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Abstract

Background: Non-Newtonian fluids occur in many relevant flow and mixing scenarios at the lab and industrial scale. The
addition of acid or basic solutions to a non-Newtonian fluid is not an infrequent operation, particularly in Biotechnology
applications where the pH of Non-Newtonian culture broths is usually regulated using this strategy.

Methodology and Findings: We conducted mixing experiments in agitated vessels using Non-Newtonian blue maize flour
suspensions. Acid or basic pulses were injected to reveal mixing patterns and flow structures and to follow their time
evolution. No foreign pH indicator was used as blue maize flours naturally contain anthocyanins that act as a native, wide
spectrum, pH indicator. We describe a novel method to quantitate mixedness and mixing evolution through Dynamic Color
Analysis (DCA) in this system. Color readings corresponding to different times and locations within the mixing vessel were
taken with a digital camera (or a colorimeter) and translated to the CIELab scale of colors. We use distances in the Lab space,
a 3D color space, between a particular mixing state and the final mixing point to characterize segregation/mixing in the
system.

Conclusion and Relevance: Blue maize suspensions represent an adequate and flexible model to study mixing (and fluid
mechanics in general) in Non-Newtonian suspensions using acid/base tracer injections. Simple strategies based on the
evaluation of color distances in the CIELab space (or other scales such as HSB) can be adapted to characterize mixedness
and mixing evolution in experiments using blue maize suspensions.

Citation: Trujillo-de Santiago G, Rojas-de Gante C, Garcia-Lara S, Ballesca-Estrada A, Alvarez MM (2014) Studying Mixing in Non-Newtonian Blue Maize Flour
Suspensions Using Color Analysis. PLoS ONE 9(11): e112954. doi:10.1371/journal.pone.0112954

Editor: Alberto Aliseda, University of Washington, United States of America
Received March 4, 2014; Accepted October 22, 2014; Published November 17, 2014

Copyright: © 2014 Trujillo-de Santiago et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its
supporting information files.

Funding: The authors gratefully acknowledge the financial support of Tecnoldgico de Monterrey (through the seed fund CAT-122), and CONACYT (through the
doctoral scholarship provided to GTdeS). The authors deeply appreciate the donation of the blue maize used in the experiments by EDOMEX México. The funders

* Email: mario.alvarez@itesm.mx

had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Mixing is one of the most common unit operations in the
chemical engineering practice. However, the
techniques used and the mixing systems studied is still limited to
relatively simple scenarios. The methods to characterize mixing
are mostly focused in Newtonian liquid-liquid systems, but the vast
number of techniques currently available to evaluate mixing
quality or extent are restricted to transparent or nearly transparent
vessels and fluid systems (water, glycerin solutions, diluted
suspensions, solutions of CMC: in water, Carbopol 940).

More complex and realistic mixing scenarios have received only
modest attention in the fluid mechanics and physics literature.
One specific scenario is the mixing of heavy suspensions
(suspensions where the concentration of solids is higher than 5%
w/w), an operation that occurs in diverse lab and industrial scale
settings in many applications related to food technology [1-3],
polymer processing [4-5], and biotechnology [6-9], among others.
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In many of these experimentally relevant suspensions, Non-
Newtonian behavior is observed [6-11].

Only a limited number of papers have addressed the mixing in
Non-Newtonian systems, focusing mainly on solutions [12-15].
Even fewer studies have addressed mixing of realistic Non-
Newtonian suspensions. At high solid densities, the opaqueness
produced by the particles presents an obstacle to the use of
classical visualization techniques. Recently, 2D and 3D tomogra-
phy was applied to the study of mixing in non-transparent fluids
[12]. Laser Sheet Image Analysis (LSIA), a sort of laser-based
tomography, was formally introduced as a technique to study the
dynamics of dilute particle suspensions [16]. Positron emission
particle tracking (PEPT) has been used to track individual particles
in heavy slurries [17], producing valuable (Lagrangian type)
information on the dynamics of heavy suspensions. However, the
implementation of tomography and PEPT techniques demands
special infrastructure not widely available in the common fluid
mechanics lab. Besides, in a highly viscous system or a suspension,
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the adequate dispersion of the indicator might be an issue in itself.
In particular, only a few studies refer the use of tracer techniques
to investigate mixing in heavy suspensions; that is, with solids
content above 5% [17].

Here, we use blue maize flour suspensions stirred in stirred tanks
with a simplified geometry (no baffles, disc impellers; see Figure 1)
to illustrate the existence of severe mixing non-idealities in non-
Newtonian systems. As a secondary objective, we propose the use
of blue maize suspensions as a useful and flexible model for the
study of mixing of Non-Newtonian suspensions. Blue maize is a
corn variety native to Meéxico [18,19]. Blue maize flour
suspensions exhibit Non-Newtonian behavior (Figure 2), and are
convenient for studying mixing in heavy suspension experiments
because the anthocyanins naturally present in blue maize kernels
[18,20,21] serve as a natural pH indicator that undergoes drastic
color changes in a wide range of pH values. Therefore, the simple
injection of acid or base solutions allows visualization of flow
patterns and the qualitative and quantitative characterization of
mixing.

Industrial processes in which acid or basic injections are added
to a non-Newtonian fluid, are not infrequently encountered,
particularly in Biotechnology applications where the pH of non-
Newtonian culture broths is usually regulated by the addition of
acid/base solutions [8,11,22], or where the bioreaction itself
releases acid into a non-Newtonian fluid, further modifying its

rheology [23,24].

Mixing in Blue Maize Suspensions

Results and Discussion

Blue maize suspensions as a complex fluid model for
mixing experiment

Blue maize suspensions allow performing flow visualization
experiments without the need to add a foreign pH indicator. The
anthocyanins naturally present in blue maize flour [20,21] respond
to changes in pH by displaying a wide range of colors (see
Figure 2a). At low pH values, blue maize suspensions exhibit a
pink color. Progressively, as pH is increased, this color transitions
to magenta, pink, violet, blue, blue-greenish, and green.

The presence of this intrinsic and wide range pH indicator has
important practical advantages in the laboratory. With a few
exceptions [25,26], most available pH indicators exhibit a narrow
range of color change, from three to five pH units [26,27], which
limits the window of visualization for the occurrence of the acid-
base reaction. The simultaneous use of two or more pH indicators
has also been suggested to amplify the span of pH sensing [28].
However, in practice, the dispersion of a foreign indicator in a
non-Newtonian (or Newtonian but highly viscous) fluid is, in itself,
a non-trivial mixing problem.

