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Abstract
This work describes a microreaction technique to carry out hydrolysis of certain substrate by certain enzyme under several
conditions, and reports its usefulness to determine effective process conditions and to compare performances between different
systems substrate-enzyme, in a quick and economic way. The microreaction system consists of microtubes, as microreactors, that
are placed into a thermomixer, allowing a set of 24 experiments at a certain constant temperature but with different pH and
substrate-enzyme ratios. The outcomes of the numerous experiments are processed via response surface methodology and means
analysis. In order to illustrate the technique effectiveness, it is discussed the comparison of two commercial enzyme complexes,
and two delignification procedures of wheat straw.
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Second-generation bioethanol

1 Introduction

On the consciousness that oil is a limited and non-renewable
material, and that the biochemical processes are considered as
an alternative for fuel production, the harnessing of lignocel-
lulosic material to obtain a variety of products, since commod-
ities up to those of high value added [1], has driven a huge
amount of research works. Maybe, production of second-
generation bioethanol is one of the most famous issues, but
there are many other ones in the spotlight, such as the
biohydrogen, biogas [2], bio-oil to produce biodiesel [3] syn-
thesis of xylitol [4], biobutanol, and ABE processes [5, 6].

In the processing of lignocellulosic material, whatever the
product to be obtained, four steps mainly appear: (1) pretreat-
ment for destruction of the lignin wall, (2) enzymatic hydro-
lysis for conversion of holocellulosic material into reducing
sugars, (3) fermentation for conversion of sugars into the in-
terest product, and (4) separation for purification of the prod-
uct. Each step can be performed in different ways, and in turn,
each way by different chemicals and bioreactans, creating a

diversity of systems in the lignocellulosic biomass processing
[7]. For example, a chemical pretreatment for delignification
can either be performed by acid medium or by alkaline one
[8]; for hydrolysis, there is a large variety of enzymes; for
fermentation, although Saccharomyces cerevisiae is the class
of yeast typically used, bacterial consortia are being explored,
and for separation, the typical extractive distillation process
can be performed by several extractive agents. At last, the
operating conditions and equipment configurations for each
process will take diverse values and forms [9].

As the major part of chemical or biochemical reactions,
the enzymatic hydrolysis is driven by temperature, pH, and
other factors that come out from the biomass to be convert-
ed, the enzyme or enzymatic complex to be used, and the
equipment to be operated to carry out the process [10].
Hence, on the R&D of this class of processes, numerous
works include the establishment of effective values for the
different factors considered; the framework is mainly exper-
imental, scanning the workspace of conditions in which the
enzyme complex is assumed to perform effectively. By ex-
ample, Marcos et al. [11] were concerned about the maxi-
mum yield that can be obtained from wheat straw by the
enzyme complex Accellerase 1500®. On the other hand, it
is usual to compare the performance of different
delignification treatments through the enzymatic hydrolysis
at certain conditions [12].
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Although for displaying the effectiveness of a particular
enzyme complex there exist standardized techniques, as the
one established by the National Renewable Energy
Laboratory of USA [13] for measuring the capacity of en-
zymes to process pure cellulose, in the long run, the perfor-
mance of certain enzyme complex to transform certain sub-
strate is measured by carrying out experiments at different
conditions and different enzyme loads. Moreover, regarding
any commercial enzyme complex, corresponding technical
information describes it by mentioning an imprecise content
of specific enzymes, a range of enzymatic activity, and a space
of work conditions, making out that further experiments must
be carried out for the specific substrate to be processed [14];
therefore, the scan of several conditions must be carried out to
determine the best work conditions and the potential yield for
the material of interest.

On the other hand, economic and time costs of numer-
ous experiments implied on any enzymatic hydrolysis
study depend on the equipment type and size (or volume).
A typical experimental system corresponds to flasks sub-
merged into a water bath shaker, where, several experi-
ments are carried out simultaneously at certain tempera-
ture and agitation [15, 16]; also, stirred tank reactors are
used [17, 18], but its economic feasibility on carrying out
numerous experiments must be hefted. Another diversity
aspect on studies of enzymatic hydrolysis lies in the ex-
periment time; for example, while in Eliana et al. [12] a
time of 45 h for the analysis reaction is indicated, other
studies, as in Świątek et al. [19] and Ertas et al. [20], have
preferred to hold the experiment in more time in order to
guarantee an almost total conversion.

