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Abstract As a way to mitigate the harmful effects of fossil
fuel utilization, the use of second-generation ethanol has been
proposed. However, the microorganisms responsible for its
production are not able to degrade structural polysaccharides,
so their hydrolysis is necessary. Previously to this work, a
factorial experimental design was carried out to investigate
the relation between the NaOH and H2O2 concentrations with
the yield of carbohydrates, and then this variable was opti-
mized by using a response surface method. A study of the
hydrolysis process was performed using enzymes to establish
a process that maximizes the depolymerization of Agave
tequilana fibers after an alkali-oxidative pretreatment with
optimal reagents concentrations, this pretreatment was select-
ed because it can remove almost the total content of lignin and
destroys efficiently the crystallinity of cellulose fibers with a
lower sugar losses and no production of toxic compounds. An
orthogonal array using the novel enzymes Cellic CTec 3 and
Cellic HTec 3 was performed to determinate the optimal com-
bination of them, which has resulted in a concentration of
165.67 g/L at the supernatant with 82.21 % conversion and
a yield of 352.18 g reducing sugars per kilogram of lignocel-
lulosic material in dry basis. These results are 29 % better in
comparison with the previous generation of enzymes with a
reduction in the enzymatic charge of 82 %.

Keywords Enzymatic hydrolysis .Agave tequilana . Kinetic
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Introduction

At present, it is impossible to imagine daily activities without
energy; all the development humanity has achieved as a spe-
cies is linked to energy transformations. Multiple sources of
energy have been used for this purpose, among which the
most widely used has been fossil energy, including coal, nat-
ural gas, and petroleum, due to its low production cost and
relative abundance. Petroleum is the most widely exploited
energy source in the world. Approximately 80% of the energy
consumed comes from this source, and it is calculated that
each person on the planet consumes 4.8 barrels of oil per year
[1]. Oil is a nonrenewable resource, and its cost will be always
uncertain because its availability is limited to certain
territories. Despite ventures into biofuel production, ef-
fective technologies to produce advanced biofuels from
biomass feedstock are still lacking compared with the
well-established fossil fuel technologies [2]. Therefore,
proposals have been made for the utilization of alternative
fuels, such as ethanol, which is currently produced from food
crops, such as sugarcane and corn, thus reducing their avail-
ability for human consumption. It is feasible to produce cel-
lulosic ethanol from all plant parts that are not likely to be used
as food, eliminating the utilization of resources oriented to-
ward human consumption to produce fuel. Ethanol produced
in this way is known as second-generation ethanol.

Mexico is considered the central origin of the Agave genus
[3, 4], which according to Granados [5], includes 272 species,
while other authors report from 136 to 150 species [3, 6].
Agave species have been used to meet and complement a
number of basic needs, such as food, fiber, fodder, medicine,
construction, and the production of alcoholic beverages [7].
The Agaves are widely distributed in limiting environments
(shallow, infertile, and dry soils), which makes them attractive
for use as energetic crops.
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Agave tequilana is a succulent plant species belonging
to the ancient family of the agavaceas, now subfamily
Agavoideae. It is monocarpic, blooms once in its life
and then dies. Its flowering occurs after a decade. The
plant produces a flower stalk a few meters high, with
many umbels of greenish tubular and vertical flowers.
Pollination depends exclusively on the Leptonycteris
nivalis species of nectarivore bat.

This plant is used mainly for tequila production in the
western part of Mexico. Under the laws of the country, only
Agave tequilana azul weber can be used to produce the spirit
drink [1]. Other species may be used to produce mezcal.
The part of the plant with the major commercial interest is
the stem of the plant, called the “pineapple,” which is used
to obtain, through a cooking process, a fructose-rich syrup
that is fermented to produce tequila. Afterward, a material
with no important application is obtained, the bagasse,
which is considered a possible residue for use in the
second-generation biofuel production of bioethanol. In the
western state of Jalisco, Mexico, approximately 1.7 million
tons of annual Agave tequilana are produced, according to
the INEGI [2].