The non-Newtonian behavior of flour suspensions has been
characterized in the context of food engineering applications [29—
31]. We conducted determinations of shear stress and apparent
viscosity at different shear rate values for the blue maize flour
suspensions used In our experiments using an automatic Rheom-
eter (Physica MCR Anton Paar, Austria). Figure 3a shows the
apparent viscosity values in the range of shear rates from 20 to
1520 s '; we observe non-Newtonian behavior across various pH
values (Figure 3a, 3c). At low shear rate values (Figure 3b), except
under very acidic conditions (3.3> pH >1.6), suspensions
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Figure 1. Scheme of the experimental system. (A) A stirred tank, equipped with a 45° inclined disk impeller, was used to agitate non-Newtonian
blue maize suspensions. Three different horizontal planes [upper-plane (U), mid-plane (M), and lower-plane (L)] were defined within the tank for
tracer injections. For some of our experiments, the impeller was placed in an eccentric position (indicated in gray). (B) The tank lid was modified to
allow for additions of acid/base solutions at different angular positions (12 o’clock, 1 o'clock, etc.).

doi:10.1371/journal.pone.0112954.g001
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Figure 2. Following mixing through color changes in blue-maize suspensions. (A) In blue maize suspension, the color varies significantly as
a function of pH due to the presence of native anthocyanins that act as a natural wide spectrum pH indicator. (B) The evolution of mixing of a blue
maize flour suspension in a stirred tank was followed by addition of a basic injection into an initially acidic condition. Frontal photographic images
were taken at different time points of the mixing process. Each image was divided into sixteen sections (U1 to L4) and the color in the CIELab scale
was determined by image analysis at each of the center points (indicated by blue circles). (C) Samples corresponding to different tank locations and
times of agitation were dispensed in 6-well culture plates for color analysis using digital photography or colorimetric readings with a portable
colorimeter. Reproducibility of the color readings among different plates can be validated by including a color standard in each plate (in this case, a
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circular plastic object of uniform color). (D) The experimental error associated with lighting heterogeneity at different well positions was estimated by

placing the same sample in different wells.
doi:10.1371/journal.pone.0112954.9002

displayed an evident non-Newtonian behavior with apparent
viscosities varying drastically as a function of shear rate.

The rheology of our blue maize suspensions at different pH
values can be described approximately by a simple Ostwald-de
Waele power-law model (see Equation 1).

n=K(y)"" (1)

Here n is the apparent viscosity at a given shear stress and pH
condition, 7 is the shear rate, K is a flow consistency index, and n
is the flow behavior index. In Table 1, we present best-fit values
for K and n for our blue maize suspensions calculated from linear
regressions of the type In  =In K+(n-1) In (y). For suspensions at
pH =5.6, a Newtonian behavior is observed. For higher pH values
(8.0, 10.6, 11.6) a clear non-Newtonian shear thinning behavior is
evident (n<<1). A striking flow behavior is observed in suspensions
at pH = 3.3 and 1.6, at which the flow transits from shear thinning
(at low shear rates) to shear thickening (at high shear rates). To
model this transition without recourse to a more complex model,
we simply provide piece-wise valid values for K and n.

One question is how significant are these variations of apparent
viscosities in the context of a stirred tank system. In a stirred tank,
the range of shear rates spans four to five orders of magnitude,
even in Newtonian systems [32,33]. Based on theoretical
arguments, Sanchez-Pérez et al. [34] recently proposed the
expression Y% N 32 where N is the agitation speed in RPM, to
establish a general relationship between agitation speed and
maximum shear rate in turbulent stirred tanks. The authors also
observed that the expression y=33.1 N'* consistent with their
theoretical derivation, correlates well with data previously
calculated [35] for stirred vessels using computational fluid
dynamics. In our experimental tank system, we agitated at
N=1000 RPM (16 rev/s). Therefore, assuming a fully turbulent
regime in the impeller zone, the maximum shear rate value will
marginally exceed 2000 s~ ', and the average shear rate value will
be in the neighborhood of 20 s~'. However, areas of low shear
(~2 57" could be found near the tank walls and in low circulation
areas close to the tank bottom or the tank surface. Based on
normalized distributions of shear rates reported for stirred tanks
[33], approximately 10% of the tank volume experiences shear
values below 56 s ', For a non-Newtonian system this has
profound implications, and the higher apparent viscosities
observed at low shear values (Figure 3b) represent an added
complexity to mixing. Zero-shear-viscosity (in Pa.s), calculated
from Figure 3b, are 1.737, 7.550, 0.702, 0.019, 0.086, 0.054, at
pH=11.6, pH=10.6, pH=8.0, pH=5.6, pH=3.3, and
pH = 1.6, respectively.

In the following sections, we discuss mixing experiments
conducted in blue maize suspensions of nearly 50% solids. First,
we describe the use of blue maize suspensions as a fluid model for
qualitative study of mixing in different stirred tank configurations.
Then, we demonstrate the use of simple techniques to quantitate
mixing evolution based on the analysis of color changes (digital
color analysis; DCA), associated with pH changes, during acid/
base injection/excursion experiments. Two examples of the use of
DCA techniques are provided. The first example employs a
simple, non-intrusive strategy that is suitable for transparent
vessels. We analyze a time-series of photographic images of the
exterior of the entire stirred tank system. The second application
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case uses DCA to analyze images from samples taken at different
tank locations at different agitation times. This second example
extends the use of DCA to non-transparent agitation/blending
vessels.

Mixing visualization in blue maize suspensions

Mixing dynamics in non-Newtonian systems can become highly
complex. Our experimental observations suggest that the mixing
performance of non-Newtonian systems is extremely sensitive to
some geometrical and operational parameters. The location of the
stirring axes, the location of the point of injection and the starting
condition (acidic or basic) are important considerations that define
mixing performance.

In our experiments, eccentric stirred tank configurations
outperform concentric ones, particularly when the aspect ratio is
higher than 1.2. Figure 4 illustrate these findings, showing
different mixing conditions or states in a stirred tank containing
a blue maize non-Newtonian flour suspension. In Figure 4a, which
depicts a tank stirred by an eccentrically located inclined disc
mmpeller [36,37], a subsurface acid injection was efficiently
dispersed to achieve a practically (at least visually) homogeneous
condition in less than 5 minutes. In Figure 4b, we show the final
state of mixing of a similar experiment. This time, the initial pH
was acidic, and a basic solution (i.e., NaOH IN) was administered
at the fluid surface. Even when most of the system has reached a
basic pH, segregated acidic areas prevail at the liquid surface. A
frequently observed mixing problem in conventional stirred tank
geometries is the presence of segregated or low circulation regions
at the upper section of the tank. A recent contribution [38]
demonstrates that Reynolds numbers above 300,000 (based on the
impeller diameter and speed) are needed to assure fully turbulent
regimes in the upper third section of typical stirred tank
configurations. In non-Newtonian system, this mixing pathology
is even more evident under certain conditions. For example, when
a concentrically agitated system is used, a layer of acidic material is
still evident in the upper section of the tank several minutes after a
subsurface basic injection into an initially acid environment
(Figure 4c). Figure 5 presents a sequence of images corresponding
to this experiment, in which an initially acidic blue maize flour
suspension is agitated in a conventional tank after a basic set point
has been established. The tank is equipped with a concentrically
located radial impeller rotating clockwise at 1000 RPM; the
height/diameter ratio (H/D) is 1.15, and the impeller is located at
approximately 1/4 H. This experiment visually illustrates the
progression of mixing in a concentrically agitated tank, from an
initial homogeneous condition, to a final state that shows top-
bottom segregation. In this case, although the reaction is
instantaneous, the rheology of the system imposes conditions that
slow the advance of the acid/base reaction, and the mixing process
becomes limiting, finally determining the rate of the overall
process. Images show, qualitatively, that concentric systems with
this geometry (H/D between 1.1 and 1.3 and one agitator) retain
certain top-bottom segregation, even after extended periods of
agitation.