Nowadays, great efforts are made to establish methods
that enable the study of enzymatic systems as wide as pos-
sible, taking into account both the time and the labor-
intensive to carry them out, and the economic aspect [21].
Through high-throughput screening techniques, enzymatic
activity of enzyme complex aimed to the hydrolysis of lig-
nocellulosic mass has been evaluated extensively, for exam-
ple, with some substrate models of hydrolytic properties
similar to filter paper, in microplates where each hole con-
tains a different amount of enzyme or substrate [22, 23];
however, these soluble substrates are not pertinent to deter-
mine the performance of a system enzyme-lignocellulosic
mass since substrate is rather insoluble [23]. Moreover, en-
zymatic activity is not enough to design a process, since this
parameter does not enclose the affinity of the enzyme with a
particular lignocellulosic mass, and how the synergy be-
tween enzyme and substrate changes with other primary
factors as temperature and pH. If the optimal process con-
ditions of the system substrate-enzyme are not determined
before performing the experiment in stirred tank reactor, the
process will be affected and will not reach its maximum
yield. This can lead to a higher cost of the process, because

to achieve the same efficiency it would have to use more
amount of enzyme complex [24]. The determination of ef-
fective values of temperature and pH for a particular system
enzyme-substrate implies the search on an extended
workspace, which can be carried out by a high-throughput
screening, but in a benchwork that enables the handle of the
insoluble lignocellulosic mass.

The abovementioned draws the convenience of a standard-
ized and economic framework to set up values of main process
conditions, such as temperature, pH, and enzyme complex
load, in which a substrate-enzyme system will perform its
maximum yield; in this way, the determination of the potential
and a fair comparison of different substrate-enzyme systems
could be carried out.

In this work, the scan of process conditions through a
microreaction system to carry out numerous experiments in
a standardized and economic way is basically shown. Then, it
is reported how the outcomes allow to set up effective process
conditions for the hydrolysis of wheat straw by a commercial
enzyme complex (of unknown exact enzymes composition),
and how the process conditions change for the same substrate
but pretreated with a different chemical.

2 Materials and methods

2.1 Lignocellulosic material

The basis material was wheat straw from two different
sources, which consequently made a consideration of
two different lignocellulosic substrates: (i) wheat straw
delignified by a dilute acid pretreatment (AWS) and (ii)
wheat straw with an alkaline-oxidative pretreatment
(KWS). The AWS was kindly provided by the research
group on biofuels of CINVESTAV-Guadalajara (Mexico),
whose wheat straw was from Jalisco (México) and was
delignified following [25]. The wheat straw for KWS was
from El Bajío (México), in which was applied an alkaline-
oxidative pretreatment, and was delignified as follows:
The alkaline-oxidative pretreatment consisted in a solid
load of 6% w/v (dry weight), sodium hydroxide and hy-
drogen peroxide, both at 2% w/v. The reaction time was
5 h at 60 °C and pH of 11.5. Once the reaction finished,
the pretreatment medium was filtered through commercial
mesh cloth and next washed with 1 L of distilled water.
Finally, the pH of the KWS was adjusted.

Table 1 shows the cellulose, hemicellulose, and lignin com-
position of both substrates, which was determined following
[26–29]; their original particle size was #16 to #20 mesh.
Microcrystalline cellulose (CEL) of particle size 20 μm
(Sigmacell Cellulose from Sigma-Aldrich®) was also used
as a third substrate for setting a reference.
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2.2 Enzyme complexes

Two commercial enzyme complexes were considered: (i)
Accellerase-1500® (A1500), kindly provided by
Genencor®, and (ii) Cellic-CTec® (CT) from Novozymes®.
According to the open technical information, A1500 contains
exoglucanase, endo-glucanase, hemi-cellulase, and β–gluco-
sidase, and its effectiveness is given in terms of ranges of
specific enzymatic activities, but a precise content of enzymes
and punctual values of specific enzymatic activities are not
provided. Furthermore, enzymatic effectiveness is variable in
the sense that it can even depend on the conditions and time in
which the enzyme complex has been stored. The existing open
information of CT is likewise. Although the information is
imprecise, both commercial enzyme complexes were de-
signed to process lignocellulosic material in typical process
conditions: both products perform around a temperature of
50 °C and pH of 5. The enzymatic activity determined for
these two enzyme complexes, following NREL technique
[13], was 70 FPU/mL for A1500, and 130 FPU/mL for CT.

