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Abstract
Sugar cane molasses are, locally, the main raw material in bioethanol production process, which is affected by hydrocolloids
presence, mainly dextran, raising fluids viscosity, generating clogging and embedding problems in equipment. The main goal
of this study is to enzymatically degrade dextran contained in bioethanol production process mashes, and obtain important
rheological parameters. This, with the aim, in a global study, of being able to reduce the sludge generation and its incrustation
in equipment and distillation columns. Physicochemical, microbiological and rheological characterizations were carried out at
mash and fermented mash samples. Dextran degradation was accomplished by enzymatic hydrolysis in presence of dextranase
enzyme, evaluating the enzyme-substrate relation, substrate type, and temperature effects, applying a factorial design. Both mash
and fermented mash showed a non-Newtonian behavior, with a flow behavior index greater than one (n > 1), fitting well to
Herschel-Bulkley model. The highest enzyme activity was observed at 40 ºC, obtaining a lower viscous product (0.017 Pa s,
28.978% of reduction) and a lower dextran concentration product (173.220 ppm, 64.767% of reduction).
Keywords: dextran, dextranase, molasses, mash, bioethanol, rheology.

Resumen
Las melazas de caña de azúcar son, localmente, la materia prima principal en el proceso de producción de bioetanol, el
cual es afectado por la presencia de hidrocoloides, principalmente dextrana, aumentando la viscosidad de fluidos, generando
obstrucciones y problemas de incrustación en equipo. El objetivo principal de este estudio es degradar enzimáticamente la
dextrana contenida en mostos provenientes del proceso de producción de bioetanol, y la obtención de parámetros reológicos
de importancia. Lo anterior con el fin de, en un estudio global, poder reducir la generación de lodos y su incrustación en equipo y
columnas de destilación. Una caracterización fisicoquímica, microbiológica y reológica fue llevada a cabo en muestras de mosto y
mosto fermentado. La degradación de dextrana fue realizada mediante hidrólisis en presencia de enzima dextranasa, evaluando la
relación enzima-substrato, tipo de substrato y efectos de la temperatura, aplicando un diseño factorial. Ambos mostos mostraron
comportamiento no-Newtoniano, con un índice de comportamiento de flujo mayor a 1 (n > 1), ajustándose bien al modelo de
Herschel-Bulkley. La mayor actividad enzimática fue observada a 40 ºC, obteniendo un producto con menor viscosidad (0.017
Pa s, 28.978% de reducción) y un producto con menor concentración de dextrana (173.220 ppm, 64.767% de reducción).
Palabras clave: dextrana, dextranasa, melaza, mosto, bioetanol, reología.

1 Introduction

Due to the fuel actual demand, high costs and
the growing worldwide environmental awareness, the
biofuel alternative have become a major stake holder
in meeting global future energy needs (Naveen, et al.,
2014).

Biofuels in Mexico, as bioethanol, have taken
more importance in matter of bioenergy obtained by
non-fossil sources. It has been established that by
2024 the share of non-fossil sources in electricity
generation will be 35% (SENER, 2015). However, the
increase in this biofuel request, forces to accelerate
the construction of new production plants and to
implement process improvements (Marriaga, 2009).
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Industries that involve sugar cane processes,
such as bioethanol production, present different
operational problems within the process due to
hydrocolloids presence, mainly dextran, minimizing
their production potential: fluids viscosity increase,
clogging generation, equipment embedding problems,
energy loss, among others (Abraham, et al., 2016;
Bashari, et al., 2013; Chou, 2000; Khalikova, et
al., 2005; Ninchan, et al., 2017; Rodríguez-Jiménez,
2005; Trost and Steel, 2002).

Dextran is a neutral and a branched naturally
occurring polysaccharide composed of a main linear
chain of α-1,6 glycosidic linkages with a few branches
of α-glucopyranose at positions 0-2, 0-3 or 0-4
(Iqbal, et al., 2017). This biodegradable polymer is
synthesized by lactic acid bacteria mainly belonging
to the Leuconostoc genera (Kasaai, 2012; Zarour,
et al., 2017). Furthermore, dextran is a unique
exopolysaccharide which has high shear rate and water
solubility (Iqbal, et al., 2017).

