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Abstract

This work corresponds to the optimization of the operating variables of the enzymatic hydrolysis of corn starch to obtain glucose syrups
using the genetic algorithm of Matlab (2020a). For this reason, the hydrolytic process is mathematically modeled by response surface
methodology. Pareto chart indicated that saccharification variables exert the highest influence on starch conversion. This mathematical
model is beneficial for a better understanding and operational control of hydrolysis at the industrial level. The optimization problem solution
shows that a maximum dextrose equivalent of 98.13% can be reached if the hydrolysis is performed under optimal operating conditions,
which were also confirmed experimentally. The results show that to achieve the highest yield, liquefaction should be carried out at a
temperature of 92°C, pH of 6.3, a-amylase dose of 1.5 mg enzyme/g starch and hydrolysis time of 1 hour; while saccharification should be
conducted at a temperature of 57°C, pH of 4.9, glucoamylase dose of 1.15 mg enzyme/g starch and hydrolysis time of 34 hours. The
reversion phenomenon is detected when the hydrolysis time exceeds 35 hours, with a negative incidence on the dextrose equivalent.

Keywords: enzymatic hydrolysis; glucose syrups; amylases; genetic algorithm, dextrose equivalent.

Optimizacion de la hidrolisis enzimatica del almidon de maiz para
obtener siropes de glucosa mediante algoritmos genéticos

Resumen

Este trabajo corresponde a la optimizacion de las variables de operacion de la hidrélisis enzimatica de almidon de maiz para la obtencion
de jarabes de glucosa utilizando el algoritmo genético de Matlab (2020a). Para ello, el proceso de hidrolisis se modeldé matematicamente
mediante la metodologia de superficie de respuesta. El diagrama de Pareto indico que las variables de sacarificacion ejercen la mayor
influencia en la conversion del almidon. Este modelo matematico es de gran utilidad para una mejor comprension y control operacional de
la hidrdlisis a nivel industrial. La solucién del problema de optimizacion muestra que puede alcanzarse un equivalente maximo de dextrosa
del 98,13% si la hidrolisis se realiza en las condiciones operacionales Optimas, las cuales se comprobaron experimentalmente. Los
resultados muestran que, para alcanzar el mayor rendimiento, la licuefaccion debe llevarse a cabo a una temperatura de 92°C, pH de 6,3,
dosis de a-amilasa de 1,5 mg de enzima/g de almidén y tiempo de hidrdlisis de 1 hora; mientras que la sacarificacion debe realizarse a una
temperatura de 57°C, pH de 4.9, dosis de glucoamilasa de 1,15 mg de enzima/g de almidon y tiempo de hidrdlisis de 34 horas. El fenomeno
de reversion se detectd cuando el tiempo de hidrolisis super6 las 35 horas, con una incidencia negativa sobre el equivalente en dextrosa.

Palabras clave: hidrélisis enzimatica; jarabes de glucosa; amilasas; algoritmo genético, equivalente de dextrosa.
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1  Introduction

The global production of glucose syrups has increased
considerably in recent years. Industrial production of glucose
syrups is based on starch hydrolysis, which can be performed
by either acid or enzymatic catalysis or by a combination of
both methods [1-3]. The use of enzymes allows selective
hydrolysis under mild conditions, which minimizes sugar
degradation and leads to dextrose equivalents above 95% [4].
Furthermore, the production cost is reduced by 30%, ashes
by 50%, and secondary products by 90% through the first
stage of conversion of enzymatic hydrolysis [5].

The enzymatic hydrolysis consists of three main stages:
gelatinization, liquefaction, and saccharification [6]. This
stage is of great importance because, starch is insoluble in
water, and solubilized starch is more susceptible to attack by
amylases [7-8].

During liquefaction, which begins once the substrate is
solubilized, the starch chains are partially cleaved by the
action of the enzyme a-amylase resulting in the formation of
dextrins [9], and a decrease in viscosity due to this partial
hydrolysis [7]. After that, the mixture is cooled and submitted
to the saccharification process [9], where the dextrins are
converted to glucose by the action of glucoamylase [7] until
reaching the desired dextrose equivalent.