2.3 Enzymatic hydrolysis in microreaction system

Every experiment of enzymatic hydrolysis was performed in a
microtube with a nominal volume of 1.5 mL, which was filled
up with substrate suspension of 1% w/v. These microreactors
were put into a thermomixer with a 24-places thermoblock
(Eppendorf Thermomixer C®); in this way, experiments of
different pH and enzyme complex load were carried out si-
multaneously at a same temperature and mixing pattern.
Although the system is simple and economic, this kind of
experimentation likely bring up high variability, that in a first
instance comes from variability in the biomass load in
microreactors and go towards the calculation of yields; in
the following subsections, some operational issues that are
keys for estimating and reducing variability are described.

2.3.1 Preparation of the lignocellulosic material suspension

The substrate suspension was prepared with straw particles
passed through a #60 mesh. In order to obtain this material,
the AWS was washed with abundant distilled water up to
reach a pH of 4 and the KWS up to an almost neutral pH;

next, the washed substrate was oven dried at 60 °C during
48 h; the plate where the straw was placed was frequently
hand-shaken for avoiding substrate oxidation; finally, the
dried straw was milled, and the particles passed through a
#60 mesh. The pH was adjusted up to the required-by-
experiment with a solution of NaOH 0.5 N for AWS, and with
a solution of HCl 0.5 N for KWS.

2.3.2 Estimation of actual concentration of lignocellulosic
material in microreactors

Because a particle suspension was handled, gentle stirring was
performed in the suspension while the microreactors were
filled up. For every set of experiments designed for a same
temperature, 29 microreactors were filled up; next, 5 of the
them were randomly picked out, and the others 24 were
capped and placed into the thermomixer. From the 5
microreactors taken out, the amount of straw loaded was
gravimetrically measured, and the mean was considered as
the amount of straw loaded in every microreactor, as long as
the straw-weight variance was small. In the 24 processed
microreactors were included the enzyme complex and sub-
strate controls; the enzyme complex control contains water
with enzyme complex and the substrate control only straw
suspension. The sugar concentrations in these controls were
subtracted from the final reducing sugar concentrations in the
other microreactors.

2.3.3 Enzymatic hydrolysis reaction

Once the microreactors were placed into the thermomixer and
the shaking velocity (e.g., 500 rpm was previously
experimented as effective) and temperature (e.g., the provided
one by certain experiment design) was set up with the equip-
ment, it was necessary to hold at least 30 min for the
microreactors temperature to reach the desired value before
loading the enzyme complex. Next, following certain experi-
ment design, the corresponding enzyme complex was loaded
in every microreactor, and the shaking velocity was increased
up to 900 rpm. The time reaction was 1 h because it was
previously experimented that the reaction evolves sufficiently
in the sense that the amount of reducing sugar can be sensibly
measured. Indeed, in thementioned previous experimentation,
several enzymatic hydrolysis were carried out in the
microreaction system and in a stirred tank reactor of 0.5 L,
and they were followed by 18 h (i.e., the stationary state
reached at less time). The outcome was that around 70% of
the final sugar concentration is reached at 1 h.

