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Av. San Claudio S/N. Col. San Manuel, 72570, Puebla, Pue., México.
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An integrative methodology for teaching science is proposed through the STEM methodology (Science-Technology-Engineering-Mathematics).
The STEM methodology provides students the opportunity to combine knowledge in an interdisciplinary and collaborative manner, allowing
the development of creative and systemic thinking. As a model, we propose the experimental reproduction of the Belousov-Zhabotinsky reac-
tion (BZ), which is the standard prototype of nonlinear chemistry. Besides, we used the Python V2.7 programming software and the Jupyter
platform for the computational reproduction of the BZ reaction. The STEM methodology could help the development of new competences
for students; that is, it will provide them with tools to solve complex current problems that require the interdisciplinarity.

Keywords: STEM methodology; teaching; multidiscipline; Belousov-Zhabotinsky reaction (BZ); nonlinear chemistry; python V2.7; reaction-
diffusion system.

Se propone una metodologı́a integradora para la enseñanza de la ciencia a través de la metodologı́a STEM (Ciencia-Tecnologı́a-Ingenieŕıa-
Mateḿaticas), por sus siglas en inglés. La metodoloǵıa STEM brinda a los estudiantes la oportunidad de combinar el conocimiento de manera
interdisciplinaria y colaborativa, lo que favorece el desarrollo del pensamiento creativo y sistémico. Como modelo, se sugiere la reproducción
experimental de la reacción Belousov-Zhabotinsky (BZ), que es el prototipo estándar de la qúımica no lineal. Adeḿas, se utilizan el lenguaje
de programación Python V2.7 y la plataforma Jupyter para la reproducción computacional de la reacción BZ. La metodoloǵıa STEM podŕıa
ayudar al desarrollo de nuevas competencias para los estudiantes; es decir, les proporcionará herramientas para resolver problemas actuales
complejos que requieren de la interdisciplinariedad.

Descriptores: Metodologia STEM; ensẽnanza; multidisciplina; reacción Belousov-Zhabotinsky (BZ); quı́mica no lineal; python V2.7;
sistemas de reacción-difusíon.

PACS: 01.40.gb; 05.45.-a; 47.20.Ky; 03.40.Gc DOI: https://doi.org/10.31349/RevMexFisE.17.178

1. Introduction

STEM studies (Science-Technology-Engineering-Mathe-
matics) are of great importance for the economic develop-
ment of any country [7]. Martiniet al., propose that it is
necessary to implement the STEM methodology to create a
Makerculture in the population, that is, a community that is
highly resilient and that seeks solutions to real problems with
a holistic approach and through integrative tools. However, to
achieve this, teachers must be able to establishMakerspaces

[27]. On the other hand, D́omeneche proposes project-based
learning as a strategy to implement STEM studies and also
describes the incorporation of arts and humanities to pro-
vide creativity to STEAM studies (Science-Technology-
Engineering-Arts-Mathematics). The implementation of
the arts and humanities, seeks that individuals develop the
so f t− skills, which is related to the ability to relate to other
individuals, collaborative work, communication skills, etc
[11]. When implementing STEAM studies, it is sought that
individuals, in addition to possessing or developing scientific
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skills, also acquire skills related on many occasions to emo-
tional intelligence [23,4]. Nowadays, education centers must
developMakerspacesenvironments that allow students to
build knowledge with a systemic, integrative, and interdis-
ciplinary approach, and, at the same time, allow them to
develop theirso f t− skills, to develop knowledge collabora-
tively [3,44]. The STEM methodology proposes the student
as a knowledge builder, capable of developing skills from
a holistic perspective. On the other hand, it proposes the
teacher as a facilitator or creator of learning environments fa-
vorable to the student, while using technology as an activator,
driver, or stimulator of learning [42,7,32,50]. In STEM stud-
ies, multiple disciplines are ranging from biology, chemistry,
physics, and mathematics to highly specialized professions,
such as chemical engineering, materials science, etc [7]. All
of them can be used together to solve real problems. Students
must break the barriers between disciplines and address prob-
lems with an interdisciplinary approach (see Fig. 1) [46,10,9].
Therefore, in the present work, the experimental reproduc-
tion of the Belousov-Zhabotinsky reaction using the STEM
methodology is proposed. Students will be able to combine
tools of mathematical modeling, programming, chemical
kinetics, and experimental chemistry to understand the dy-
namics that underlie the Belousov-Zhabotinsky reaction, in
such a way that students construct knowledge productively
and integrally.