In previous studies, such as Saucedo-Luna et al. [11],
the hydrolysis of lignocellulosic materials of Agave
tequilana was conducted. However, the results were un-
satisfactory, both in sugar concentration in the hydrolysate
and the total yield. A similar study used ammonia fiber
explosion (AFEX) to treat the lignocellulosic material of
prairie grass taken from several stations and locations [3].
This study used the enzymes Acellerase, Novozyme 188,
Multieffect Xilanase, and Multieffect Pectinase. This con-
figuration achieved between 400 and 500 g of reducing
sugars per kilogram of lignocellulosic material, depending
on the station and the place where the samples were tak-
en. On the other hand, the work of Equihua S. [4] report-
ed reducing sugar concentrations near 80 g/L using the
Acellerase 1500 enzyme acting on sweet sorghum bagasse
pretreated with the same conditions as in this study.
Therefore, it is necessary to continue the use of synergies
between different types of enzymes, as proposed in Hu
et al. [5], where Celluclast 1.5 L, Novozyme 188, and
Multieffect Xilanase were used in combination to achieve
near 70 % conversion.

Based on this information, this work studied the syner-
gistic effect of a mixture of several enzymes: Celluclast
1.5 L as cellulase, Novoenzyme 188 as beta-glucosidase,
and Viscozyme L as xylanase. Furthermore, the new gen-
eration enzymes Cellic CTec3 and Cellic HTec3 (enzyme
complexes including all necessary components to achieve
high levels of fiber depolymerization) from Novoenzyme
were used in the enzymatic hydrolysis of the Agave bagasse
tequilana weber previously treated by an alkaline-oxidative
method.

Materials and Methods

Raw Material Conditioning

Lignocellulosic material, a residue of the cooking of Agave
tequilana pineapples, was obtained from the mezcal industry
“Ex hacienda de Zacapendo,” located in the municipality of
Indaparapeo, Michoacan, Mexico. It was dried at 80 °C for
24 h in a Novatech electric furnace and then partially reduced
in size in a generic blade mill at 1500 W to obtain heteroge-
neous fibers ranging from 15 to 3 mm long with diameters of
0.3 mm. The experiments were performed with this fiber size,
which is higher than the size usually used, mesh 40 spherical
particles.

Fiber Composition Analysis

A sample of the conditioned material was subjected to
leaching with saturated water at 120 °C for 1 h to remove
the water-soluble compounds, which were determined by
weight difference. The remaining material was analyzed
to determine the lignin content through total hydrolysis of
the polysaccharides with sulfuric and hydrobromic acid
[6]. Holocellulose [7] and alpha cellulose [8] were all
determined in extractive-free bagasse. Finally, the ash
content was determined by calcination [9]. The differ-
ences between holocellulose and alpha cellulose were
considered as hemicellulose.

Table 1 Two-level orthogonal L8 array to study enzymatic hydrolysis

Amount of enzyme (mL/g material)

Experiment Viscozyme L Celluclast 1.5 L Novozyme 188

1 0.1 0.1 0.1

2 0.1 0.1 0.5

3 0.1 0.5 0.1

4 0.1 0.5 0.5

5 0.5 0.1 0.1

6 0.5 0.1 0.5

7 0.5 0.5 0.1

8 0.5 0.5 0.5

Table 2 Two-level orthogonal L4 array to study enzymatic hydrolysis

Amount of enzyme (as a percentage of
material to be hydrolyzed)

Experiment CTec 3 HTec 3

1 6 3

2 6 6

3 9 3

4 9 6
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Pretreatment

The dried and ground lignocellulosic material was treated by
an alkaline-oxidative method consisting of two stages. In the
first stage, a solution of sodium hydroxide was added, 6 % by
weight dry basis, in a 1 to 5 proportion in relation to the solid,
and the mixture was placed in an autoclave at 120 °C and
2 atm for 1 h. Then, the mixture as left to cool, and a solution
of 6 % hydrogen peroxide by weight dry basis was added at
the same solid-liquid ratio, then maintained at 30 °C without
agitation and protected from light for 24 h. At the end, the
material suspensions were acidified with hydrochloric acid to
a pH of 5 before filtration. The material intended for enzymat-
ic hydrolysis was not dried to avoid the structural changes
induced by dryness [10]; however, samples were dried to de-
termine process’ efficiency and the residual lignin by total
hydrolysis with sulfuric acid and hydrobromic acid, according
to the procedure of Runkel, Wilke [6].