Dextran causes not only sugar lost, but also
processing problems (Abraham, et al., 2016; Gibriel,
et al., 2014; Bashari, et al., 2013b; Kaur and Kaler,
2008; Rodríguez-Jiménez, 2005). Hydrocolloids,
as dextran, modify the rheology of the system,
which includes two basic properties; flow behavior
(viscosity) and mechanical properties (Sánchez-.Paz,
et al., 2018). Rheologically, it has been demonstrated
that dextran is a serious issue within bioethanol
production, minimizing its production potential
(Oropeza-De la Rosa, et al., 2017).

Locally, the main raw material in bioethanol
production process is sugar cane molasses. In order
to carry out bioethanol production from sugar cane
molasses it is necessary to have several operations
summarized in three stages: mashes preparation,
continuous fermentation and distillation - rectification.
Dextran represents a major problem within the process
(mainly in the first distillation column inner wall) due
to its quantity, nature and molecular weight.

Dextran degradation entails a number of
glycosyl hydrolases with different specificities
and modes of action. These enzymes are called
endo- and exodextranases. Dextranase (1,6-α-D-
glucan-6-glucanohydrolase) is an enzyme which
catalyzes hydrolysis of α-(1-6)-d-glycoside linkages
in random sites of dextran (Ninchan, et,al., 2017;
Bashari, et al., 2013). Dextranases have important
industrial applications since these enzymes can
depolymerize various troublesome microbial dextran
deposits (Bashari, et al., 2016; Khalikova, et al.,
2005; Rodríguez-Jiménez, 2005) and catalyzes the

degradation of dextran in to low molecular weight
fractions (Ninchan, et,al., 2017; Zohra, et al., 2015;
Zohra, et al., 2013).

The hydrolysis of dextran by enzyme is a
promising and often used method to minimize the
described processing problems (Abraham, et al.,
2016). Dextranase enzyme usage is the most efficient
method for dextran hydrolysis in the sugar sector
(Purushe, et al., 2012; Zhao, et al., 2014). Its usage in
the sugar industry was argued more than 30 years ago.
In 1972 Inkerman and James presented preliminary
studies results of industrial application (sugar mill)
where an enzyme preparation, Glucanase D-1,
produced by Phizer Chemicals company was used for
dextran high concentrations hydrolysis in mixed juice.
During 80’s decade, companies producing industrial
enzymes began to produce dextranase preparations for
sugar process usage, however in many cases, no clear
information is available about their handling (Bashari,
et al., 2013; Rodríguez-Jiménez, 2005). There is
confusion prevailing about which dextranase to use
and how and where to add the dextranase (Bashari,
et al., 2013; Eggleston, et al., 2011; Eggleston,
et al., 2009). Unfortunately, not many published
results about its industrial application (sugar process
and distillation process) are found (Bashari, et al.,
2013; Eggleston, et al., 2009; Eggleston and Monge,
2005; Fadel, et al., 2016; Rodríguez-Jiménez, 2005,
Zhao, et al., 2014). Some researchers are working
towards optimization of dextran application in sugar
manufacture (Bashari, et al., 2013; Eggleston, et al.,
2011; Eggleston, et al., 2009; Zhao, et al., 2014) but
not so for bioethanol production process.

Treatments with dextranase increase the level of
reducing sugars and produce a rapid decrease in
substrate viscosity (Bashari, et al., 2013c; Gibriel, et
al., 2014; Zohra, et al., 2015). Hence, determining
rheological properties is imperative in order to know
if dextran hydrolysis was carried out. Rheology is
well stablished as the science of the deformation and
flow of matter: It is the study of the manner in which
materials respond to applied stress or strain (Steffe,
1996).