The blue maize suspension system can be particularly useful for
conducting experiments to diagnose poor or ideal injection
locations. At pH values above 8.0, the viscosity of blue maize
suspensions increases significantly and abruptly, reducing flow and
obstructing mixing even more. Therefore, in experiments where a
basic solution is dispensed through a point of injection in a low
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Figure 3. Blue maize flour suspensions exhibit different rheological behavior at different pH values. (A) Plot of apparent viscosity versus
shear rate (in the range from 250 to 1500 s~ ') for blue maize suspensions prepared at different pH values. Gray dotted lines correspond to power-law
fits to experimental data based on the Ostwald-de Waele model [n=K (y)"'] using the parameter values reported in Table 1. (B) Plot of apparent
viscosity versus shear rate (in the range from 250 to 1500 s ') for blue maize suspensions prepared at different pH values. (C) Log-log version of the
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plot of apparent viscosity versus shear rate (in the range from 250 to 1500 s~ ") for blue maize suspensions prepared at different pH values. Straight

dotted lines have been used to connect the experimental data points.
doi:10.1371/journal.pone.0112954.g003

circulation zone, stagnant regions will develop. These regions can
be easily detected by the development of a green color,
characteristic of basic pH values (see Figure 2a and 2c). In our
stirred tank system, the inadequate selection of the point of
addition of a concentrated basic solution, even in eccentric
configurations, can lead to the creation of these stagnant zones
where alkaline conditions prevail, causing high viscosity conditions
and further obstructing effective mixing (Figure 4d). The gelati-
nization induced in corn flour and starch suspensions by alkaline
conditions has been studied in detail [39].

Following mixing dynamics in a color space using images

Here, we introduce a simple methodology for quantitation of
the state of mixedness and the mixing dynamics through the
analysis of color changes in the CIELab scale, one of the color
scales normally used for image analysis and color description
applications [40,41]. The use of Digital Color Analysis (DCA),
utilizing colors or the digital information embedded in colors, has
been suggested before as a tool for quantifying chromatic changes
[42]. Here we show how a sequence of images can be analyzed
using simple DCA methods to diagnose mixing evolution and
mixing extent. For example, a reference grid can be used (see
Figure 2b) to define a number of sections within every image in
Figure 5. At every region, a series of sampling points can be
defined.

Let us consider that the center-point within each zone will be
used as a “sample” location to determine color according to the
Lab scale. In this system, each color is characterized by three
values, L, @, and b. The L value is associated to luminosity, ranging
from O for black, and +100, for white. The @ and b values define a
plane of colors, as shown in Figure 6a, where @ ranges from
negative to positive values (green to red) and b ranges from
negative to positive values (blue to yellow). Therefore, for each
sampling point in each image of Figure 5, the color can be
characterized by the L, @, and b coordinates that define a unique
point in the Lab color space. One could estimate the deviation of a
particular state of mixing (at a particular location and time) from a
final mixing point or an “ideal mixing” state (presumably the final
condition of complete mixing), by evaluating the differences in

colors between the two states. Conceptually, one way of doing this
is by evaluating the distances between the two corresponding
points in the Lab coordinate system (Figure 6a). The distance in
the Lab space, defined by a straight line connecting both points,
can be calculated by equation 2.

0.5
Dy, j to final point) = [(Li,j - Lf)2 + (aij— af)z + (bij—br) 2} (2)

Here, Dy (o final poing 1s the distance, in the Lab space, of the points
defined by the Lab coordinates of the sample taken at time ¢ and
location j (Lij, ajj, b;j) and a sample representative of the final
mixing state (Lg, ap, by).

The use of distances between a particular point and a final
mixing point as an indicator of deviation from homogeneity would
be valid only if that distance consistently decreases as the system
becomes more homogeneous. This condition should be validated
for each indicator system. In the particular case of the
anthocyanins naturally present in blue maize suspensions, this
condition is satisfied for a wide range of pH values. Figure 6b
shows the progression of colors in a blue maize suspension as pH
values increase from an extremely acidic condition (pH=1.6;
point o) to an extremely basic condition (pH = 11.6; point ¢). For
each of the six pH values in this set (o, B, ¥, 9, €, @), a color can be
defined in the Lab scale, corresponding to a particular point in the
3D Lab color space (Figure 7b). Let us now define a pH trajectory
from pH=1.6 to pH=10.6 (from point o to point €). For each of
the five points in this trajectory, a value of the distance with respect
to the final point can be calculated (Djg). For this pH range of
variation, the vector (D¢, Dgg, Dy e, Dag, Deg) is (60.85, 42.27,
14.26, 10.59, 0). The value of distance in colors decreases as the
system moves from pHoa to pHe. Therefore, in a pH excursion
experiment, where the initial condition is in this range of pH
values, and the final point is in the neighborhood of 10.6, the value
D;; would be a valid indicator of heterogeneity. A similar analysis
can be formulated considering point ¢ as the final mixing state for
a mixing trajectory. In the range of pH=1.6 to pH=11.6, the
value of the vector (Dg ¢, Dg o, Dy.g» Ds.gs Dsgp) is (58.85, 50.95,
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Table 1. Proposed set of values for K and n for the Ostwald-de Waele power-law equation [ =K (y)"™'] to model the rheology of
blue maize suspensions at different pH values.

pH shear range (s ") n-1 K (Pa s") n

11.6 20-1420 -0.4660 0.9102 0.5340
10.6 20-500 -0.7772 3.7109 0.2228
10.6 500-1420 -0.3735 0.3293 0.6265
8.0 20-1420 -0.3165 0.2025 0.6835
5.6 20-1420 0 0.0142 1.0000
33 20-500 -0.3979 0.1657 0.6021
33 500-1000 0 0.0140 1.0000
3.3 1000-1420 1.1348 5.52E-6 21348
1.6 20-500 -0.3823 2.01E-1 0.6177
16 500-1420 0 0.01865 1.0000
K and n were calculated from linear regressions of the type In n=In K+(n-1) In (y).