To verify the temperature was the one indicated by
thermomixer, and consequently the required one, and to check
the temperature variability between microreactors, the follow-
ing previous test was carried out for each one of the temper-
atures to be evaluated. Twenty-four microtubes were filled up

Table 1 Composition of wheat straw delignified by alkaline-oxidative
and acid medium

Substrate Component (% w/w in dry solid basis)

Cellulose Hemicellulose Lignin

AWS 47.10 ± 1.60 4.25 ± 2.4 14.03 ± 1.9

KWS 75.12 ± 2.8 5.89 ± 2.0 0.57 ± 0.4
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with biomass suspension and put into the thermomixer. The
thermomixer was set up with the temperature to be evaluated
and was put on with certain shaken velocity; after the first
30 min, 15 microreactors were taken out at random from the
24 available in the thermomixer, and the temperature in them
was measured with a thermocouple Pt100, whose precision is
about ± 0.1 °C. The same activity was done after 1 h. The
average temperature between microreactors was the one of
the thermomixer, and its variation was lower than 1 °C.
After reaction microtubes were placed into ice during 5 min;
next, they were centrifugated during 10 min at 10000 rpm and
15 min at 12000 rpm. In this way, the reacting mixture was
ready to measure reducing sugars and glucose/xylose.

2.3.4 Sugar measurement

Measurement of glucose and xylose was determined by the
biochemical analyzer YSI SELECT 2700 [30], and reducing
sugars concentration was obtained through DNS-technique
[31].

2.4 Experimental design and data processing

The evaluation of the potential of certain substrate-enzyme
system facing other systems is motivated on that a certain
system gets its best performance under certain particular con-
ditions. In determining such particular conditions, a conven-
tional means analysis and a response surface methodology
based on a full factorial design were followed; in this way, it
was obtained a statistical criterion and a mathematical model
that estimates the best process conditions on the basis of the
experimental information generated. The factors considered
were pH, temperature (T) and the load ratio of enzyme com-
plex volume with respect to substrate mass (EC). As output
variable, it was considered the yield of any particular reducing
sugar with respect to either the complete mass of the wheat
straw loaded or its cellulosic content (according to wheat
straw composition):

YA=S ¼ A=S; A ¼ G; or R; and S ¼ W ;C; or Ho ð1Þ

where A is the concentration of either glucose (G), or reducing
sugars (R), and S is the concentration of either initial straw
(W), initial cellulose (C), or initial holocellulose (Ho). It is
worthwhile to say that it was only taken into account the sugar
that comes from hydrolysis; therefore, the sugar concentration
measured in corresponding blanks was subtracted from the
sugar concentration measured in each experiment.

Particularly, in this work it is proposed to express the yield
in terms of wheat straw loaded (YA/W) because composition
analysis of lignocellulosic mass carries unavoidable experi-
mental variability. The experiment design was full factorial
where the space work was formed by the complete

combination of the following sets of factor values:

pH ¼ 4; 4:5; 5f g; T ¼ 45; 50; 55f g;
EC ¼ 1:5; 3; 4:5; 6; 7:5f g

ð2Þ

The number of operating conditions points to evaluate is
45, and considering an experimentation by triplicate, it means
that 135 experiments are to be carried out.

For the means analysis, the statistical software JMP-v.12
(SAS Institute Inc., Marlow, Bucks, England) was used. For
the description of the output response with respect to the fac-
tors, a typical quadratic model was recalled [32]:

YA=S ¼ β0 þ β1
*pH þ β2

*T þ β3
*EC þ β11

*pH2

þ β22
*T2 þ β33

*EC2 þ β12
*pH*T

þ β13
*pH*EC þ β23

*T*EC ð3Þ

By using the statistical software Minitab-v.17.1 (Minitab
Inc., State College, PA, USA), the model coefficients (β0,
β1, β2, β11, β22, β33, β12, β13, β23) were identified; so, the
optimum process conditions were determined on the basis of
model (3).

2.5 Enzymatic hydrolysis in a stirred-tank bioreactor

In order to evidence the effectiveness of process conditions
setting through a microreaction technique, experiments were
performed in a stirred-tank bioreactor system (Labfors 5
BioEtOH by INFORS-HT®) formed by a jacketed vessel of
2 L, stirred mechanically, and with controller of temperature
and pH. Along the experiments, with a duration correspond-
ing to a time in which the process is settling down (i.e., longer
than in microreaction framework), samples were frequently
taken out to construct sugar trajectory. The size of the
pretreated wheat straw was between #20 and #40 mesh. The
primary operation conditions (pH, T, EC) applied were the
ones of maximum yield predicted by the microreaction tech-
nique according to the response surface analysis and math
model (3).