Aiming to improve bioethanol process efficiency, it
becomes necessary to enzymatically degrade dextran
and study its behavior through rheology, thereby,
reduce sludge generation and embedding problems in
equipment and distillation columns.
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2 Materials and methods

Mash and fermented mash samples were collected
from a local distillery factory in Orizaba, Veracruz,
Mexico. Mash is the conditioned molasses prior
fermentation process and Fermented mash is the
generated mash after fermentation stage and before
distillation process.

2.1 Physicochemical characterization

A physicochemical characterization was carried out
for both mashes. Parameters were determined as
follows: pH was determined by potentiometry, SST
and SSV by technique 2540 Solids/Standard Methods,
viscosity by rheometry, density by pycnometry,
protein content by Kjeldahl method, reducing sugars
content by Fehling method, CODT by technique 5220
D Chemical Oxygen Demand/ Standard Methods,
color by Hunter parameters and dextran content by
NMX-F-476-SCFI-2011 technique (SENER, 2011).
Each determination was made with replica.

2.2 Microbiological characterization

Leuconostoc mesenteroides is known for dextran
producing from sugar cane (Abraham, et al., 2016;
Gibriel, et al., 2014; Khalikova, et al., 2005;
Zarour, et al., 2017). Aiming to know the possible
presence of this dextran synthesizing microorganism,
a microbiological characterization of different samples
was necessary: molasses, mash (at various points
during fermentation process) and fermented mash.
We attempted to identify the lactic acid bacteria
Leuconostoc mesenteroides, in order to know if there
is any additional dextran increase regarding the one
that comes from the previous process. Besides this,
these microorganisms are sucrose consumers, which
is the raw material in bioethanol production.

In order to achieve that, molasses, mash at different
fermentation points (fresh mash, fermentation tanks
4,5,7 and 10) and fermented mash samples were sterile
obtained. Immediately, they were taken to be analyzed.
Samples serial dilutions were performed using pre-
sterilized 0.1% (w/v) peptone water (Madigan, et
al., 2004). Prior sampling, different culture media
were prepared, sterilized and solidified: Nutritive
Agar for mesophilic bacteria growth (in which
L. mesenteroides is found) (Duarte, et al., 1982),
MRS Agar for exopolysaccharide-producing lactic
bacteria growth (Cerutti, et al., 2000) and MSE

media (Mayeux, Sandine and Elliker), a specific
media for microorganisms growth and gum production
(Cuervo-Mulet, et al., 2010). A count of formed
colonies for each culture medium was made. The
colonies were macroscopically characterized (color,
shape, appearance), microscopically characterized
(cell morphology, clustering, mobility) and specific
microbial testing including Gram staining, capsule
staining and dextran formation were carried out.

2.3 Rheological characterization

Steady state rheological properties were assessed
using an Anton Paar Physica MCR301 rheometer,
and Rheoplus/32 V2.81 software for data capture and
analysis. For both mashes, it was used cylinder Peltier
(C-PTD200-SN80123149) and stirrer geometry
(ST22-4V-40-SN10120) due to their nature and
suspended solids. Rotational tests were performed
at 25 ºC, varying shear rate (γ̇) from 0 to 1000 s−1.
As response variables were defined viscosity (η) and
shear stress (σ). Every experiment was made with
replica. Fitted constitutive rheological models for
the shear rate- shear stress relation were obtained by
Rheoplus/32 V2.81 software. The equations reliability
was evaluated by linear regression analysis obtaining
determination coefficients (R2).

2.4 Dextran degradation trough enzymatic
hydrolysis

Dextran is a chemically and physically complex
polymer; its breakdown is carried out by a variety
of endo- and exodextranases (Zohra, et al., 2015).
Dextranases are produced by various microorganisms,
but fungal dextranase has attracted much attention
due to higher enzyme activity (Bashari, et al., 2013).
In order to degrade dextran present in samples, an
enzymatic hydrolysis reaction was performed, using a
fungal endoenzyme dextranase (ENMEX Dextranfree)
at 1:5 mL dilution with water (recommended dilution
by the manufacturer).