doi:10.1371/journal.pone.0112954.t001
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Figure 4. Different mixing states in a stirred tanks containing blue maize non-Newtonian flour suspensions. (A) In a tank stirred by an
eccentrically located inclined disc impeller, a subsurface acid injection was efficiently dispersed to achieve homogeneity. (B) Severe top segregation is
evident following a subsurface base injection in a concentrically agitated system. The inadequate selection of the point of addition of a concentrated
basic injection can lead to the creation of (C) stagnant zones where alkaline conditions prevail, causing high viscosity conditions and (D) further
obstructing effective mixing.

doi:10.1371/journal.pone.0112954.g004
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Figure 5. Blue maize suspensions allow the performance of acid-base experiments to visually evaluate the progression of mixing in
transparent agitation systems. Mixing experiment that shows evolution in a conventional stirred tank geometry from an initially homogeneous
acidic state (t=0) towards a final process state (t=13.0 min), in which segregation still prevails (particularly top-bottom segregation). Readings of

color, in the CIELab and the HSB system, are indicated for location B2.
doi:10.1371/journal.pone.0112954.9005

36.41, 45.22, 37.69, 0), and the requirement for decreasing D;;
values is not fulfilled. Therefore, our analysis suggests that in this
system (blue maize suspensions), pH excursion experiments to
characterize mixing using DCA should be conducted in the pH
range between 1.6 and 10.6. Starting at pH 1.6 and ending in 10.6
(or vice versa) takes advantage of the widest pH span possible.
Evidently, the reliability of this strategy for characterizing mixing
will also depend on the robustness of the determination of color.
External factors such as uneven illumination or intrinsic variations

PLOS ONE | www.plosone.org

in tone (particularly in a suspension) may affect the determination
of color for a particular sample.

We conducted a simple experiment to validate the robustness of
color estimations in the CIELab scale in samples of blue maize
suspensions with different pH values in the range from 11.6 to 1.6.
Samples were dispensed in cell culture wells. A digital photograph
was taken under homogeneous illumination conditions under
indirect white light. The picture was loaded into the image analysis
application Color Companion 4.0 for iPad. At each well,
corresponding to each pH value, multiple readings of color were

November 2014 | Volume 9 | Issue 11 | e112954
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Figure 6. The estimation of distance between two points in the Lab scale of colors provides a parameter for characterizing the state
of mixing in a stirred system. (A) The CIELab scale represents a color in a three-coordinate system in which L is associated with luminosity,
ranging from 0 for black to +100 for white. The a and b values define a plane of colors,, where a ranges from negative to positive values (green to red)
and b ranges negative to positive values (blue to yellow). The difference between two colors can be determined by calculating the distance between
them in this 3D space. (B) Progression of pH values during a typical acid or base injection experiment in blue maize flour suspensions (from pH 10.55
to 1.6). Values are plotted in a 3D space; they describe a mixing process trajectory (dashed blue line). The distance between each pH value in the
trajectory and the final process point (indicated with red arrows) can be calculated. The values of distances with respect to this final point consistently
decrease.

doi:10.1371/journal.pone.0112954.g006
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resembling their tone in the maize suspension. Error bars indicate the standard deviation of six determinations. Yellow bars indicate the average color
distance (D;)), as calculated from equation 2, with respect to the Lab values corresponding to the sample at pH=10.6. A dotted red line indicates the
decreasing trend in D;; values when the sample at pH=10.6 is taken as a reference (or final point). (B) The same determination was conducted using
the HSB scale of colors. Yellow bars indicate the average color distance (D;)), as calculated from equation 2, with respect to the Lab values
corresponding to the sample at pH=10.6. A dotted red line indicates the decreasing trend in D;; values when the sample at pH=10.6 is taken as a
reference (or final point). (C) Plot of D;; values in the CIELab scale of colors versus pH for a pH trajectory from pH 1.3 to 10.6. (D) Plot of D;; values in
the HSB color system versus pH for a pH trajectory from pH 1.3 to 10.6.

doi:10.1371/journal.pone.0112954.g007

conducted (in the Lab scale) and the average and standard addition, for each color reading, the distance in color (Dy;) with
deviation of each color component (L, @, and b) was calculated. In respect to the average color corresponding to pH =10.6 (assumed
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arbitrarily as a final point or reference point) was calculated using
equation 2. The corresponding analysis is presented in Figure 8.
The standard deviation of each component of each color is
relatively low compared to variations due to pH. In addition, the
standard deviation of Dy for each particular color determination is
also relatively low compared to the D;; variation related to actual
changes in pH. Moreover, in agreement with the analysis
presented in Figure 7, the value of the distance (Dj;) consistently
decreases in the range from pH=1.6 to 10.6.

When designing pH excursion experiments in this pH range,
the injection location [36,43] and the direction of the pH
trajectory are important considerations. The viscosity of blue
maize suspensions increases substantially at high pH values (see
Figure 3b and c). A poor selection of the point of injection of a
basic pulse might lead to the creation of a basic locus that would
further obstruct the tracer dispersion and the overall mixing
process. On the other hand, to initiate a mixing experiment from a
basic condition, injecting an acid pulse will demand higher
agitation rates due to the higher viscosity of the initial condition.

Feasibility of use of other color systems: RGB and HSB
We have explored the feasibility of using other scales of color to
perform DCA in blue maize flour suspension mixing experiments.

Mixing in Blue Maize Suspensions

In particular, we considered the use of the RGB system (widely
used in digital devices, computer screens, and Photoshop, among
others) and the HSB scale (preferred in the context of art). In the
range of pH from 1.6 (starting point) to 10.6 (final mixing state),
the HSB color space behaves similarly to CIELab. The distance
D;; decreases as pH decreases in this range for both the CIELab
and the HSB system (Figure 7; Figure 8a). This is not the case if
RGB is used: in the pH trajectory from 1.6 to 10.6, the D;; value
does not always decrease as the mixing process advances. Indeed,
our results suggest that the relationship D;; vs. pH is more linear
(for this pH range of pH and color) in the HSB space of color than
in the CIELab space (compare Figure 7¢ and 7d).