In a first set of experiments, two reactors were loaded at 5%
w/v with AWS and enzyme complex A1500. For a first reac-
tor, maximum yield primary conditions were followed, and as
well for the second reactor except EC; this was set according
conventional enzymatic activity given in FPU terms.

For comparing the performance between enzyme com-
plexes, a second experiment was carried out in which AWS
was hydrolyzed with CT; the operating conditions were the
ones of maximum performance predicted through surface re-
sponse analysis, according to math model (3).

At last, for visualizing preliminary scaling-up issues, a third
set of experiments were carried out, where two different
amounts of AWS were loaded to reactors: 5 and 10% w/v.
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The enzyme complex was CT, and the operating conditions
are the ones of maximum performance predicted by
microreaction framework.

3 Results and discussion

3.1 Pretreatments analysis

To improve the performance of the enzymatic hydrolysis
process and to achieve a high concentration of reducing
sugars, the pretreatment must guarantee an efficient lignin
removal and the increase of the holocellulose content (cel-
lulose and hemicellulose) [33]. Table 1 shows the content
of the three main components of the substrates AWS and
KWS. The holocellulose corresponds to a content of 81%
for KWS and 51.3% for AWS, in which the cellulose
content is 75 and 47%, respectively. This indicates that
KWS has 30% more of cellulose than AWS, and by con-
sequence, by unit mass, it likely yields a greater amount
of glucose by unit mass.

According to the lignin content, the alkaline-oxidative pre-
treatment is highly effective for delignification process, re-
moving most of the lignin, leaving only a residue of 0.57%
while the pretreatment with diluted acid, the lignin remains in
14%. On the other hand, the addition of an oxidant reagent
improves the lignin removal and the enzymatic hydrolysis
more than single alkali reagent [34].

According to the different types of biomass here consid-
ered, as well as of enzyme complex, six substrate-enzyme
systems were evaluated: (i) AWS with A1500, (ii) KWS with
A1500, (iii) CEL with A1500, (iv) AWS with CT, (v) KWS
with CT, and (vi) CEL with CT.

3.2 Microreaction data analysis

For every experiment, the variability from corresponding rep-
licates represents one of the main aspects to take care of.
Table 2 shows the standard deviation for each substrate-
enzyme system that resulted from analysis of means and var-
iance. For every substrate-enzyme system, the standard devi-
ation is less than 5%, implying experimental outcomes of low
dispersion. Comparing variations between systems, the ones
with enzyme CT have the greater standard deviations. In this
sense, it is worthwhile to mention that, unlike enzyme A1500,
enzyme CT is viscous and difficult to handle with the micro-
pipette. On the other hand, it would have been expected that
systems with substrate CEL would give the lower variations,
because it is a model substance of uniform and small size, and
its suspension of easy handling; however, it exhibits the great-
er variation among substrates.

3.2.1 Analysis of means

According to an analysis of means [32] on the experimental
data, Table 2 shows the points in which the systems get their
higher performances among the conditions experimented, in
terms of the yield of reducing sugar with respect to the whole
substrate mass. The first row of each system points out the
conditions in which the highest yield is obtained.
Furthermore, considering that a lower temperature and en-
zyme complex load is convenient because of economical as-
pects, following an analysis of least significant differences and
Tukey tests over the mean analysis [32], the second row was
added to point out suggested conditions in which the yield is
slightly lower (i.e., not significantly lower) than the highest
one, but with a lower EC or T. The third row shows the yield

Table 2 Effective process conditions resulting from mean analysis

System substrate-enzyme Type of point pH T (°C) EC (μL/0.015 gW) YR/W (% g/g) S (%)