The efficiency of dextranases in the factory
depends on the pH, Brix, temperature, retention
time, agitation, dextran concentration and dosage
(Eggleston, et al., 2011; Ninchan, et al., 2017).
Taken this into account, a completely randomized
and replicated three-factor and two-level (23) factorial
design was settled, where substrate (mash and
fermented mash), substrate-enzyme relation (1:10 and
1:100 mL) and temperature (25 and 40 ºC) were the
factors to be analyzed. Dextran content and viscosity,
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as response variables, were evaluated. Experiments
were carried out keeping reaction time (2 h) and
stirring (167 rpm) constant. Subsequently, enzymatic
kinetic of the best results (in terms of viscosity and
dextran content reduction) were sustained for a total
time of 5 hours.

Since measuring the enzyme activity of a dextran-
hydrolyzing enzyme can sometimes be difficult due
to the large variability of available substrates and
because the reaction product is an undefined mixture
of sugar polymers, a wide spectrum of methods
are used (Khalikova, et al., 2005 ). For the present
study, dextran content was determined by means of
NMX-F-476-SCFI-2011 technique (SENER, 2011)
and viscosity analysis. A rheological behavior analysis
with its fitted constitutive rheological models was
performed as well.

3 Results and discussion

3.1 Physicochemical characterization

Table 1 shows obtained values for both mashes. From
the obtained values, the following was observed: both
samples present similar acid pH, which it is suitable
for the later enzymatic degradation (Bashari, et al.,
2013; Eggleston and Monge, 2005; Ninchan, et al.,

2017; Rodríguez-Jiménez, 2005). The pH value is
a determining factor in the expression of enzymatic
activity. In the case of fungi derived dextranases, the
optimum pH value in general are slightly acid (Zhao,
et al., 2014). Regarding to density, a slight decrease
was observed (1.0329 g/cm3 mash to 1.0297 g/cm3

fermented mash) which, together with total suspended
solids value (SST) (9.13 to 7.66 g / L) and reducing
sugars value (46.7742 to 26.4846 g / L), reflects the
solids (sugars) transformation to bioethanol during
fermentation process. Both samples present a high
amount of organic matter.

Allusive to dextran content, it decreases from
491.650 to 352.785 ppm; it is inferred that this is
a precipitation consequence due to ethanol content
(within fermented mash), since dextran is insoluble
on it (Khalikova, et al., 2005). This represents a
problem at the industry, causing high amounts of
solids (dextran included) at the fermentation tanks
bottom. As for color, different values were observed
for each Hunter parameter: L * (lightness / darkness), a
* (greenness / redness) and b * (yellowness / blueness).
Fermented mash presented a slightly lighter (L*),
reddish (a*) and bluish (b*) color. This color change
might be caused by the sucrose transformation into
ethanol and its quantity. Viscosity also decreases from
0.0264 Pa s (mash) to 0.0195 Pa s (fermented mash)
indicating solids content decrease.

Table 1. Mash and Fermented mash physicochemical values.

Caracterization Mash Fermented
parameters mash

pH [-] 5.18 5.17
Density [g/cm3] 1.0329 1.0297
Viscosity [Pa s] 0.0264 0.0195
SST [g/L] 9.13 7.66
SSV [g/L] 5.99 4.87
CODt [g/L] 114.72 114.32
Protein content [%] 1.0818 1.0454
Humidity [%] 76.6 91.39
Reducing sugars content
[g/L]

46.7742 26.4846

Dextran content (ppm) 491.65 352.785
Hunter color parameters
L 0.96 1.18
a 0.35 0.63
b −0.1 −0.39
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3.2 Microbiological characterization

Numerous colonies were formed on the different
culture media. It was not found the lactic bacteria
investigated in molasses, fresh and fermented mash
analyzed samples. It was inferred that bacteria
existence (Leuconostoc mesenteroides) in molasses
is unlikely due to its sugars high content. High
sugars concentration in molasses affects the osmosis
process within the cell membrane (Rios, et al.,
2005). Regarding to fresh mash, this has just been
diluted, conditioned and inoculated for fermentation,
so it is not feasible to find the lactic bacteria yet.
Finally, fermented mash already have ethanol content,
inhibiting the investigated bacteria.