Although the strategy presented here also works effectively in
HSB, in this contribution we mainly use the CiELab system to
illustrate the analysis. The literature refers to several attributes/
advantages of the CIELab space of color. For example, it includes
all perceivable colors, which means that its gamut exceeds those of
other color models (i.e., the RGB space used by ProPhoto includes
about 90% all perceivable colors). The CIELab color space is also
considered more perceptually uniform compared to other systems,
meaning that a change of the same amount in a color value should
produce a change of about the same visual importance. In
addition, the CIELab model is considered to be device indepen-
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Figure 8. Evaluation of mixing progression using distances between colors. (A) Evolution of the distance in color, based on the CIELab color
space, with respect to the final mixing state (D;;) at different tank locations for the experiment in Figure 5: at U2 (M); at A2 (A); B2 (¢); L2 ((J). The
average distance with respect to the final point, considering all sampling points, at different agitation times is also presented (@). Lines indicate
polynomial fits to data. (B) Time evolution of the standard deviation of all the D;; values (corresponding to the same time point); a direct indicator of
the degree of heterogeneity in the mixing conditions within the vessel. Lines indicate polynomial fits to data.

doi:10.1371/journal.pone.0112954.g008
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dent and it has been more frequently used than HSB has in the
scientific literature.

Example of application: following mixing in transparent
vessels

Let us consider a sample taken at a time ¢ and a location j (for
example, t =8 min and location B3 in Figure 5). The color at this
sample point in the Lab scale, as determined by analysis using the
Color Companion 4.0 for iPad application, was Li;=259.2,
a;;= 0.4, bj;=4.9. By visual inspection, we can approximate a
final state for the mixing process. For example, here, the average
of the Lab values at the final time point (t = 13 min; Figure 5) at
the location B2 (i.e., L;=156.3, ar=—4.1, by=18.3) was considered
to approximate a desirable well-mixed condition. For these two
Lab value points, the value of the Dgy,i, 3 to final point is 14.4.
For the set of images in Figure 5, we calculated the distance in the
Lab color space (D;j), as defined by equation 2, for each one of
sixteen reading positions (Ul to L4) and 13 time points considered
in the experiment. D;; was calculated with respect to the Lab color
values at the location B2, at t=13 min. The average distance of
these D;j; values is physically related to the global deviation of the
system with respect to the final state of mixedness (Figure 8a). In
addition, the standard deviation of all D;; values, corresponding to
the same time point, is a direct indicator of the degree of
heterogeneity in the mixing conditions within the vessel. Consis-
tent with a simple visual analysis from the images, the reader will
observe that, in this particular experiment, the system approaches
a final state of mixedness in which segregation (indicated by the
STD value) is more prevalent than at the initial condition
(Figure 8b).

Extension to non-transparent vessels

This strategy for mixing analysis based on DCA can be
extended to non-transparent vessels. Let us consider a scenario in
which the initial pH of the suspension is set to 6.5 by slow addition
of 3N HCI through the port located at 8 o’clock (injection location
8U; see Figure 1). Then, a pH target point of 8.5 was set, and the
control system was activated to deliver small pulses of a basic
solution (1IN NaOH solution) until the new pH set point were
achieved. This time, the impeller axis has been displaced to an
eccentric position (E=0.45). Off-centered agitated stirred tanks
have been described as an effective alternative for mixing in the
laminar regime [36,37,44,45]. Here we use eccentricity to improve
mixing performance in our blue maize flour suspension system.
We followed the evolution of mixing in this experiment during
several hours of agitation. Again, the color of the suspension varies
as the pH progressively changes. At five different tank locations (in
this example 12M, 5U, 3L, 1U, 7U), we took 3 mL samples of the
suspension and dispensed them in the wells of commercial 6-well
culture plates, as shown in Figure 2¢ and 2d. The color of each of
these samples was evaluated using a colorimeter (Chroma Meter
CR-300 from Minolta, NJ, USA). Although the measurement can
be taken from above or below each well, best results are obtained
by placing the colorimeter underneath the samples, directly in
contact with the bottom surface of each well.

Once more, mixing can be followed by evaluating the distances
between mixing states in the Lab coordinate system. Let us
consider a sample taken at a time ¢ and a location j (for example,
t=40 min and location 12M in Figure 1b). The color of this
sample in the Lab scale, as determined by the colorimeter reading,
was Lij;=24.63, a;;=-0.61, b;;=2.78. At the final point of the
experiment, which approximates a well-mixed condition, the
corresponding average Lab vector (constructed from the average
value of L, @, and b for all five sampling locations at t =13 min)
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was Ly=22.992, a;=-1.398, by=1.05. For these two points, the
distance in the Lab space, defined by a straight line connecting
both points, can be calculated by equation 2. Here, Dy (o finat point)
is the distance, in the Lab space, of the points defined by the Lab
coordinates of the sample taken at time i and location j (Lij, ajj,
bi;) and a sample representative of the final mixing state (Ly, ag, by).
For the case under consideration, the value of the D4omin 19M to final
point 18 2.5094. For this very same time point, the other distance
values in the Lab space, corresponding to other sampling points
are D4—Omin7U to final point is 170223 D4—0min,]U to final point is 17953;
D4()min,5U to final point is 81427; and D4()min,3L to final point is 1.3766.
The average distance of these distance values is physically related
to the global deviation of the system with respect to the final state
of mixedness (Figure 9a). In addition, the standard deviation of
these values, corresponding to the same time point, is a direct
indicator of the degree of heterogeneity in the mixing conditions
within the vessel (Figure 9b).

Our interest resides in the experimental zone of high density
slurries. Within this region, the trend of diminishing D;; as pH
varies from an acidic condition to a basic set point (i.e. pH 10.6)
still holds, but the slope is slightly different for slurries of different
concentrations. The slope variation is mainly based on variations
in illumination. In the CIELab space, the intensity or luminosity of
a particular color is mostly related to the L value. In general, at
higher solid concentrations, the L value decreases for all pH
values, while a and b are weaker functions of the concentration of
solids in the slurry.

Blue maize suspensions as a model: discussion on
advantages and limitations

The number of non-Newtonian fluid models available to study
complex flows is still limited. Mixing studies performed using non-
Newtonian suspensions are even less available in the fluid
mechanics or physics literature. We present a non-Newtonian
suspension fluid system that can be used to mimic real shear
thinning suspensions frequently found in biotechnology and food
processing applications (e.g., yogurt manufacture, mycelial cell
culture, wastewater treatment scenarios). Moreover, in some of
these applications, the microorganisms under culture produce and
release metabolic products that lower or increase the pH value.
Frequently, the pH needs to be controlled by the addition of acidic
or basic solutions. The effectiveness of the strategies to control the
pH of the culture medium strongly depends on the mixing
conditions, and particularly on the proper selection of the acid/
base injection point.

Interestingly, blue maize suspensions not only undergo changes
in color as the pH value changes, but also in viscosity. Depending
on the purpose of a mixing experiment, this attribute of the system
can be regarded either as an important disadvantage or a useful
property. As pH affects fluid rheology, the measuring attribute
(variation of pH in time and space after a pH disturbance in a
given location) is bound to affect the flow field of the system under
mvestigation, and therefore the quantity that was meant to be
measured. As a consequence, the measurements obtained by acid/
base injections are closely linked to the actual disturbance story,
which depends on the coupled pH/flow-field dynamics. Conse-
quently, if the purpose of the experiment is to analyze the process
of dispersion of an inert tracer, the range of variation in pH during
the experiment has to be carefully selected to avoid regimes where
the rheology is significantly modified by pH.