AWS–A1500 Maximum 4.0 50 7.5 22.18 0.91
Suggested 4.0 50 6.0 21.21

CEL point 4.0 50 7.5 22.18

KWS–A1500 Maximum 5.0 55 7.5 27.64 0.94
Suggested 5.0 50 7.5 25.33

CEL point 4.0 50 7.5 20.88

CEL–A1500 Maximum 4.0 50 7.5 31.04 1.59
Suggested 4.0 50 6.0 30.83

AWS–CT Maximum 5.0 45 4.5 29.03 1.48
Suggested 5.0 45 3.0 27.20

CEL point 5.0 50 6.0 20.01

KWS–CT Maximum 5.0 50 7.5 55.60 2.74
Suggested 5.0 50 4.5 51.20

CEL point 5.0 50 6.0 51.90

CEL–CT Maximum 5.0 50 6.0 38.44 3.22
Suggested 5.0 50 3.0 37.17
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achieved with conditions corresponding to the maximum
yield of cellulose-enzyme system, for illustrating the case
when information from conventional enzymatic activity eval-
uation is followed (e.g., Adney and Baker [13]).

It can be noticed that the best conditions for systems are not
equal each other, as well as yields; in this sense, it is worth-
while to highlight that conditions in which pure cellulose gets
its maximum yield do not match the best conditions of the
other substrates.

Comparing the yield between substrates with a same en-
zyme complex, in the case of enzyme complex A1500, pure
cellulose is the one of higher yield, as expected; however, it is
not the same with enzyme complex CT. In this sense, it is
worthwhile to recall that cellulose is crystaline. Between

pretreated straws, KWS yields more reducing sugar than
AWS for both enzyme complexes A1500 and CT.
Comparing enzymes complexes, it can be observed that CT
provides a better yield for any substrate, requiring a slightly
lower temperature and load than A1500.

3.2.2 Analysis on basis of response surface methodology

In Table 3, conditions predicted by model (3) in which the
substrate-enzyme systems would get their highest yields are
shown; i.e., maximum points from response surface method-
ology. Similar to Table 2, three rows for each system are
included: the first one shows the maximum point, a second
one is a suggested point in which either EC or T is lower than

Table 3 Effective process conditions resulting from response surface analysis

System substrate-enzyme Type of point pH T (°C) EC (μL/0.015 g) YR/W (% g/g)

AWS–A1500 Maximum 4.0 49.4 7.44 18.81

Suggested 4.0 47.4 4.83 17.22

CEL point 5.0 53.5 7.5 17.76

KWS–A1500 Maximum 5.0 53.03 7.5 24.69

Suggested 5.0 46.2 7.5 23.35

CEL point 5.0 53.5 7.5 24.58

CEL–A1500 Maximum 5.0 53.5 7.5 29.59

Suggested 5.0 55.0 5.72 27.11

AWS–CT Maximum 5.0 45.0 5.64 28.26

Suggested 4.8 45.0 3.31 25.56

CEL point 5.0 50.35 6.53 18.24

KWS–CT Maximum 4.0 48.03 7.5 54.08

Suggested 4.0 46.04 7.5 52.96

CEL point 5.0 50.35 6.53 50.20

CEL–CT Maximum 5.0 50.35 6.53 37.11

Suggested 5.0 48.9 3.85 33.90

Table 4 Model coefficients for response surfaces

System A1500 CT

substrate-enzyme AWS KWS CEL AWS KWS CEL

β0 + 83.6 + 56.0 − 103.6 − 105.5 − 316 − 324.2
β1 pH − 58.46 − 44.6 − 29.7 + 133.7 − 170.6 − 91.4
β2 T + 2.244 + 1.534 + 6.540 − 7.23 + 27.86 + 20.49

β3 EC + 2.574 + 2.5 + 5.223 − 0.24 + 20.18 + 11.33

β4 β11 pH
2 + 4.948 + 3.41 + 2.79 − 3.53 + 16.07 + 9.66

β5 β22 T
2 − 0.03180 − 0.02679 − 0.06415 +0.1610 − 0.3098 − 0.1980

β6 β33 EC
2 − 0.2125 + 0.0048 − 0.2982 − 0.1510 − 0.640 − 0.3095

β7 β12 pH T + 0.2270 + 0.2994 + 0.0853 − 2.010 + 0.653 + 0.132

β8 β13 pH EC + 0.171 + 0.314 + 0.148 + 0.290 − 1.124 + 0.334

β9 β23 T EC − 0.00187 − 0.0253 0.0134 + 0.111 − 0.0978 − 0.1741
Adjusted R2 82.92% 82.49% 88.07% 72.26% 83.64% 76.82%
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the one of the maximum point, and the yield is slightly lower;
the third row shows the best conditions for pure cellulose. In
Table 4, the coefficients identified for the model (3) are listed
for each one of the six systems. As an example, Fig. 1 illus-
trates response surfaces for the KWS–CT system.