Enzymatic Hydrolysis

To maximize the depolymerization of the cellulose fiber and
the hemicelluloses present in the pretreated material, the com-
bination of enzymes was proposed and tested in an orthogonal
L8 array of two levels and three factors. Each factor was one
of the three enzymes used: Viscozyme L, Celluclast 1.5 L, and
Novozyme 188. The lowest level was 0.1 mL/g material dry

basis, and the highest was 0.5 mL/g of material dry basis.
Details of the orthogonal array are shown in Table 1.

At the same time, hydrolysis of the same pretreated mate-
rial was performed using a combination of ultimate generation
enzymes, which were generously donated by Novoenzymes:
Cellic CTec3 and Cellic HTec3. The manufacturer recom-
mends that the amount to be used should be between 5 and
10 % of the weight dry basis of the material to be hydrolyzed.
For this reason, an orthogonal L4 array of two factors and two
levels was proposed to analyze the combined effect of those
two enzymes. In this case, the highest level was 9 % enzyme
in relation to the total amount of material to be hydrolyzed,
and the lowest level was 3 %. The series of experiments is
shown in Table 2.

For the enzyme addition, we carry out the next process; we
dilute the needed commercial product in the solution of citrate
buffer 0.05 M with a pH=5.0 until the reaction volume was
complete. So the total reaction volume was the same for every
experience. All experiments were performed in triplicate on a
Polyscience orbital shaker at 50 °C and a pH of 5 in 0.05 M
citrate buffer. The solid/liquid ratio was in all cases 1:5. The
time of the reaction was 72 h. At the end of this period, a
sample was taken for analysis by a standardized method in a
high-resolution liquid chromatography (HPLC) Varian Pro
Star instrument, using a Metacarb 87 C column at 70 °C and
a refraction index detector at 50 °C with isocratic water flux to
1 mL/m to determine the simple sugars. Data were analyzed
by a signal to noise ratio method.

Reaction Kinetics

To determine the kinetics of the enzymatic reaction, a hydro-
lysis experiment was conducted in triplicate in 0.05 M citrate
buffer, pH 5. The pretreated material/liquid ratio was 1:5. The
optimal combination of enzymes was used (6 % Cellic CTec 3
y 6 % HTec 3), and the temperature was maintained at 50 °C,
with stirring at 150 rpm in a Polyscience orbital shaker.

Table 3 Composition of
the initial lignocellulosic
material

Compound (% w/w)

Soluble matter 44.29 %

Lignin 13.57 %

Holocellulose 40.14 %

Alpha cellulose 26.81 %

Hemicellulose 13.33 %

Ash 2.00 %

Table 4 Experimental design
results with the enzymes
Viscozyme, Celluclast 1.5 L, and
Novozyme 188

No. Amount of enzyme (mL/g material) Reducing sugars obtained (g/L)

Viscozyme L Celluclast 1.5 L Novozyme 188 72 h

1 0.1 0.1 0.1 106.64 ± 2.04

2 0.1 0.1 0.5 98.65 ± 1.96

3 0.1 0.5 0.1 128.07 ± 1.15

4 0.1 0.5 0.5 121.95 ± 1.57

5 0.5 0.1 0.1 112.79 ± 2.45

6 0.5 0.1 0.5 110.46 ± 1.05

7 0.5 0.5 0.1 118.07 ± 2.58

8 0.5 0.5 0.5 116.98 ± 0.89
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Samples were taken at 1, 6, 24, 48, and 72 h and analyzed by
HPLC.