Figure 3b and 3c shows the dependence of the apparent
viscosity of a blue maize suspension (50% w/w solids) with respect
to strain rate at six different pH values. Viscosity is a moderate to
weak function of pH at high strain rate values (high fluid velocity
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Figure 9. Quantitation of mixing through the concept of distances between mixedness states in the Lab color space. (A) Evolution of
the average distance (D;;) with respect to an ideal mixing state condition for five different sampling locations defined within the tank volume (see
Figure 2): 7U (@); 1U (M); 12M (A); 5U (O); and 3L (4). The average distance with respect to the final point is marked with black circles (®); a second
order polynomial fitting is shown (solid curve). (B) Evolution of the standard deviation from an initially segregated condition to a homogeneous final

state (@). A second order polynomial fitting is shown (solid curve).
doi:10.1371/journal.pone.0112954.9g009

values). At medium to low strain rates (Figure 3a), viscosity
exhibits a moderate dependence on pH in the range of pH values
from 1.6 to 8.0. Above pH 8.0, the dependence of apparent
viscosity on pH 1is significant. Conveniently, as previously
discussed, the pH range from 1.6 to 10.6 is also suitable for the
evaluation of mixing evolution based on the calculation of color
distances in the CIELab color space. Therefore, in this pH range
(1.6-10.6), a variety of mixing experiments can be designed to
study different mixing aspects. For example, in an initially weakly
basic environment (pH 7.0 or 8.0), acid injection experiments will
allow the study of mixing evolution to acidic mixing states
(pH 3.3-1.6). This pH range, from 8.0 to 3.0, is relevant in many
biological systems. Moreover, this type of experiment allows a
good resolution for evaluation of “color distances” in a system in
which rheology is practically independent of pH.

The fact that the rheology of this system is a strong function of
pH also makes it a versatile model for studying certain aspects of
mixing in non-Newtonian fluids. Conveniently, in experiments run
at constant pH, the viscosity of blue maize suspensions can be
tuned (by adjusting the pH) to mimic non-Newtonian liquids of
different viscosities. Moreover, many Non-Newtonian fluids do
exhibit a rheology dependence on pH. Examples include yogurt
[46]; carbopol solutions [47]; pectin hydrogels [48]; the gums and
starch suspensions widely used in food technology applica-
tions[49]; protein suspensions of animal origin [50]; poly(acrylic
acid) microgels [51]; newly designed surfactants with customized
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architectures [52,53]; and even physiologically relevant fluids such
as the gastric mucin [54].

As we have discussed before, in biotechnology and food
processing applications, the basic or acid injection is frequently
used to control the pH of the suspension. In such scenarios, an
important aspect to consider is the injection location. As illustrated
before (see Figure 4d), experiments can be designed using the blue
maize suspension system to investigate the adequacy of an
injection location. For example, consider an experiment such that
the initial pH of the suspension is set in an acidic value (i.e., 1.6—
3.3) and the final mixing point is set around pH 7.0 or 8.0.
Injection of a basic solution will allow the pH evolution to the final
acidic environment to be followed. If the basic pulse is not
effectively dispersed due to the selection of a low circulation
injection location, a high pH/high viscosity spot will develop and
will be easily visible.

Conclusions and Final Remarks

In this work, we propose the use of blue maize suspensions as a
model to study mixing in Non-Newtonian suspensions. The
mjection of pulses of acid or basic solutions was used to reveal
mixing patterns and flow structures and to follow their time
evolution. No foreign pH indicator was required, since blue maize
naturally contains anthocyanins that act as a native, wide spectrum
pH indicator. We describe a novel method to quantitate mixedness
and mixing evolution through Dynamic Color Analysis (DCA).
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Color readings corresponding to different times and locations
within the mixing vessel were taken with a digital camera (or a
colorimeter) and translated to the Hunter (or Lab) scale of colors
using commercial image analysis software. In the Lab scale, a 3D
color space, each color can be represented by a point, and the
difference between two colors can be determined as a distance
between two points. We demonstrate the use of distances in the
Lab scale between a particular mixing state and the final mixing
point to characterize segregation or mixing in the blue maize
system.

Although a rigorous extension to other non-Newtonian systems
cannot be directly made, in this contribution we propose a simple,
llustrative, and realistic model for studying mixing in non-
Newtonian scenarios. The advantages of this system include the
possibility of rheology tuning through pH changes, or the use of
acid-base injections to visually assess homogeneity and mixing
evolution in time without the need of a foreign pH indicator.

Materials and Methods
The fluid model

A suspension of blue maize (BM) flour in water was used as
liquid model. In our experiments we used BM kindly provided by
Edomex (México). To prepare the suspension, 585 g of blue maize
flour were dispersed in 1300 mL of distilled water at 500 RPM in
a 3 L fully instrumented Applikon model EZ-control reactor
(Applikon Biotechnology, Schiedam, the Netherlands). Curves of
apparent viscosity versus strain rate in blue maize suspensions,
adjusted to different pH values using NaOH and HCI, were
obtained using an automatic Rheometer (Physica MCR 101,
Anton Paar, Austria). After pH adjustment, samples were
equilibrated at room temperature for 15 min, and then agitated
with a spatula to homogenize them. For the determinations
reported here, the cone and plate geometry (diameter 5 mm, angle
1°) was used. The gap between cone and plate was set to 1 mm.
Flow curves were determined using a steady-state flow ramp in the
range of shear rate from 1 to 20 s~' and 20 to 1000 s~ '. The
shear rate was measured point and point with consecutive 20 s
steps of constant shear rate. The viscosity was recorded for each
point to obtain the flow curves. All measurements were performed
in triplicate and average data was reported. An Ostwald-de Waele
power-law model [n=K (y)"'], commonly used to model flour
formulations [29-31], was used to describe the rheology of blue
maize suspensions at different pH values. K and n were calculated
from linear regressions of the type In N =In K+(n-1) In (y).

Stirred tank system

We used an instrumented stirred tank bioreactor (Applikon,
Netherlands) with a working volume of 1.0 to 1.7 L, equipped with
a variable speed and pH control system (Figure 1a). The agitator
system consisted in a 45° inclined disc impeller [36,37]. The tank
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lid was modified to allow for the displacement of the shaft to
eccentric positions (if needed), and ports for sampling and
dispensing of materials were placed at different angular coordi-
nates, as shown in Figure 1b.

Visualization experiments

The 3D mixing patterns within the reactor were revealed using
basic injections on an initially acidic environment. A low pH initial
state was established by adding a hydrochloric acid solution (3N
HCI) dropwise at the tank surface until the pH value reached a set
point of 4.5. From the initial acidic condition, the excursion of pH
induced by injection of a sodium hydroxide solution (IN NaOH)
allowed to visualize the advance of the mixing process. For this
purpose, the pH control system was activated establishing a new
pH set value of 8.5.