F 1. STEM approach based on systems dynamics and sys-
tems thinking. Source:Creative Learning Exchange(http://
www.clexchange.org/curriculum/standards/stem.asp).

1.1. The BZ reaction

All chemical reactions (or physical changes) in a closed ho-
mogeneous system experience a decrease in the free energy
of the system. A direct consequence of this principle is that,
in such chemical systems, no oscillating changes must be ob-
served around the state of equilibrium since that would imply
positive free energy variations, contrary to what is said by
thermodynamics [24,13]. However, when intervening short-
lived intermediary products in the global reaction, the situa-
tion becomes more complicated. Normally these intermedi-
ate products acquire a stationary concentration or go through
a maximum or a minimum, but under certain conditions, the
concentrations of the intermediate products oscillate around
the expected values in the steady state; that is, their concen-
trations vary abruptly in the sense of increasing or decreasing
their absolute values, a fact that initially baffled the chemists
[17,13]. This temporary increase was considered a viola-
tion of the second law of thermodynamics, and until 1950,
many chemists claimed that an oscillating chemical reaction
contradicted natural laws [14]. Rudolf Clausius, a German
physicist, formulated the fundamental law that occupies us in
the following sense: Entropy, the disorder of the Universe,
continuously increases through spontaneous reactions [14].
According to this, chemical reactions should evolve continu-
ously to a state of equilibrium. This thermodynamic law did
not cover the global aspect, as the experiments of the Russian
chemist B.P. Belousov in the year 1950 did show [13].

In the BZ reaction, it is possible to observe multiple dy-
namic states, ranging from periodic oscillations in time and
space, to episodes of intermittent chaos when it is coupled
with other oscillators [47,17,41,13,55,2]. When Belousov
tried to understand the biochemistry of the Krebs cycle, he
proposed the BZ reaction as an analogous chemical mecha-
nism. He used a solution of bromate and citric acid anions in
an acidic medium in the presence of cerium. Then Belousov
observed changes in coloration in the solution; the mixture
turned yellow when the cerium ions were in their oxidized
state, while the solution changed to a transparent tone when
the cerium ions were in their reduced state. Subsequently,
Zhabotinsky proposed an alternative methodology, changing
citric acid to malonic acid and cerium ions for the ferroin in-
dicator. He found besides observing temporal oscillations,
spatial oscillations in the form of waves, when the volume of
the solution was decreased, and the stirring of the medium
was removed [13,41,55]. Years later, Field, Körös and Noyes
proposed a general mechanism for the BZ reaction and built
the first kinetic model as well as the first numerical simula-
tion of the BZ reaction [16,53,15]. To understand the com-
plex dynamics underlying the BZ reaction, it is necessary
to use nonlinear mathematical models that allow us to ex-
plain quantitatively or qualitatively the temporal and spatial
evolution of this reaction. However, the use of non-
linear mathematical models requires computational simula-
tion tools. A useful tool is the Python programming lan-
guage [21].
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1.2. Python programming language

Python is a programming language suitable for both scientific
computing and teaching, and it is a programming language
that can be used with multiple interpreters or development
environments. Here are the most commonly used Python dis-
tributions:

• Anaconda:www.anaconda.org/anaconda/python

• Enthought Canopy:www.enthought.com

• PyCharm:www.jetbrains.com/pycharm/

Python is a multi-paradigm programming language,
which, thanks to its wide variety of packages, can be
used for multiple tasks. It has libraries and modules
for various applications ranging from numerical calculation
(Numpy: www.numpy.org/), scientific computing (Scipy:
www.scipy.org), analysis and data processing (Pandas:
www.pandas.pydata.org), Machine Learning (scikitlearn:
www.scikit-learn.org), as well as for specific areas
such as chemical engineering (Cantera:www.cantera.org).
Python is free software (freeware) and exists for all operating
systems and can be easily linked with other programming
languages such as C (www.cython.org/), Fortran (www.
fortranwiki.org/fortran/show/Python), Java (http:
//www.jython.org/), R (www.rpy2.bitbucket.io/),
and specialized software such as Matlab (www.pypi.

python.org/pypi/pymatbridge). Next, we write the
code in Python of the program that simply shows the word
”Hello World”; in Python, it is written as simple as:

In [ ]: print(’Hello_World’)

As well as the graph of mathematical functions:

In [ ]: import numpy as np
import matplotlib.pyplot as plt
X=[]

Y=[]

for x in np.arange(0,100,10):

y=x**2

X.append(x)

Y.append(y)

plt.plot(X,Y,’rp’)

or, written in another form:

In [ ]: import numpy as np
import matplotlib.pyplot as plt

x=np.linspace(0,100,10)

plt.plot(x,x**2,’rp’)

plt.show()

Python is a versatile programming language. Therefore, in
this paper, we propose to this programming language as a
fundamental tool for learning STEM.

2. Methodology

The methodology is divided into three sections, the first of
which consists of the mathematical description of the BZ re-
action. A system of nonlinear differential equations is pro-
posed to describe the dynamics underlying the BZ reaction.
The second section describes the computational methodology
for the numerical solution of the model proposed in Sec. 2.1.
Finally, the third section consists the experimental reproduc-
tion of the BZ reaction. The student, with the help of the
teacher, must correlate the results obtained from the proposed
methodologies, with the aim of the student building knowl-
edge with a systemic approach.

2.1. Theoretical Methodology

The kinetic scheme originally proposed by Field, Körös, and
Noyes (FKN) is the most common chemical mechanism to
describe the dynamics of the BZ reaction [13]. Nevertheless,
it is not the only one, there are different chemical models
that try to explain the dynamics of the reaction BZ consid-
ered that intermediate chemical species, such as MA∗ or Br∗

would play an important role in the feedback mechanism of
the reaction, such is the case of the Radicalator [22,18,29].
However, the FKN model has proved so robust that it is pos-
sible to reduce it to a much simpler model called Oregonator
[41,13]. To obtain all these mathematical models, it is possi-
ble to use the standard techniques of chemical kinetics [28].

The overall chemical equation of the BZ reaction is as
follows [19]:

3BrO−3 + 5CH2(COOH)2 + 3H+ → 3BrCH(COOH)2

+ 4CO2 + 5H2O + 2HCOOH. (1)

After several years of research, the BZ reaction mecha-
nism could be elucidated, encountering a mechanism con-
sisting of 27 chemical species and a total of 80 chemical re-
actions [22,19].

The Oregonator can be obtained from a very simple re-
action mechanism composed essentially of five irreversible
steps [41]. By the following change of variable,A =BrO−3 ;
B = organic species such as malonic acid and bromo malonic
acid;P=HOBr; X=HBrO2; Y=Br−; Z = the oxidized form of
the catalyst;f is a stoichiometric coefficient [41]:

A + Y→ X + P (2)

X + Y→ 2P (3)

A + X→ 2X + 2Z (4)

2X→ A + P (5)

B + Z→ 1
2

f Y. (6)

Rev. Mex. Fı́s. E17 (2) 178–190

www.anaconda.org/anaconda/python�
www.enthought.com�
www.jetbrains.com/pycharm/�
www.numpy.org/�
www.scipy.org�
www.pandas.pydata.org�
www.scikit-learn.org�
www.cantera.org�
www.cython.org/�
www.fortranwiki.org/fortran/show/Python�
www.fortranwiki.org/fortran/show/Python�
http://www.jython.org/�
http://www.jython.org/�
www.rpy2.bitbucket.io/�
www.pypi.python.org/pypi/pymatbridge�
www.pypi.python.org/pypi/pymatbridge�


SPATIAL AND TEMPORAL DYNAMICS OF BELOUSOV-ZHABOTINSKY REACTION: ASTEMAPPROACH 181

Whose laws of reaction rate are [41]:

v2 = k2[A][Y] (7)

v3 = k3[X][Y] (8)

v4 = k4[A][X] (9)

v5 = k5[X]2 (10)

v6 = k6[B][Z]. (11)

To construct the Oregonator model, it is necessary to as-
sume that the concentrations ofAandB remain constant (they
are associated with the initial concentrations of the precur-
sors). Subsequently, it has to apply the standard techniques
of chemical kinetics to obtain the dynamic model consider-
ing X, Y, andZ as dynamic variables, assuming that chemical
reactions are elementary, that is, stoichiometric coefficients
coincide with the power of dynamic variables [41,28]. The
speed laws for Eqs. (2) - (6) are shown in Eqs. (7) - (11). The
equations of speed for the variablesX, Y, andZ are:

d[X]
dτ

= k2[A][Y] − k3[X][Y] + k4[A][X] − 2k5[X]2, (12)

d[Y]
dτ

= −k2[A][Y] − k3[X][Y] + 1/2 f k6[B][Z], (13)

d[Z]
dτ

= 2k4[A][X] − k6[B][Z]. (14)