Results and Discussion

Composition of Agave tequilana bagasse

The composition of the lignocellulosic material is shown in
Table 3.

It is observed that in agave bagasse obtained as residue
from the tequila production is a large amount of soluble ma-
terial, which can be removed by simple boiling water; this
soluble material consists mainly of inulin, this was confirmed
by analyzing the sample supernatant removal process soluble
material by HPLC with the standardized method.
Experimental results on the composition of agave bagasse
correspond with the data obtained by other authors as Yang
et al. [11], who reports 13.8±1.3 % lignin, 43.8±1.3 % of
holocellulose and 6% ash and Flores-Sahagun et al. [12], who
reports 21.10±1.13 % lignin, 73.6±0.01 % of holocellulose
and 5.3 ± 0.07 % ash in dry soluble free base, these small
changes can be attributed to the growth zone harvest time
and Agave tequilana.

Analysis of the Experimental Designs

Table 4 shows the results of the enzymatic hydrolysis with the
ternary combination of enzymes (Celluclast 1.5 L, Novozyme
188, and Viscozyme L), and Table 5 shows the results of the
experiment with the ultimate generation enzymes (Cellic
CTec 3 and Cellic HTec 3). Data obtained throughout the
experiment are shown as averages of triplicate experiments.

The total sugar concentration data at 72 h was analyzed by
the methodology described in Taguchi et al. [13] for the signal
to noise index. The best combination of enzymes to maximize
the amount of simple sugars released was found to be

represented by experiment number 3, i.e., for each gram of
the sample dry basis, it is optimal to add 0.5 mL of Celluclast
1.5 L, 0.1 mL of Viscozyme L, and 0.1 mL of Novozyme 188
to obtain the highest content of 128.07±1.15 g/L of sugars.
Saha, Cotta [14], reported a concentration of sugar equal to
41.5 g/L using a commercial enzyme pretreatment (cellulase,
α-glucosidase, and xylanase) with a 24 h alkaline-oxidative
pretreatment of wheat straw with NaOH 8.6 %,w/v and H2O2,
2.15 % v/v at 35 °C. The solid-liquid ratio in the hydrolysis
was not reported.

When analyzed by the same methodology, the results ob-
tained using the Cellic enzymes show that the superior com-
bination of enzymes is experiment number 2, with 6 % Cellic
CTec3 and 6 % Cellic HTec3.

The results of the experimental designs identified the opti-
mal combinations of enzymes in their corresponding series;
however, only through using the Cellic enzymes could the
amount of enzyme used be decreased, as hydrolyzing the
Agave tequilana bagasse with these enzymes requires almost
six times less than the set load of Viscozyme L, Celluclast
1.5 L, and Novozyme 188. Therefore, it is concluded that to
hydrolyze 1 g of the pretreated material dry basis by the
alkaline-oxidative method, 60 mg of Cellic CTec 3 and
60 mg of Cellic HTec 3 are required, with a conversion of
80.49 % and a yield of 614.09 sugars per kilogram of Agave
tequilana removals-free bagasse with a concentration of
165.67 g/L of reducing sugars (136.44 g/L of glucose and
29.23 g/L of xylose). These yields are high compared to the
results of Farías-Sánchez et al. [15], who obtained a concen-
tration of 46.24 g/L reducing sugars with a pretreatment using
7.5 % nitric acid at 120 °C, followed by 1 % sodium hydrox-
ide at 90 °C and enzymatic hydrolysis with 25 UPF of
Celluclast 1.5 L from NOVOZYME per gram of pretreated
sample from pine sawdust, this study was carry out with a
solid-liquid ratio of 1:10. Saucedo-Luna et al. [16] obtained
41 g/L of fermentable sugars, corresponding to a yield of
73.6 %, with 2 % sulfuric acid at 147 °C for 15 min and

Table 5 Experimental design
results using the Cellic enzymes
from Novoenzymes

Enzyme concentration (% material to be hydrolyzed) Obtained sugars (g/L)