The control of the enzymatic hydrolysis process is
extremely complex, and its efficiency depends directly on the
degree of conversion of starch to glucose. Enzymes are
catalysts that require particular working conditions to
develop their maximum catalytic activity. They are highly
sensitive, and minimal changes in the work environment can
lead to their inactivation, which is often irreversible
(denaturation) depending on the specific pH and temperature
values.

In turn, the process of enzymatic hydrolysis of starch to
obtain glucose may be affected by the reversion
phenomenon. Reversion is an adverse phenomenon
consisting of the regrouping of glucose molecules, which has
serious consequences for the process yield. This occurs at
high concentrations of glucose that occur at a determined
hydrolysis time [10]. Inhibitory effects can also appear
during hydrolytic processes due to the presence of high
concentrations of starch or glucose, which consequently
decreases the catalytic activity [6].

Hence the importance of determining the values of the
operational parameters that allow the maximum hydrolysis
yield and a more efficient use of enzymes, which are
expensive industrial materials.

This work is aimed at determining the optimal parameters
of the hydrolytic process. For this purpose, mathematical
modeling of the hydrolysis is necessary, which is performed
by using a statistical design of experiments by response
surface. Surface response methodology has proven to be a
powerful tool in research related to the enhancement of
properties and processes related to enzymatic hydrolysis, as
evidenced by multiple studies [11]. The optimization
problem is solved using genetic algorithms. This attractive
mathematical method is very useful for the determination of
global optimum in complex mathematical models, showing
very good results compared to traditional methods [12]. This
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research provides new experimental evidence that allows a
better understanding of this hydrolysis. The results obtained
support the control and making of operational decisions in
the industrial process.

2 Materials and methods

2.1  Materials

Labiofam (Cienfuegos, Cuba). Enzyme preparations
Bialfa-T (o-amylase from Bacillus licheniformis) and
Glucozyme (glucoamylase from Aspergillus niger), both
produced by Biocon (Barcelona, Spain) were used. All other
chemical were analytical grade.

2.2 Enzyme characterization

2.2.1  Enzyme activity assay

Enzyme activity was determined according to Miller
method [13], which is based on the quantification of reducing
sugars. Potato soluble starch was used as substrate (1% w/v)
in 20 mM sodium acetate buffer (pH 6.5 for a-amylase, and
pH 4.5 for glucoamylase). The reaction mixture containing
0.5 mL of substrate solution and 0.5 mL of enzyme (diluted)
was incubated for 10 min at 400C for a-amylase, and at 600C
for glucoamylase. The reaction was terminated by adding 1
ml of 3,5-dinitrosalycyclic acid solution (DNS) and then was
heated at 1000C for 10 min. Finally, the mixture was cooled
to ambient temperature, 1.2 mL water was added, and the
absorbance was measured at 546 nm  using
spectrophotometer (UV1800, Shanghai, China). One unit
(UI) of enzyme activity is defined as the amount of enzyme
that catalyzes the production of 1 pmol of reducing sugar
(glucose) per minute under the specified assay conditions.
2.2.2  Determination of protein content

Protein content in the enzyme preparation was
determined by Folin-Lowry method [14] using bovine serum
albumin as standard in the range of 0.1-1 mg/mL, such as
Akhtar, A. et al. [15] and Nakov, G. et al. [16].
2.2.3  Effects of temperature and pH on enzyme activity

The effect of temperature on enzyme activity was
determined in the range of 40-95°C at pH 6.5 for a-amylase,
and between 40°C and 85°C at pH 4.5 for glucoamylase. The
effect of pH was investigated in the range of pH 2.5 — pH 11
at 40°C for a-amylase and between pH 2.5 and pH 8.5 at
60°C for glucoamylase. The buffers used were 0.1 M acetic
acid-sodium acetate (pH 2.5-6.5), 0.1 M NaHPO, -NaH,PO,4
(pH 7-8.5) and 0.1 M NaH;PO,; - NaOH (pH 9-11). The
activity was expressed as relative activity (%) based on
maximal activity.
2.3 Experimental modeling of corn starch hydrolysis by
response surface

The mathematical model that describes the corn starch
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hydrolysis was obtained by response surface methodology
(RSM) through statistical design of experiments. The
operational variables considered in the modeling as
experimental factors were pH, temperature, time, and
enzyme dosage for each hydrolysis stage. Those variables
were selected based on the significant influence that they
exerted on starch conversion to glucose. In addition, they
were analyzed in a range that covers the normal values that
used in the industrial process.