Concerning sample from the fermentation thank
4, some colonies showed typical Leuconostoc
mesenteroides characteristics and their microbial
tests were positive. It was concluded that, lactic
bacteria Leuconostoc mesenteroides does exist within
the fermenting mash, although in minimal amount,
increasing dextran quantity and contributing to the
incrustation problem. Under favorable temperature
and humidity conditions, the dextransucrase
hydrolyses the sucrose, forming dextrans (Abraham,
et al., 2016; Bashari, et al., 2013).

3.3 Rheological characterization

3.3.1 Mash

Mash at 25° C showed a non-Newtonian behavior. Its
flow behavior index greater than one (n > 1) confirmed
dilatancy (shear thickening behavior) and its flow
curve was well fitted (R2 = 0.9950) to Herschel-
Bulkley constitutive equation (Barnes, 2000), Eq. (1).

σ = σ0 + Kγ̇n (1)

where σ is shear stress (Pa), σ0 denotes yield stress
(Pa), K is the consistency index (Pa sn), γ is shear rate
(s−1), and n is the flow behavior index for Herschel-
Bulkley model (dimensionless) (Cantú-Lozano, et al.,
2000). σ0 is regarded to be an indication of the
specific value of stress exerted on the mash when it
begins to flow (Liu, et al., 2016); thus, such materials
exhibit a solid-like behavior for shear stresses below

σ0 and then flow for shear stresses above σ0 (López-
Durán, et al., 2013). Herschel-Bulkley model describe
the flow behavior of non-Newtonian fluids with yield
stresses in a steady shear, fluids with high molecular
weight and with many internal degrees of freedom
(Barnes, 2000).Table 2 shows the obtained values
using Rheoplus/32 V2.81 software.

σ = 0.115 + 3.136× 10−4γ̇1.719 (2)

Viscosity value was 0.0263 Pa s at 25 ºC; Herschel-
Bulkley fluids viscosities strongly depend on the shear
rate (Barnes, 2000). The shear thickening behavior
shown is due to its suspended solids content, and it
is confirmed by the yield stress and the consistency
index presented. Eq. (1) predicts a shear thickening
behavior once the fluid starts flowing (López-Durán,
et al., 2013) and is useful to predict flow in any
other situation, where the same general range of
shear rates applies (Barnes, 2000). Viscosity at this
stage is very important, because it is needed to be
ideal for the yeast fermentation. In order to carry
out the fermentation function, the microorganism
(Saccharomyces cerevisiae) needs to have suitable
conditions: pH, temperature, viscosity, nutrients, water
among others (Cantú-Lozano, 1987).

3.3.2 Fermented mash

Fermented mash at 25 ºC behaved as dilatant fluid
as well, showing a flow behavior greater than
one (n > 1). The Herschel-Bulkley model (Barnes,
2000), Eq. (3), described the shear stress-shear rate
relation (R2 = 0.9860). Table 3 shows experimental
parameters.

σ = 0.072 + 1.326× 10−4γ̇1.815 (3)

Fermented mash viscosity value was 0.0194 Pa s at
25 ºC. As observed, mash apparent viscosity at 25 ºC
(0.0263 Pa s) decreased with fermentation process,
ending with fermented mash apparent viscosity of
0.0194 Pa s. Mash σ0 value (0.115 Pa) and K value
(3.136 ×10−4 Pa sn ) decrease to fermented mash σ0
value (0.072 Pa) and K value (1.326 ×10−4 Pa sn ).
The consistency index K is considered as an indicator
of the viscous native of the system (Soto-Caballero, et
al., 2016).