The evolution of the mixing process was followed using two
different strategies. In the first strategy, frontal photographic
images of the entire tank volume were taken at different times
using a professional digital camera (Canon Rebel XT1i) mounted in
a tripod. Special care was taken to maintain an approximately
constant illumination quality and camera position at the different
time-shots. Images were used to analyze the color evolution within
different points of the vessel (Figure 2b). Images were analyzed
using the application Color Companion 4.0 for iPad from Digital
Media Interactive LCC, USA. In the second strategy, samples
from five different locations within the tank volume were taken
with a 30 cm pipet at different time points. Samples of 3-5 mL
were dispensed in 6-well transparent cell culture plates (Corning,
USA). Photographic images of these samples were taken using a
professional digital camera (Canon Rebel XTi) mounted in a
tripod (Figure 2c¢ and 2d). The color of these samples was
determined by image analysis using the application Color
Companion 4.0 for iPad from Digital Media Interactive LCC,
USA. Alternatively, a colorimeter (Chroma Meter CR-300 from
Minolta, NJ, USA) was used to determine color at each well. The
color reading was taken by placing the colorimeter exactly
underneath each well.

In the experiments used to illustrate the concept of character-
ization of mixing progress using distances in a color space
(Figure 5, 6, 8, and 9) we consistently worked in the range of pH
values between 1.6 and 10.6. In the experiments used to reveal
mixing pathologies (Figure 4) we did not strictly control the pH
variation range.

Author Contributions

Conceived and designed the experiments: GTdS MMA. Performed the
experiments: GTdS ABE MMA. Analyzed the data: GTdS MMA.
Contributed reagents/materials/analysis tools: MMA CRdG SGL. Wrote
the paper: GTdS MMA.

5. Wong AC-Y, Lam Y, Wong ACM (2009) Quantification of dynamic mixing
performance of single screws of different configurations by visualization and
image analysis. Adv. Polym. Tech. 28: 1-15.

6. Olmos E, Mehmood N, Husein LH, Goergen JL, Fick M, et al. (2013). Effects of
bioreactor hydrodynamics on the physiology of Streptomyces. Bioprocess.
Biosyst. Eng. 36: 259-272.

7. Fubin Y, Zifu L, Huanhuan M, Lei X, Xiaofeng B, Yi Y (2013) Experimental
Study on rheological characteristics of high solid content sludge and its
mesophilic anaerobic digestion. J. Renewable Sustainable Energy 5: art number
043117.

8. Gabelle J-C, Jourdier E, Licht RB, Ben Chaabane F, Henaut I, et al. (2012)
Impact of rheology on the mass transfer coefficient during the growth phase of
Trichoderma reesei in stirred bioreactors. Chem. Eng. Sci. 75: 408-417.

November 2014 | Volume 9 | Issue 11 | e112954



23.

26.

27.

28.

29.

30.

. Zhang HL, Baeyens J, Tan TW (2012) Mixing phenomena in a large-scale

fermenter of starch to bio-etanol. Energy 48: 380-391.

. Craig KJ, Nieuwoudt MN, Niemand IJ (2013) CFD simulation of anaerobic

digester with variable sewage sludge rheology. Water Res. 47: 4485-4497.

. Chen Y, Wang Z, Chu ], Zhuang Y, Zhang S, et al. (2013) Significant decrease

of broth viscosity and glucose consumption in erythromycin fermentation by
dynamic regulation of ammonium sulfate and phosphate. Bioresour. Technol.

134: 173-179.

. Patel D, Ein-Mozaffari F, Mehrvar M (2014) Tomography images to analyze the

deformation of the cavern in the continuous-flow mixing of non-Newtonian

fluids. AIChE J. 60: 315-331.

. Alberini F, Simmons MJH, Ingram A, Stitt EH (2014) Use of areal distribution

of mixing intensity to describe blending of non-newtonian fluids in a kenics KM
static mixer using PLIF. AIChE J. 60: 332-342.

. Maingonnat JF, Doublier JL, Lefebvre J, Delaplace G (2008) Power

consumption of a double ribbon impeller with Newtonian and shear thinning
fluids and during the gelation of an iota-carrageenan solution. J. Food Eng. 87:
82-90.

. Arratia PE, Shinbrot T, Alvarez MM, Muzzio FJ (2005) Mixing of Non-

Newtonian Fluids in Steadily Forced Systems. Phys. Rev. Lett. 94: 084501.

. Tamburini A, Cipollina A, Micale G, Brucato A (2013) Particle distribution in

dilute solid liquid unbaffled tanks via a novel laser sheet and image analysis
based technique. Chem. Eng. Sci. 87: 341-358.

. Guida A, Nienow AW, Barigou M (2011) Mixing of dense binary suspensions:

multi-component hydrodynamics and spatial phase distribution by PEPT.
AIChE J. 57: 2302-2315.

. Ryu SH, Werth L, Nelson S, Scheerens JC, Pratt RC (2013) Variation of Kernel

Anthocyanin and Carotenoid Pigment Content in USA/Mexico Borderland
Land Races of Maize. Econ. Bot. 67: 98-109.

. De la Rosa-Mlllan J, Agama-Acevedo E, Jimenez-Aparicio AR, Bello-Pérez LA

(2010) Starch characterization of different blue maize varieties. Starch/Staerke
62: 549-557.

. Urias-Peraldi M, Gutiérrez-Uribe JA, Preciado-Ortiz RE, Cruz-Morales AS,

Serna-Saldivar SO, et al. (2013) Nutraceutical profiles of improved blue maize
(Zea mays) hybrids for subtropical regions. Field Crop Res.141: 69-76.

. Castaiieda-Ovando A, Galan-Vidal CA, Pacheco L, Rodriguez JA, Paez-

Hernandez ME (2010) Characterization of main anthocyanins extracted from
pericarp blue corn bt Maldi-TOF MS. Food Anal. Methods 3: 12-16.

. Chang G, Wu J, Jiang C, Tian G, Wu Q, et al. (2014) The relationship of

oxygen uptake rate and kp, with rheological properties in high cell density
cultivation of docosahexaenoic acid by Schizochytrium sp. S31. Bioresour.
Technol. 152: 234-240.

Dhillon GS, Brar SK, Kaur S, Verma M (2013) Rheological Studies During
Submerged Citric Acid Fermentation by Aspergillus niger in Stirred Fermentor
Using Apple Pomace Ultrafiltration Sludge. Food Bioprocess Technol. 6: 1240~
1250.