For the liquefaction stage, the pH from 5.5 to 7.5,
temperature from 70 to 95°C, enzyme dosage from 0.5 to 1.5
mg enzyme/g starch, and hydrolysis time from 1 to 2 hours
were analyzed. In turn, for the saccharification stage, the pH
from 4 to 6, temperature from 50 to 70°C, enzyme dosage
from 0.5 to 1.5 mg enzyme/g starch and hydrolysis time from
24 to 48 hours were studied.

The dextrose equivalent (DE) was used as a response
variable because it is directly dependent on glucose
production, and it is the main quality parameter of syrup. DE
is a measure of the reducing sugars contained in a product,
and it is expressed as percentage on a dry substance.

The parameters of the gelatinization stage (time and
temperature) were held constant, and, therefore, were not
considered as experimental factors in the mathematical
model. They were set to values ensuring the complete
solubility of the substrate in order to ensure an appropriate
enzymatic degradation. The gelatinization was performed at
100°C for 7 minutes, according to the values used in the
industry. Higher values than those would not completely
solubilize the very concentrated (35% (w/v)) starch
suspension, and they would cause irreversible enzyme
denaturation.

A central composite design with star points (2 * 8-2 +
star) was performed using the software Statgraphics
Centurion XVI (version 16.2.04). The design was of
fractional type due to the high number of experimental
factors. Design of experiments was face centered with an
axial distance of 1. Five replicas were incorporated in the
center to the design of experiments, according to what was
established by Montgomery, D. C. [17] for a better quality of
model. Center runs provided a means for estimating the
experimental errors and a measure of lack of fit. Statistical
design composed to 85 experimental runs and 40 error
degrees of freedom was obtained. This design is sufficient to
fit a quadratic model as shown in Eq. (1), containing square
terms and linear terms. The model does not include the
interactions among the factors experimental that this design
is fractioned.

(M

K K
Y= +ZBiXi +ZBiiXi2
=1 =1

Where:

Y': response variable

Bo, Bi, Pii: Regression coefficients for intercept, linear
and quadratic terms, respectively

Xi: Independent variables

k: Number of experimental factors
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2.4  Enzymatic hydrolysis
A 500 mL corn starch suspension (35 % w/v) was used as
a substrate in reactor of 1 L of capacity. A 5% (w/v) calcium
chloride solution was added until achieving a concentration
of 50 ppm in substrate. The pH was adjusted to the work
values by adding 0.1 M Na,CO; or 0.1 M HCI, which are
typically used for pH adjustment in industrial-scale
operations. After conditioning the substrate suspension, o-
amylase was added, and the gelatinization was developed by
placing the flask with the reaction mixture in a heating bath
at 100°C for 7 minutes with constant manual stirring. Starch
solubilization was monitored by the iodine qualitative
procedure established by Corn Refiners Association [18].

The liquefaction was carried out in a heating bath to
operational conditions established in the design of experiments.
Subsequently, the hydrolyzate was cooled to room temperature,
and the pH was adjusted to the required value for the
saccharification. Glucoamylase was added and the reaction
mixture was incubated with shaking at 43 rpm (DW-90,
Shanghai, China) and the required temperature and time.

The dextrose equivalent was calculated as:

_ Amount of reducing sugar expressed as glucose (mg)

DE )

Amount of starch (mg)
-100 %

The amount of reducing sugars was determined by the
DNS method, such as Miafo, A.-P. T. et al. [19].
2.5  Statistical analysis
Analysis of the statistical design of experiments by
response surface was performed in Statgraphics Centurion
XVI software (version 16.2.04). The analysis of significance
of the experimental factors and their interactions was
determined through Pareto charts of standardized effects
[20]. Goodness of fit to the mathematical model was
determined by Fisher's test and the relationship between the
observed and predicted value of the response variable.