It can be observed that themost of the conditions to achieve
the highest and suggested yields provided by the two analysis
methodologies are similar; it is worthwhile to recall that
means analysis gives the yield in a specific worked point,
while response surface methodology predicts a point that is
likely intermediate between explored points.

As predicted by the mean analysis, it results that a greater
amount of sugar is obtained from KWS than from AWS, and
that CT provides a better performance than A1500. If condi-
tions from pure cellulose experiments were applied, the best
performance of the substrate-enzyme would not be obtained.

3.3 Enzymatic hydrolysis in a stirred-tank bioreactor

The outcomes of the first set of experiments in the stirred-tank
reactor are illustrated in Fig. 2 and yields at the end of exper-
iments are given in Table 5. Two trajectories for AWS–A1500
with EC set by microreaction are given to show reproducibil-
ity, as well as for AWS–A1500 with a FPU-based EC. It is
markedly noticed that a greater yield is obtained by the
microreaction-based EC than the FPU-based EC; however, it
is worth to comment that the EC is greater than the one of
FPU-based technique (EC = 17 FPU/g or 0.14 mL-enzyme/g-
straw, [35]). In this way, further economics evaluation will
also consider the compromise between yield and using greater
amounts of enzyme complex. In Fig. 2, it is also given the
trajectory of substrate AWS hydrolyzed by enzyme complex
CT under its best process conditions. As estimated by the

microreaction technique (Tables 2 or 3), enzyme complex
CT provides a greater performance than the enzyme complex
A1500.

Figure 3 illustrates the performance achieved with different
straw loads (5, 7, and 10%w/v) in the bioreactor for the system
AWS–CT, where it can be observed that the magnitude order
of the yield coincides with the one of microreaction frame-
work. The 10%w/v trajectory presented a delay in its response
because the enzyme complex lasted a little on incorporating to
the straw. Greater straw loads presented operative problems;
while a little more of straw can be loaded, the incorporation
time of the enzyme complex increases. Another aspect to ob-
serve is that the major part of the hydrolysis evolution is
reached in the first 2 h; e.g., the yield at time 1 h is around
75% of the yield at the end of the experiment.

Finally, in Table 6 are given the yields achieved by the two
different pretreated straws with the same enzyme complex CT.

Fig. 1 Response surface graphs
of the system KWS–CT

Fig. 2 Enzymatic hydrolysis in stirred tank bioreactor for different
enzyme complex loads and different pretreated wheat straws
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As estimated by the microreaction technique, reducing sugar
release is greater in KWS than in AWS.

When the enzymatic hydrolysis is being carried out with a
biomass load above 7% w/v, the mixing of the reaction medi-
um becomes a key operational aspect. Figure 3 shows an
experiment performed at biomass load of 10% w/v, in which
it can be observed setbacks during the first 3 h of reaction,
before a typical exponential trajectory emerged. While the
enzyme complex is reacting with the biomass, the mixing
improves progressively. After the first 2 h of the experiment,
most of the AWS has reacted, and in 1 h more the enzyme
complex reached the biomass in the reactor bottom; then the
experiment gets a typical trajectory. After 5 h, the performance
of the reaction is similar to the ones of enzymatic hydrolysis
experiments carried out with biomass loads of 5 and 7% w/v.
Conversely, in the experiments carried out with a biomass
load of 5%w/v, the mixing is good, the enzyme complex takes

a time of 1 h to reach the reactor bottom, and setbacks did not
emerge.