Table 2. Herschel-Bulkley experimental model parameters for mash at 25 °C.

Model σ0 [Pa] KHB [Pa sn] n [-] R2

Herschel-Bulkley 0.115 3.136 ×10−4 1.719 0.9950
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Table 3. Herschel-Bulkley experimental model parameters for fermented mash at 25 °C.

Model σ0 [Pa] KHB [Pa sn] n [-] R2

Herschel-Bulkley 0.072 1.326 ×10−4 1.815 0.9860

The flow behavior index (n) increase from 1.719
to 1.815 meaning a dilatancy increase of mash. All of
the above confirms that solids concentration decreases
due to the alcohol production from sucrose. The higher
the solid content, the stronger the colloidal forces and
network strength (Liu, et al., 2016).

3.4 Dextran degradation trough enzymatic
hydrolysis

Table 4 shows the obtained results, in terms of dextran
reduction, of enzymatic hydrolysis runs for mash
(M) and fermented mash (FM) samples, according
to the experimental design proposed. It is important
to note that molasses were not included because
high sugars concentration (60º Brix) reduces the
enzymatic activity between 30 and 40% and the
reaction times increase in comparison to the juice
treatment. Dextranases activity is stable up to 25-
30º Brix. In addition, an increase in Brix makes it
necessary to increase the enzyme dose added and
decrease the hydrolysis yield (Bashari, et al., 2013;
Eggleston, et al., 2011; Rodríguez-Jiménez, 2005).
Juice application are more efficient and economical
than adding them (dextranases) to molasses (Gibriel,
et al., 2014; Eggleston and Monge, 2005).

Initial dextran values, obtained through
physicochemical characterization, were considered:
mash presented 491,650 ppm of dextran content,
while fermented mash presented 352,785 ppm. Table
4 shows dextran content after enzymatic hydrolysis
treatment.

It is clear that temperature affects dextran
hydrolysis, reaching higher reduction values at 40 °C,
agreeing with those reported in literature (Bashari,
et al., 2013; Gibriel, et al., 2014; Ninchan, et
al., 2017; Eggleston and Monge, 2005; Rodríguez-
Jiménez, 2005; Zhao, et al., 2014). From Table 4,
it is observed that the greatest reductions in dextran
content (64%) are achieved at 40 °C with fermented
mash as substrate.

Then, it was evaluated the combined effect
of substrate type, enzyme-substrate relation and
temperature on dextran content. Table 5 shows the
statistical analysis (ANOVA), obtained by NCSS 2000
software.

It is concluded that factor A (substrate) and C
(temperature), as well as the interaction between both
factors, have an effect upon dextran content. It should
be noted that, due to the high values of statistic F0,
only the factor A (F0 = 423.38) is considered to have
a significant effect on the response variable.

Table 4. Dextran content values after enzymatic hydrolysis treatment.

Run Substrate [E:S] T [°C] Dextran [ppm]STD DEV Reduction [%]

1 M [1:10] 25 325.5106.265 33.792

2 FM [1:10] 25 198.86111.649 43.631

3 M [1:100] 25 309.8507.077 36.977

4 FM [1:100] 25 204.7957.403 41.95

5 M [1:10] 40 248.03711.012 49.55

6 FM [1:10] 40 174.6266.191 64.482

7 M [1:100] 40 230.7316.942 53.07

8 FM [1:100] 40 173.22011.525 64.767
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Table 5. ANOVA of dextran content results.

Degrees of freedom Sum of squares Mean square F0 Prob. level
Power
α= 0.05

A: Substrate 1 32 836.970 32 836.970 423.38 0.000* 1
B: Relation 1 203.312 203.312 2.62 0.144 0.297642

AB 1 352.341 352.341 4.54 0.0656 0.466205
C: Temperature 1 11 267.560 11 267.560 145.28 2.000×10−6* 1

AC 1 2 539.228 2 539.228 32.74 4.430×10−4* 0.998611
BC 1 19.618 19.618 0.25 0.628 0.073028

ABC 1 7.473 7.473 0.1 0.764 0.058712
S 8 620.477 77.56

Total (adjusted) 15 47 846.980
Total 16

Fig. 1. Dextran degradation with respect to enzymatic
hydrolysis time, at high temperature level.