According to Montgomery, D. etal. [21], for a linear regression
model to be valid, the mathematical assumptions made when
applying this modeling technique must be checked. The
assumption of normal distribution of residuals was verified by the
Shapiro-Wilk test, the homoscedasticity assumption of the
residuals by the Breusch-Pagan test and the independence
assumption of the residuals by the Durbin-Watson test [22]. These
tests were performed in RStudio (version 1.3.959) software.
2.6  Optimization
The maximum dextrose equivalent value is determined
using the genetic algorithm method in Matlab (2020a). For
the solution of the optimization problem, the following
setting parameters are used in the genetic algorithm: 100
generations, a reproduction factor of 0.8, an initial population
of 20, and an error of 1e-6 as stopping criterion [23].

The optimization results were validated with two
replicates by experiments and compared in terms of relative
error (eq. 3). The maximum admissible variation was 5%.
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|DE; — DE,|

. 0
DE, 100 %

Relative error =

3)

Where:
DE,: Experimental dextrose equivalent (%)

DE,: Dextrose equivalent determined with mathematical

model (%)
3 Results and discussion

3.1  Engyme characterization

The enzyme activity of the a-amylase preparation was 32
270 U/mL and its protein concentration was 38.6 mg/mL.
The specific enzymatic activity of 836 U/mg protein. The
activity of the glucoamylase preparation was 21 678 U/mL,
the protein concentration was 100 mg/mL, and the specific

activity was 216 U/mg.

The a-amylase activity was above 90% in range between 70
and 95°C, and the highest value was observed at 90°C (100 %)
(Fig. 1-A). This indicates that the enzyme preparation can be used
for hydrolysis at high temperature values. On the other hand, the
enzyme activity was above 80% at pH values between 5 and 8,

with a maximum of catalytic activity observed at 7 (Fig. 1-B).

Numerous studies report different types of a-amylase of

industrial interest with similar characteristics. In this regard, Hobbs,
L. [1], Olsen, H. [24], and Balakrishnan, D. et al. [25] refer o-
amylases from Bacillus licheniformis with high activity at
temperatures between 80 and 110°C, and more specifically between
90 and 105°C. Similarly, Olsen, H. [24], Balakrishnan, D. etal. [25]
and Wong, D. [26] mention examples of enzymes of this type with

maximum activity to pH between 5-7 from Bacillus licheniformis.
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Figure 1. Enzyme activity of o-amylase at different values of temperature
(A) and pH (B)
Source: The authors.

86

0 T T T
] - ]
-

s Y
90 4 A | Bl
, Y
80 " J
z S :
3 '
2 70+ -
» S
s & o~ 1
E - |
o s e 1
2 v |
® 40 L] B B
5 |
30 - -
i,
R
204 “u. 4
104 S A
0 T T T T T
40 50 80 70 80 90
Temperature (°C)
100 ) ‘
1 .-
B L} .\\\
90 i L]
I” i
80 Y
= ]
£ 704 B
= %
Z 60 B
5 |
@ 504
@
>
5§ 404
[T}
r 30 u
20 4 u
104
L
0 T T T T T —"
2 3 4 5 1 F ¢ B a9
pH

Figure 2. Effect of temperature (A) and pH (B) on glucoamylase activity
Source: The authors.

Glucoamylase has more than 90% of its activity at pH
between 3.5 and 5.5 at 60°C, with a maximum value at 4.5
(100%) (Fig. 2-B). In the case of temperature, this enzyme
has more than 90% catalytic activity at values between 60
and 70°C at a pH of 4.5 (Fig. 2-A). The maximum enzymatic
activity is verified at 65°C (100%).

This trend is in correspondence with that stated by Friedl,
A. [9], Helstad, S. [3] and Hobbs, L. [1]. They refer as typical
to glucoamylase of industrial interest that presents the highest
activity at pH values that are between 3.5 and 6.5 and
temperature between 55 and 70°C.

The above-discussed results show that both enzyme
preparations are appropriate for investigating starch
hydrolysis under conditions typical for industrial processes.
In addition, these results allow to identify the specific work
values of pH and temperature to be used as independent
factors in the experimental design.

3.2 Enzymatic hydrolysis

The statistical significance of the experimental factors
and their quadratic effects on the response variable (dextrose
equivalent) was analyzed by means Pareto chart of
standardized effects (Fig. 3). Pareto chart illustrates an
analysis of variance, where the most influential variables
have a probability value less than 0.05 for a 95% confidence
interval. The interactions between the experimental factors
are not considered because of the fractional nature of the
experiment design.