On the other hand, according to the open technical infor-
mation of the enzyme complexes CT and A1500, it is recom-
mended to generate a response curve of the enzyme dosage
against the percentage of cellulose conversion. There are stud-
ies in the literature where an experimental framework has been
used to optimize the enzymatic hydrolysis reactions, such as
in Coimbra [33] where they carry out an experimental design
to determine the optimal process conditions of the enzyme
dosage according to the solid loading, or in the work of
Riedlberger andWeuster-Botz [17] in where they used a meth-
odology to carry out numerous enzymatic hydrolysis experi-
ments in a 10-mL-scale, at a time of 48 h, relating the particle
size and solid content. However, there are other parameters
that must also be considered. In a first instance, the reaction
time to perform the experimental design should be as short as
possible, as Eveleigh [36] points out, and in parallel the en-
zyme complex requires an accurate reaction conditions such
as the temperature and pH because these can affect highly the
reaction [37].

On the other hand, the lignocellulosic substrates have dif-
ferent chemical compositions, and even depending of the pre-
treatment used on them, they can be more resistant to be hy-
drolyzed [36]. Considering the stated above, it is necessary to
calculate, for every substrate-enzyme system, the optimal of
the involved process conditions in a very short time. The
microreaction methodology proposal in this work achieves
the 70% of the holocellulose conversion at a time of 1 h, as
well the experiments in the stirred-tank bioreactor show repro-
ducibi l i ty. The differences of yield between the
microhydrolysis and the enzymatic hydrolysis in the stirred-
tank bioreactor are slightly. In Fig. 2, it can be observed that
the yield reached in 1 h of reaction of the systemAWS–A1500

Table 5 Optimal process conditions to perform enzymatic hydrolysis in stirred tank bioreactor

Biomass V (L) (C) % w/v T (°C) pH EC set YR/W (% g/g) YR/Ho (% g/g) YG/W (% g/g) YG/C (% g/g)

AWS–A1500 2 5 49.4 4.0 FPU method 13.90 27.25 11.65 24.74

14.31 28.05 12.09 25.67

Microreaction method 23.74 46.56 20.42 43.26

23.90 46.87 21.69 45.30

Fig. 3 Enzymatic kinetics performed with AWS at different loads in
stirred tank bioreactor

Table 6 Optimal process conditions to perform the experiments in stirred tank bioreactor

System substrate-enzyme V (L) (C) % w/v T (°C) pH EC (μL/0.015 g) YR/W (% g/g) YR/Ho (% g/g) YG/W (% g/g) YG/C (% g/g)

AWS–CT 2 5 45 5 5.64 29.22 59.21 26.64 56.62

7 30.11 57.23 25.35 55.74

10 29.88 57.08 29.00 55.39

KWS–CT 2 5 48.03 4 7.5 50.6 67.36 49.37 65.72

50.97 67.85 48.80 64.96

Biomass Conv. Bioref.



is around the 16% (R/W), Table 3 shows that a similar yield is
achieved in microhydrolysis with 18% (R/W). The same hap-
pens with the system AWS–CT in which the yield in both
cases is 24% (R/W) at a reaction time of 1 h. In Fig. 3, it
can be observed that for the different biomass concentrations,
the yields keep in the same way. Only in the experiment car-
ried out at 10% (w/v) the yield is slower, but this can be
explained through the operational issue described above.

In Table 3, it can be noticed that the yield of the system
KWS–CT is lower by 4% (R/W) in comparison with the
microhydrolysis experiments. This can be explained from
the point of view that a higher volume, particle size, and bio-
mass concentration are used in the scaling-up.

The abovementioned indicates the microreaction technique
exhibits reproducibility.

4 Conclusions

In this paper, it was tested and evidenced the effectiveness of a
microreaction technique for evaluating and comparing
substrate-enzymes systems, and for determining process con-
ditions of enzymatic hydrolysis to be carried out in stirred-
tank bioreactors. Comparison between substrate-enzymes sys-
tems formed by three substrates and two commercial enzyme
complexes were carried out in an economical and quick way,
and process conditions determined provided a yield of similar
magnitude order in the stirred-tank bioreactor; then, an effec-
tive experimental technique for designing enzymatic hydroly-
sis processes is inherently underlain.
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