Where theki corresponds to the reaction rate constants
andτ is the time. The analysis is simplified by converting
these equations into a dimensionless form [41]. Using the
following variable changes:

x ≡ 2k5[X]
k4[A]

, y ≡ k3[Y]
k4[A]

,

z≡ kck5[B][Z]
(k4[A])2

, t ≡ kc[B]τ.

Multiplying both sides of Eq. (12) by (2k5/k4[A])

2k5

k4

dx
dτ

=
(
k2[A][Y] − k3[X][Y]

+ k4[A][X] − 2k5[X]2) 2k5

k4[A]

distributing terms,

=
2k2k5

k4
[A][Y] − 2k3k5

k4[A]
[X][Y]

+
2k4k5

k4[A]
[A][X] − 2k2

5

k4[A]
[X]2

factorizingk4[A],

=k4[A]
2k2k5

k4
[A][Y] − k4[A]

2k3k5

k4[A]
[X][Y]

+ k4[A]
2k4k5

k4[A]
[A][X] − k4[A]

2k2
5

k4[A]
[X]2

Realizing the change of variable forx, y, andt,

k6[B]
k4[A]

dx
dt

= qy− xy+ x− x2.

It is renamed:
k6[B]
k4[A]

≡ ε.
By performing the same procedure for the variablesy and

z the following system of nonlinear differential equations is
obtained [41]:

dx
dt

=
qy− xy+ x(1− x)

ε
(15)

dy
dt

=
−qy− xy+ f z

ε′
(16)

dz
dt

= x− z, (17)

whereε′ ≡ (2k5k6[B]/k3k4[A]) and q ≡ (2k5k2/k3k4). The
typical values of the parameters are:ε ≈ 10−2, ε′ ≈ 10−5,
q ≈ 10−4, andt it is dimensionless time. As the parameter
ε′ ≈ 10−5, it is possible to consider the approximation of the
steady-state of the variabley, therefore,y ≡ ( f z/q + x) then
the Eqs. (15) - (17) are reduced to [41]:

ε
dx
dt

= x(1− x) + f
q− x
q + x

z (18)

dz
dt

= x− z (19)

In this way, the Oregonator model shows the typical form
of a chemical feedback system, that is, the variablex func-
tions as an activator, while the variablez has the role of the
inhibitor [41]. This model is so robust that it describes the
phenomenology of the BZ reaction. The Eqs. (18) - (19) co-
rrespond to a system of dimensionless nonlinear differential
equations. If to the Eqs. (20) - (21) terms associated with
diffusion are added, the system becomes:

ε
dx
dt

= x(1− x) + f
q− x
q + x

z+ Dx∇2x (20)

dz
dt

= x− z+ Dz∇2z, (21)

whereDx andDy are the dimensionless diffusion coefficients,
and∇2 is the Laplacian operator (see Appendix A). To solve
the system of Eqs. (18) - (19) and the system of Eqs. (20)
- (21), it is necessary to implement numerical methods and
computational simulation tools.

2.2. Computational Methodology

For the numerical solution of the Eqs. (18) - (19), the Euler
numerical method was used with the following values of the
parameters:ε ≡ 0.03, q ≡ 0.015 and f ≡ 1.0, with a step
of time dt ≡ 0.0001. The numerical values of the parame-
ters were selected according to the linear stability criteria for
the Eqs. (18) - (19). With these parameter values, the system
shows periodic oscillations, which correspond to a limit cycle
[34]. The code in Python would be:

Rev. Mex. Fı́s. E17 (2) 178–190
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For the numerical solution of the Eqs. (20) - (21), the
numerical method of discretization by finite differences was
used, under the condition of Neumann contour. The follow-
ing values of the parameters were used:ε ≡ 0.03, q 0.015,
f ≡ 2.0, with a time stepdt ≡ 0.001, a spatial stepdh ≡ 0.5,
Dx ≡ 2.0 andDz ≡ 0.0. The code used to numerically inte-
grate the Eqs. (20) - (21) is described below.