Serrano-Febles et al / Revista DYNA, 92(235), pp. 83-91, January - March, 2025.

Standardized Pareto Chart for Dextrose Equivalent (DE)

H:time2
G:dose2
E:Temperature2
H

| . . . .
6 8 10
Standardized effect

Figure 3. Pareto chart of standardized effects for dextrose equivalent (1-
liquefaction 2-saccharification)
Source: The authors.

The saccharification time and the glucoamylase dosage
exert the strongest influence on dextrose equivalent, and they
have a directly proportional effect, which means that an
increase in its value causes an increase in response.

It is known that glucoamylase only removes glucose
molecules from the non-reducing end of dextrin chains
obtained of liquefaction [7]. Since the liquefaction also leads
to some limit dextrins, which are not fully hydrolyzable by
a-amylase due to the presence of a-1,6-glycosidic branching
bonds [27], and that slows down saccharification. Therefore,
reaction times longer than 12 hours are required to obtain a
high dextrose equivalent, and sometimes saccharification can
last up to 72 hours [4,28].

The pH of saccharification has a negative influence
because at the upper limit of the study a lower enzymatic
activity is verified with respect to the central value. This
result is corroborated with by behavior of Fig. 2-B.
Liquefaction temperature and o-amylase dose have a
statistically significant impact on the dextrose equivalent,
although not in the same magnitude as the variables of the
saccharification stage. Conversion in the liquefaction
progresses to a critical point, which reduces the influence on
the response of this variable in relation to those of the second
stage. In addition, a-amylase requires at least three glucose
units in the substrate [29].

The experimental results were used for developing a
mathematical model describing the influence of the
operational conditions on the response variable (Eq. 4). The
experimental factors that did not exert significant influence
on the response were excluded from the model. This
consideration allowed obtaining a less complex mathematical
expression, with a similar description level and better
goodness of fit of the statistical model.

DE (%) = —321.604 +0.0107 - T, + 2.47 - D,
+5.845 T, + 71.252 - pH,
+53.113 D, +2.17 - t, @)
—0.0515-T,2 — 7.3 -pH,% — 23
D% —0.032 - t,2
Were:

T, : Temperature of liquefaction (° C)
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D;: Dose of a-amylase (mg enzyme/ g starch)

T,: Temperature of saccharification (° C)

pH,:pH of saccharification

D;: Dose of glucoamylase (mg enzyme/ g starch)
3.3 Analysis of the goodness-of-fit of the mathematical
model and the residuals of the mathematical model

When analyzing the variation between the observed and
predicted values of the response variable, only 27.06% of the
experiments are not in the estimation range established by the
software for 95% confidence. The model correctly explains
the experimental values of dextrose equivalent because only
5.88% of predicted values have a relative error higher than
10%.

Fisher's test (F test) shows that there is a statistically
significant relationship between the variables at a 99%
confidence level since the P-value of the multiple regression
analysis is less than 0.01. This confirms that the mathematical
model has an adequate goodness of fit.

Table 1 shows the results of the validation tests of the
linear regression assumptions. The P-value of the Shapiro-
Wilk test is higher than the significance level (P-value>0.05),
which shows that the residuals have a normal distribution
[30]. The residual homoscedasticity is corroborated since the
P-value of the Breush-Pagan test is higher than the
significance level (p-value>0.05) [31]. As the P-value of the
Durbin-Watson test (0.156) is above the significance level (p-
value>0.05), there is no evidence of autocorrelation in the
residuals [32]. The residual independence is a very important
aspect to evaluate the quality of the experimental hydrolysis
since it indicates that all variables affecting the response were
controlled in the experiments [22].

3.4  Sensitivity of mathematical model and optimization
This analysis is carried out to evaluate the sensitivity of
the response according to the variation of the experimental
factors within the limits of the study. The analysis of
sensibility is only carried out with the experimental variables
of the saccharification, because they exert the strongest
influence on the response. In addition, the terms of surface of
the mathematical model correspond to the quadratic effects
of variables of the saccharification stage (they represent a
surface different to plane). Fig. 4 shows the relationship
between either the saccharification time or the glucoamylase
dosage and dextrose equivalent.

