2 ± 0.1 0 ± 0

7 43.4 ± 2.1 1.9 ± 0.1 0.2 ± 0.1 0 ± 0

8 48.5 ± 1.5 2.6 ± 0.1 1.1 ± 0.1 0 ± 0

9 26.2 ± 0.9 2.3 ± 0.1 1.3 ± 0.1 0 ± 0

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 1 3 7 0 7e1 3 7 1 613714
CBP is that enzymatic degradation and the metabolite pro-

duction is carried out simultaneously. In all experiments, with

the exception of the number 1, glucose accumulated in the

media at levels as high as 48.58 g/L. This is an indication that

the microbial consortium in BRF is effectively degrading cel-

lulose from agave fibers. In experiment 1 no glucose was

detected, which may be the result of a total glucose con-

sumption from C. acetobutylicum and the rest of the microor-

ganisms. It can be said that, compared to the rest of the

experiments, the highest butanol and H2 amounts were also

detected in this experiment, that the conditions may have

favored glucose consumption and metabolite production. As

previously mentioned, there may be other bacteria present in

BRF that can produce H2, but in this case, at the highest H2 and

butanol were detected in the same experiment, C. acetobuty-

licum could be the prevailing microorganism in metabolite

production. To our knowledge, all reports of H2 production

from agave biomass were carried out using the conventional

strategy of Separate Hydrolysis and Fermentation (SHF)

[17,22,58,59]. Montoya-Rosales et al. [22] recently reported a

maximum H2 yield of 117.0 L H2/Kg of bagasse which is lower

than the obtained in the present work (150 L H2/Kg of agave)

through a CBP strategy using C. acetobutylicum and BRF.
Conclusions

The results obtained showed that acid pretreatment promotes

a greater enzymatic digestibility of the agave compared to

autohydrolysis pretreatment. The chemical composition

analysis of pretreated samples showed few differences. How-

ever, by X-ray diffraction and scanning electron microscopy it

can be appreciated structural changes in the biomass that was

pretreated with acid that in consequence generated a greater

digestibility. The results generated from the consolidation of

theprocess through the interactionofBRFandC. acetobutylicum

were satisfactory, obtaining high volumes of H2 (greater than

600 mL) at 264 h of fermentation. At optimum conditions (10%

of solids loading; inoculumratio 1:2 [BRF:Clostridium]; initial pH

5.5 and temperature 35 �C) it is possible to maximize the pro-

ductionofH2 andother importantmetabolites suchasbutanol.

Further studies will focus on the analysis of microbial pop-

ulations that generate high productivity of H2. This strategy

willhelp inabetterunderstandingof themicrobial interactions

in the process to improve the performance.
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