Experiment Ctec 3 HTec 3 72 h

1 6 3 126.92 ± 2.34

2 6 6 165.67 ± 2.26

3 9 3 151.81 ± 1.98

4 9 6 142.24 ± 2.55

Table 6 Data to construct the kinetics of the enzymatic reaction of the Cellic enzymes

Time (h) 1 6 24 48 72

Total sugars (g/L) 8.98 ± 1.56 59.68 ± 2.44 123.56± 3.67 151.75 ± 3.37 165.67± 3.08
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enzymatic hydrolysis of agave bagasse for 72 h at 40 °C using
a solid-liquid ratio of 1:10. Cheng et al. [17] obtained 32.5 g/L
of fermentable sugars from sugarcane bagasse using an
alkaline-oxidative pretreatment with 1 % NaOH and 0.6 %
H2O2 and enzymatic hydrolysis with 4 % cellulase at 50 °C,
pH 4.5, stirring at 140 rpm with a solid liquid ratio of 1:20.
Finally, Rana et al. [18] obtained 130.94 g/L of total sugars
and a yield of 81 % using Cellic CTec2 to hydrolyze corn
stover with a solid liquid ratio of 1:5. As shown in the above
comparisons solid-liquid ratio is higher with all the authors
except Rana et al. [18] who use 1:5, the hydrolysis yields
remain higher in this article.

Kinetics Reaction

After optimizing the combination of enzymes, it is necessary
to approximate the results by a mathematic model that allows
future scaling. Because the commercial solutions of enzymes
used are themselves combinations of unknown composition
and enzyme types, it is not possible to determine the
Michaelis-Menten kinetics. However, during hydrolysis, at
least the following reactions occur:

& The breaking of the cellulose chains into variable length
oligosaccharides.

& The conversion of oligosaccharides chains into cellobiose.
& The cleavage of molecules of cellobiose to glucose.
& The hydrolysis of hemicellulose.

Each reaction is catalyzed by a specific type of enzyme,
and the concentration of each reagents involved is difficult to
measure in a given time. Thus, to construct the kinetic model,
only the overall effect of all enzymes was considered, which
consists of breaking the holocellulose into simple sugars (or
reducing sugars).

In Table 6, the total sugar concentrations obtained in this
experiment are listed along with their averages (using 60 mg
Cellic CTec3 and 60 mg Cellic HTec3 per gram of raw mate-
rial pretreated in dry basis).

Because the enzymatic reaction rate is related to the sub-
strate concentration, the polysaccharide concentration [S] was
calculated according to Eq. (1)

S½ � ¼
w0* 1− f lig

� �n o
− P½ �

.
1:1

n o

VR
ð1Þ

where the variable meanings are as follows: w0, weight of the
initial pretreated material in grams; flig, fraction of lignin in the
initial solid; [P], concentration in grams per liter of total sugars
at the time calculated [S]; VR, total reaction volume, which
includes the moisture contained in the fibers of the pretreated
material and the citrate buffer added to produce a desirable
solid-liquid proportion. The factor 1.1 is dimensionless and
represents the fact that for each mole of sugar hydrolyzed, a
mole of water is necessary.

By performing this calculation for each instant with a cal-
culation basis of 1 L as a total reaction volume and a 1:5 ratio
to the added solid, the data in Table 7 were obtained and fitted
to a second-order kinetics model in the form expressed by
Eq. (2):

d S½ �
dt

¼ −k S½ �2 ð2Þ

Table 7 Variation of the substrate concentration versus time

t (h) 0 1 6 24 48 72

[S] (g/L) 188.58 180.42 134.33 76.25 50.63 33.73

Fig. 1 Graphic representation of
kinetics model vs experimental
data
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where [S] is the substrate concentration (polysaccharides), t is
the reaction time in hours, and k is the rate constant to be
determined in liters per gram-hour (L/g*h).

After integration and mathematical transformation, it was
possible to adjust the data by the least squares method, finding
that k=3.29× 10−4 L/g*h with an R2 = 0.9952. The actual
modeling is very similar to the real experimental data, as
shown in Fig. 1. The dotted line represents the kinetics
model, and the single red squares indicate the experimental
data.