This analysis is carried out to evaluate the sensitivity of
the response according to the variation of the experimental
factors within the limits of the study. The analysis of
sensibility is only carried out with the experimental variables
of the saccharification, because they exert the strongest
influence on the response. In addition, the terms of surface of

Table 1.
Results of the validation tests of the linear regression assumptions (95%
confidence)
P-value P-value P-value
Shapiro-Wilk test Breush-Pagan test Durbin-Watson test
0.084 0.147 0.156

Source: The authors.
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Figure 4. Effect of saccharification time and dose of glucoamylase on
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Source: The authors.

the mathematical model correspond to the quadratic effects
of variables of the saccharification stage (they represent a
surface different to plane). Fig. 4 shows the relationship
between either the saccharification time or the glucoamylase
dosage and dextrose equivalent.

There is a region of maximum equivalent dextrose for a
saccharification time between 28 and 39 hours, at a glucoamylase
dose of 0.95 to 1.35 mg of enzyme/g of hydrolyzed starch. While
the hydrolysis time elapses at dose constant, the hydrolytic
conversion increases with the increase of the reaction time, then
it reaches a maximum value, and after that a gradual decrease is
observed (Fig. 5). That decrease can be attributed to reversion
phenomena leading to glucoamylase-catalyzed recombination of
the hydrolysis products with formation of maltose and isomaltose
[24,29,33]. Reversion is a totally undesirable phenomenon in the
industry, because it causes a considerable decrease in the dextrose
equivalent. Therefore, in order to avoid reversion, glucoamylase
should be inactivated immediately after reaching the desired
dextrose equivalent [24].

As revealed from the experimental results, after 35 hours
of saccharification the reversion begins to be significant.
Consequently, in an industrial process, constant and rigorous
monitoring of dextrose equivalent should be implemented in
order to identify the time point giving the maximum glucose
release, and thus minimize further losses due to re-
association.

Temperaturei: 825 °C, Dose1: 1 mglg, Timez:aﬂ hrs, Dosez: 1mglg
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Figure 5. Dependence of dextrose equivalent on pH and saccharification
temperature.
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Source: The authors.

Table 2.
Results of optimization
Experimental factor

Factor Value
Temperature of liquefaction [°C] 92.4
pH of liquefaction 6.3
Dose of a-amylase [mg enzyme/g starch] 1.5
Time of liquefaction [h] 1.0
Temperature of saccharification [°C] 56.8
pH of saccharification 4.88
Dose of glucoamylase [mg enzyme/g starch] 1.15
Time of saccharification [h] 34.4

Source: The authors.

The graph shows a region of maximum dextrose
equivalent at pH values between 4.4 and 5.5. This behavior
coincides with that described in obtained in the
characterization of the glucoamylase enzyme (Fig. 2-B).

With the increase in saccharification temperature,
hydrolysis is favored until reaching a maximum glucose
production between 51 and 62°C. From that point on, the
conversion begins to decrease, which can be attributed to
reduction of catalytic activity of the enzyme due to
denaturation [34].

The values of the operating variables that maximize the
dextrose equivalent were determined by optimizing the
response surface model by genetic algorithm in Matlab
(2020a). The results show that a maximum dextrose
equivalent value of 98.13% can be achieved under the
conditions indicated in Table 2.

The liquefaction temperature predicted by the model is in
agreement with the values typically used in industrial
hydrolysis of starch. According to different authors, the
liquefaction temperature should be around 90°C [7], between
80 and 90°C [9], at 95°C [24] or between 90 and 100°C [33].
The time value of the first stage of hydrolysis is between 1
and 2 hours, interval in which it is normally verified in
industrial process too [35-36]. The liquefaction pH predicted
by the model is also consistent with the usual values of the
industrial process [1,24,37].

The saccharification temperature also coincides with the
values cited by BeMiller, J. N. [2], Fernandes, P. y Carvalho,
F. [4], Olsen, H. [24] and Friedl, A. [9], which are between
55 and 60 °C. The pH of second stage corresponds to values
at which saccharification is developed in industrial
hydrolysis, according to: Hobbs, L. [1], Van der Maarel, M.
[35], Fernandes, P. y Carvalho, F. [4], Olsen, H. [24] and
Zhu, D. et al. [28]. Similarly, saccharification time is
consistent with that mentioned by Hobbs, L. [1] and Zhu, D.
et al. [28].