. Aguirre-Ezkauriatza EJ, Galarza-Gonzalez MG, Uribe-Bujanda Al, Rios-Licea

M, Lépez-Pacheco F, et al. (2008) Effect of mixing during fermentation in yogurt
manufacturing. J. Dairy Sci. 91: 4454-4465.

. Chen S, Liu J, Liu Y, Su H, Hong Y, et al. (2012) An aic-active hemicyanine

fluorogen with stimuli-responsive red/blue emission: extending the ph sensing
range by “switch + knob” effect. Chem. Sci. 3: 1804-1809.

Wolfbeis OS, Marhold H (1987) A new group of fluorescent ph-indicators for an
extended ph-range. Fresenius’ Zeitschrift fiir Analytische Chemie Fresenius J.
Anal. Chem. 327: 347-350.

Nguyen TH, Venugopala T, Chen S, Sun T, Grattan KTV, et al. (2014).
Fluorescence based fibre optic ph sensor for the ph 10-13 range suitable for
corrosion monitoring in concrete structures. Sens. Actuators, B 191: 498-507.
King DW, Kester DR (1989) Determination of seawater pH from 1.5 to 8.5
using colorimetric indicators. Mar. Chem. 26: 5-20.

Nuiiez-Santiago MC, Santoyo E, Bello-Pérez LA, Santoyo-Gutiérrez S (2010)
Rheological evaluation of non-Newtonian Mexican nixtamalized maize and dry
processed masa flours. J. Food Eng. 60: 55-56.

Treche CMS (2001) Viscosity of gruels for infants: a comparison of measurement

procedures. Int. J. Food Sci. Nutr. 52: 389-400.

PLOS ONE | www.plosone.org

15

31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

52.

54.

Mixing in Blue Maize Suspensions

Méndez-Montealvo G, Garcia-Suarez FJ, Paredes-Lopez O, Bello-Pérez LA
(2008) Effect of nixtamalization on morphological and rheological characteristics
of maize starch. J. Cereal Sci. 48: 420-425.

Alvarez MM (2000) Using spatio-temporal asymmetry to enhance mixing in
chaotic flows: from maps to stirred tanks. Ph. D. Thesis. Rutgers, the State
University of New Jersey, New Brunswick, USA.

Soos M, Moussa AS, Ehrl L, Sefcik J, Wu H, Morbidelli M (2008) Effect of shear
rate on aggregate size and morphology investigated under turbulent conditions
in stirred tanks. J. Colloid Interface Sci. 319: 577-589.

Sanchez-Pérez JA, Rodriguez-Porcel EM, Casas-Lopez JL, Fernandez-Sevilla
JM, Chisti Y (2006) Shear rate in stirred tank and bubble column bioreactors.
Chem. Eng. J. 124: 1-5.

. Kelly W, Gigas B (2003) Using CFD to predict the behavior of power law fluids

near axial-flow impellers operating in the transitional flow regime. Chem. Eng.
Sci. 58: 2141-2152.

Bulnes Abundis D, Alvarez MM (2013) The simplest stirred tank for laminar
mixing: mixing in a vessel agitated by an off-centered angled disc. AIChE J. 59:
3092-3108.

Bulnes-Abundis D, Carrillo-Cocom LM, Araiz-Hernandez D, Garcia-Ulloa A,
Granados-Pastor M, et al. (2013) A simple eccentric stirred tank mini-bioreactor:
Mixing characterization and mammalian cell culture experiments. Biotechnol.
Bioeng. 110: 1106-1118.

Machado MB, Bittorf KJ, Roussinova VT, Kresta SM (2013) Transition form
turbulent to transitional flow in the top half of a stirred tank. Chem. Eng. Sci. 98:
218-230.

Bryant CM, Hamaker BR (1997) Effect of Lime on Gelatinization of Corn Flour
and Starch. Cereal Chem. 74: 171-175.

Afshari-Jouybari H, Farahnaky A (2011) Evaluation of photoshop software
potential for food colorimetry. J. Food Eng. 106: 170-175.

Lei H, Ruan R, Gary Fulcher R, van Lengerich B (2008) Color development in
an extrusion-cooked model system. IJABE 1: 55-63.

Suzuki K, Hirayama E, Sugiyama T, Yasuda K, Okabe H, et al. (2002)
Tonophore-Based Lithium Ion Film Optode Realizing Multiple Color Variations
Utilizing Digital Coolor Analysis. Anal. Chem. 74: 5766-5773.

Bhattacharya S, Kresta SM (2004) Surface feed with minimum by-product
formation for competitive reactions. Chem. Eng. Res. Des. 82: 1153-1160.
Sanchez-Cervantes MI, Lacombe J, Muzzio EJ, Alvarez MM (2006) Novel
bioreactor design for the culture of suspended mammalian cells. Part 1: Mixing
characterization. Chem. Eng. Sci. 61: 8075-8084.

. Alvarez MM, Arratia PE, Muzzio FJ (2002) Laminar mixing in eccentric stirred

tank systems. Can. J. Chem. Eng. 80: 546-557.

Karsheva M, Paskov V, Tropcheva R, Georgieva R, Danova S (2013)
Physicochemical parameters and rheological properties of yoghurts during the
storage. J. Chem. Technol. Biotechnol. 48: 483-488.

Curran SJ, Hayes RE, Afacan A, Williams MC, Tanguy PA (2002) Properties of
carbopol solutions as models for yield-stress fluids. J. Food Sci. 67: 176-180.
Moreira HR, Munarin F, Gentilini R, Visai L, Granja PL, et al. (2014)
Injectable pectin hydrogels produced by internal gelation: pH dependence of
gelling and rheological properties. Carbohydr. Polym. 103: 339-347.

Rao MA (2014) Rheology of food gum and starch dispersions. In Rheology of
Fluid, Semisolid, and Solid Foods. Springer US: 161-229.

Liu Q, Bao H, Xi C, Miao H (2014) Rheological characterization of tuna
myofibrillar protein in linear and nonlinear viscoelastic regions. J. Food Eng.
121: 58-63.

Harrington JC (2012) The effects of neutralization on the dynamic rheology of
Polyelectrolyte microgel mucilages. J. Appl. Polym. Sci. 126: 770-777.

Shi H, Ge W, Wang Y, Fang B, Huggins JT, et al. (2014) A drag reducing
surfactant threadlike micelle system with unusual rheological responses to pH. J.
Colloid Interface Sci. 418: 95-102.

. Zhang ZX, Ni X, Li J (2014) Cationic Brush-Like Terpolymer with pH

Responsive Thickening Behavior in Surfactant System. Polym. Int. (in Press).
Celli JP, Turner BS, Afdhal NH, Ewoldt RH, McKinley GH, et al. (2007)
Rheology of gastric mucin exhibits a pH-dependent sol-gel transition.
Biomacromolecules 8: 1580-1586.

November 2014 | Volume 9 | Issue 11 | e112954