Dextran degradation tendencies with respect to
enzymatic hydrolysis time, at a high temperature level,
are shown in Fig. 1. From the above figure, it is
possible to observe that, in all cases, dextran content
decreased substantially in the first 180 min, reaching
average values of 110 ppm. As well, stabilization was
achieved after that time, reaching average minimum
values of 70 ppm. It was noted that the substrate that
showed the greatest degradation was the fermented
mash (FM), and there is not a strong significance
regarding E:S relation factor, as it was known through
the statistical analysis.

From the data analysis, we concluded that
fermented mash (FM) was the substrate in which the
highest removal was obtained, which is considered
of interest in the study, since fermented mash will
be treated before entering the distillation column.
Regarding temperature, higher value (40 °C) showed
greater removal. It is important to note that, at industry,
fermented mash has similar temperatures once the

fermentation has concluded. As can be elucidate in
ANOVA results table, the enzyme-substrate relation
factor is not that significant in this study. Hence,
for resource optimization purposes, the higher value
(1:100) was taken into account, where a smaller
amount of enzyme is taken in a larger substrate
volume.

It is concluded that fermented mash (FM) is
the most suitable substrate in order to carry out
the treatment at greater scales due to its highest
removal achieved (in addition to its optimum pH,
Brix and favorable temperature at industrial operating
conditions). From the best results obtained, a new
experimental design will be developed, in order to
optimize enzyme at dextran degradation process.

3.4.1 Dextran enzymatic-hydrolysis rheology

Dextranases reduce the molecular mass and therefore
the viscosity of juices (Abraham, et al., 2016;
Khalikova, et al., 2005; Ninchan, et al., 2017). Table
6 depicts obtained results after enzymatic treatment,
in terms of viscosity, for mash and fermented mash
samples, according to the proposed experimental
design. There were taken as initial values those
obtained in physicochemical characterization, where
the mash presented 0.026 Pa s, while fermented mash
presented 0.019 Pa s of viscosity.

The dextran effect on viscosity has been studied
and it was found to increase with an increase
in molecular weight, and decrease with increase
in branching (Kaur and Kaler, 2008). The lowest
viscosity value was obtained with fermented mash as
substrate, [1:10] relation and 40 ºC of temperature,
in agreement with the treatments that obtained the
greatest dextran reduction.
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Table 6. Viscosity values for enzymatic hydrolysis.

Run Substrate [E:S] T [°C] Dextran [ppm]STD DEV Reduction [%]

1 M [1:10] 25 0.0227.071E−5 15.72

2 FM [1:10] 25 0.0193.535E−4 0.256

3 M [1:100] 25 0.0241.414E−4 10.985

4 FM [1:100] 25 0.0200.000 −2.564

5 M [1:10] 40 0.0197.071E−5 28.978

6 FM [1:10] 40 0.0170.000 12.308

7 M [1:100] 40 0.0200.000 25.758

8 FM [1:100] 40 0.0187.071E−5 10

Fig. 2. Rheogram of samples treated by enzymatic
hydrolysis.

Since fermented mash has less solids content
due to ethanol production, the interaction between
the particles decreases. At higher temperature lower
viscosity; this is linked to the incidence of a
freer molecule to molecule interaction at elevated
temperatures. The viscosity of a liquid is a function
of the intermolecular forces that restrict molecular
motion. These forces depend on the intermolecular
spacing which determine the free volume and are
affected by changes in temperature. At higher
temperatures, the thermal energy of the molecule
increases with increase of intermolecular distances,
causing reduction of intermolecular forces and

consequently the viscosity decreases (Hasan and
Nurhan, 2004; Soto-Caballero, et al., 2016).