The results shown in Table 2 are very important to be in
correspondence with the values normally referred to for this
process, because this also constitutes (although indirectly) a
criterion to validate the response surface model obtained. The
optimal dextrose equivalent for the conditions shown in
Table 2 is verified by means of an experiment with two
replicates. Correct prediction model for these conditions is
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verified since the values of the dextrose equivalent observed
and predicted differ by less than 5%.

The results presented in Table 2 indicate a significant
economic advantage, by reducing production costs related to
the consumption of enzymes, energy, water, and other
substances needed for pH adjustment. The optimal enzyme
dosage for each hydrolytic stage is crucial, considering the
high costs of these industrial inputs.

In fact, one of the major challenges in the industrial
process of enzymatic hydrolysis of corn starch is the expense
associated with the enzymes used. The largest market for
industrial enzymes is in the food and beverage manufacturing
sector, which accounts for 26% of the global market [39].
This is mainly led by two strong producers Novozymes y
Dupont Enzymes [7]. The report presented by Freedonia
Group, states that the global demand for enzymes in 2021
would be at 5 trillion dollars with an annual growth of 4%.
According to the Global Market Insights, by 2024, the
enzyme trade of interest in the food industry would amount
to 3.6 trillion dollars [39]. Therefore, making a more rational
use of the enzymes used in starch hydrolysis is essential,
considering that they represent about 30% of the world's
production of industrial enzymes [40].

Higher amounts of enzyme do not necessarily lead to
higher starch conversion. When low amounts of enzyme are
used, its concentration is directly proportional to the reaction
rate because the substrate is in abundance [35]. In contrast,
as the dosage increases, the relationship with the reaction rate
stops behaving linearly and starts to exhibit an asymptotic
trend because the amount of substrate is a limiting factor.
This behavior has a great economic impact on the industrial
hydrolytic process, since an increase in enzyme dose does not
necessarily lead to higher starch conversion.

The optimum temperature of the hydrolysis stages has a
significant impact on the economics of the process, either
because of its influence on enzyme activity and starch
conversion (expensive raw materials) or because of the costs
associated with the generation of steam used as a heating
agent in the reactors. An increase in a few degrees of
hydrolysis temperature implies high energy consumption and
consequently, an increase in the operational cost according
to: i) the large production volumes and ii) the concentration
of dissolved solids (brix) of the hydrolysates. The brix of the
hydrolysates influences the heat capacity and therefore the
energy demand needed to increase the temperature. The
temperature  difference  between liquefaction  and
saccharification influences the cooling water consumption in
the intermediate heat transfer equipment involved in
temperature regulation.

Synergistically, longer hydrolysis times lead to higher
expenses incurred in maintaining temperature conditions in
isothermal reactors, as well as higher power consumption in
auxiliary agitation and circulation systems. This effect is of
greater importance in saccharification, whose operation times
can be up to 72 h [29,37]. Hence the significance of
controlling this variable toward optimal values, in addition to
its influence on phenomena previously addressed such as
reversion.

Adjusting the pH to the optimum level affects the
consumption of sodium carbonate and hydrochloric acid.
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This, in turn, impacts the costs associated with purchasing pH
adjustment agents, as well as the expenses related to
preparation, application, waste treatment operations, and
ultimately the quality of the glucose syrup produced.
Improved consumption of these inputs leads to decreased
corrosion issues, a reduction in the formation of secondary
compounds (some of which are colored) [36], and less salt
production due to neutralization [41]. Some of the secondary
compounds that can be generated during hydrolysis by
acidifying agents include 5-hydroxymethylfurfural, levulinic
acid, and derivatives of formic acid.

4  Conclusions

The mathematical model of hydrolysis obtained through
response surface methodology presented an excellent
goodness to fit according to Fisher test. The mathematical
model showed that glucose production is more affected by
the saccharification stage than by the liquefaction stage, and
that saccharification time, temperature, and glucoamylase
dose are the variables that exert the greatest effects on starch
hydrolysis. The use of the mathematical model obtained can
also be very useful for better operational control of the
industrial process. The values of the operational variables
that allow reaching a maximum dextrose equivalent
(98.13%) were established by genetic algorithm in Matlab
(2020a). Reversion affects remarkably the glucose yield, and
that is evident above 35 hours of saccharification.
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