In order to describe the actual process completely, a matter
balance was established and it is showed in Fig. 2. The raw
material was considered soluble free basis because the soluble
matter is mainly inulin, which is removed from the fibers by
the pretreatment. This mass balance does not show any inlet
stream in order to simplification of the diagram, but the reader
must take into account that in the pretreatment process, there is
two inlet streams, 5 L of 6 % w/w sodium hydroxide solution
and 5 L of 6 % w/w hydrogen peroxide solution. After the
pretreatment, the reaction volume (10 l) is neutralized with
concentrated HCl until pH=5.0. Then, the solid is separated
by filtration and moisture is determinated. Before the hydro-
lysis, another stream made up mainly by the mixture of citrate
buffer (0.05 M, pH=5.0) and the necessary amount of Cellic
enzymes (6% of CTec3, 6 % of HTec3; dry basis) until the 1:5
solid-liquid ratio is complete. For the calculus base showed in
the diagram, the total volume of reaction is about 3.71 L. The
concentration of reducing sugars must be considerate in this
base (3.71 L). There is an important assumption we made

writing this mass balance, the solid-liquid separations are
showed as every liquid can be separated from the solid phase.

During the pretreatment, there is not a significant loss of
carbohydrates (approximately 3.7 %); on the other hand, an
82.62 % of lignin was solubilized by the effect of pretreat-
ment. This lignin removal can be seen visually in the Fig. 3.
The (a) part is a microphotograph at 50× of the raw material
and the (b) part is the pretreated material seen at the same
magnification, in fact the black color observed is an indicator
of lignin content.

On the other hand, the pretreated matter did not need any
detoxification procedure further to the neutralization until
pH=5.0, this fact suggest the idea that alkaline-oxidative pre-
treatment does not produce toxic compounds like furfural.
Also, because the pretreated material did not wash with fresh
water, this pretreatment could be environmentally feasible.

After the hydrolysis process a small amount of solid mate-
rial remained, this residual matter contents approximately the
3 % of structural carbohydrates of the raw material.

Conclusion

This research demonstrates the effectiveness of alkaline oxi-
dative pretreatment since there was a loss of structural carbo-
hydrates equal to 3.84 % while 82.62 % of a lignin in the raw
material was removed. Furthermore, the crystal structure of
the cellulose was destroyed effectively as evidenced by the
fact that 98.09 % of the cellulose in the pretreated material

Fig 2 Diagram showing mass
balance for the complete process

Fig. 3 Optical microphotograph
at 50× of A. tequilana bagasse a
before the pretreatment and b
after pretreatment
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was depolymerized; however, only 47.69 % of the hemicellu-
lose is hydrolyzed. By testing combinations of enzyme com-
plexes (Celluclast 1.5 L, Viscozyme L y Novozyme 188), the
interactions and synergetic workings achieved can be ob-
served. These combinations increase the obtainable yields
compared to a single-enzyme complex (Celluclast 1.5 L). In
addition, upon comparing these results with ultimate genera-
tion enzyme complexes (Cellic Ctec 3 and Cellic HTec 3), the
yield was enhanced by much more than for common enzyme
complexes, from 128.07±1.15 to 165.67±2.26 g/L of sugars,
which represents an increase of 29.35 %. All of these results
indicate that the ultimate generation enzyme complexes Cellic
Ctec3 and Cellic HTec3 are viable for use at an industrial level
to increase the yield of sugar with a reduction of 82.85 % of
enzyme required than for the old enzymes.

Because the commercial solutions of enzymes used are
themselves combinations of unknown composition and en-
zyme types, it is not possible to determine the Michaelis-
Menten kinetics, so the data were approximated by a
second-order kinetics model, which should be useful for scal-
ing up the process. The reaction constant obtained by that
procedure is small compared with the catalytic chemical pro-
cess; however, it is not comparable because it is a biochemical
reaction and no data have been reported on this enzyme
complex.
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