The largest viscosity reduction was obtained
with mash, [1:10] relation and 40 °C. In addition,
rheological behavior of each experiment is
presented graphically through rotational flow curves
(rheograms) (Fig. 2).

It is clear settled that all the samples presented a
similar rheological behavior, they did not present a
direct proportionality between shear stress and shear
rate, meaning a non-Newtonian behavior. They were
found to present a dilatant (shear thickening) behavior
(n > 1) and their flow curves were well fitted to
Herschel-Bulkley model (Eq. (1)). Table 7 shows the
rheological experimental models obtained, together
with their parameters and determination coefficients,
obtained with a confidence level of 95%.

The shear thickening behavior presented by the
samples is due to its suspended solids content and
it is confirmed by yield stress and consistency
index presented. With enzyme hydrolysis, yield
stress (σ0) of both mashes decreased (similar results
regarding yield stress were obtain by Liu et al.
(2016)), meaning a solid content decrease (dextran).
Furthermore, the consistency index decreased on
both mashes regarding initial values (before dextran
hydrolysis) meaning a dextran content decrease (Soto-
Caballero, et al., 2016). Thus, both viscosity and
rheological parameters demonstrated that dextran
decreases through enzymatic hydrolysis.
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Table 7. Rheological experimental models obtained from treated samples.

Sample Experimental model R2

M [1:10] 25 ºC σ = 0.086 + 1.120× 10−4γ̇1.862 0.992

M [1:100] 25 ºC σ = 0.093 + 1.228× 10−4γ̇1.855 0.993

FM [1:10] 25 ºC σ = 0.059 + 1.140× 10−4γ̇1.836 0.991

FM [1:100] 25 ºC σ = 0.064 + 1.326× 10−4γ̇1.817 0.990

M [1:10] 40 ºC σ = 0.063 + 9.707× 10−5γ̇1.856 0.992

M [1:100] 40 ºC σ = 0.068 + 1.053× 10−4γ̇1.850 0.992

FM [1:10] 40 ºC σ = 0.043 + 1.016× 10−4γ̇1.835 0.990

FM [1:100] 40 ºC σ = 0.029 + 1.155× 10−4γ̇1.818 0.990

Conclusions

Different physicochemical parameters were obtained
in order to know mash and fermented mash
composition and to understand its behavior. Dextran
initial values were also obtained for comparisons.
Through microbiological characterization, it was
concluded that Leuconostoc mesenteroides bacteria
does exists, although in a minimal amount, in
fermenting mash; thus, it increases dextran amount
and contributes to the sludge generation and
incrustation problem in equipment (first distillation
column inner wall). Important rheological parameters
were obtained through rheological characterization.

Regarding dextran degradation through enzymatic
hydrolysis, it was concluded that fermented mash
(FM) is the most suitable substrate to carry out dextran
treatment at higher scales due to its highest removal
achieved. As it was observed in ANOVA results, the
enzyme-substrate relation factor is not that significant
in the study; thus, the higher value (1:100) was taken
into account for future optimization purposes.

Treated samples (M and FM) did not present a
direct proportionality between shear stress and shear
rate, meaning a non-Newtonian behavior. Samples
showed a dilatant (shear thickening) behavior (n > 1)
and their flow curves were well fitted to Herschel-
Bulkley model. Through both physicochemical and
rheological analysis, it was concluded that dextran
degradation is carried out more efficiently on
fermented mash (in addition to its optimum pH,

Brix and favorable temperature at industrial operating
conditions) and it will be an important output in terms
of efficiency improving at industrial scale. This study
is part of a wide research in terms of improving
bioethanol production process.
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Nomenclature

A substrate
B substrate-enzyme relation, mL
C temperature, ºC
FM fermented mash
K consistency index, Pa sn

M mash
n flow behavior index, (dimensionless)
ν volume, mL
w weight, g
Greek symbols
γ̇ shear rate, s−1

τ shear stress, Pa
τ0 yield stress, Pa
η Viscosity, Pa s
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