Rev. Mex. Fı́s. E17 (2) 178–190
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2.3. Experimental Methodology

The following solutions were prepared for the experimental
reproduction of the BZ reaction:
A: 5 g of KBrO3 (potassium bromate) (Sigma-Aldrich) in
67 mL of deionized water (% ≡18.2 MΩcm ) was added.
(Concentration: 0.45 M). This solution was prepared at 30◦C
and constant stirring for 5 min to increase the solubility of
KBrO3. Subsequently, it was allowed to cool to room tem-
perature.

B: 1 g of KBr (potassium bromide) (Sigma-Aldrich) in 10
mL of deionized water (% ≡18.2 MΩcm) was added. (Con-
centration: 0.84 M).

C: 1 g of C3H4O4 (malonic acid) (Sigma-Aldrich) in 10
mL of deionized water (% ≡18.2 MΩcm) was added. (Conce-
tration: 0.96 M).

Once the solutions were prepared, 12 mL of solution
A, 1 mL of solution B, 2 mL of solution C and 1 mL of
H2SO4 (sulfuric acid) (Sigma-Aldrich (96 %)) were added
to a beaker. At this point, the mixture acquires a yellow hue
due to the presence and release of Br2 (molecular bromine),

so that the solution is kept under constant stirring with the
help of a magnetic stirrer and an electric grill until the said
mixture acquires a hue transparent. Finally, 1 mL of [Fe(o-
phen)3]SO4] (ferroin)(Sigma-Aldrich) was added as an indi-
cator for the chemical reaction to visualize the color changes.
Once the chemical reaction started, 3 mL of the mixture was
extracted from the beaker and placed in a watch glass without
stirring to observe the formation of temporal space patterns.

3. Results and comments

In Fig. 2, we can see the experimental reproduction of the
BZ reaction. The duration time of the oscillations in the BZ
reaction (using the experimental procedure described in the
experimental methodology) is approximately 35 minutes.

F 2. Temporary chemical oscillation of the BZ reaction. The
color change is caused by changes in the oxidation state of the fer-
roin indicator. The oscillations of the chemical reaction have a du-
ration of 35 min.

Rev. Mex. Fı́s. E17 (2) 178–190
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F 3. The general feedback mechanism of the BZ reaction.
Modified from [55].

Essentially, the BZ reaction mechanism consists of two
stages, the first one consists in the oxidation of the ferroin
indicator by the bromate anion (obtained from the potassium
bromate precursor), which gives the solution the blue color.
On the other hand, the second stage consists of the reduction
of the ferroin indicator in the presence of malonic acid, ob-
serving a red coloration in the solution. During the progress
of the reaction, the bromate anion allows the production of
HBrO2, which facilitates the oxidation process of the indi-
cator. On the other hand, organic compounds derived from
bromine (BMA) are formed, which favor the production of
bromide ions (Br−) and reduce the ferroin indicator; however,
bromide ions act as strong inhibitors of the feedback mecha-
nism. An outline of the general feedback mechanism can be
seen in the Fig. 3 [55].

This process corresponds to a state of self-organization
of the system, which results in the emergence of collective
properties (oscillations) [48]. The formation of dissipative
structures corresponds in the same way to a state of self-
organization of the system or self-organized criticality. In
this state, the system by itself tends to self-organize without
the need for an external disturbance (see Fig. 3) [8,13,25].
The processes of self-organization are present in a great va-
riety of biological systems. The oscillations of concentra-
tions of chemical species are observed in processes such as
the hormonal regulation of the thyroid [5], the insulin-leptin
axis [36], which is essential for the blood glucose regulation
[20], hormone regulation in the menstrual cycle in mammals
[49], etc. Disturbances in such oscillatory physiological pro-
cesses lead to the emergence of pathologies [35]. On the
other hand, dissipative structures (spatiotemporal patterns)
appear in biological phenomena, such as the formation of
patterns in the skin of mammals and fish [30], formation of
bacterial colonies [6], crop growth [54] etc.

The numerical solution of the Eqs. (18)-(19) reproduces
the oscillatory behavior of the BZ reaction (see Fig. 4a). In
Fig. (4b), it is clear that these oscillations emerge due to the
existence of a limit cycle in the phase space of variables [16].
In the limit cycle orbits or system solutions of Eqs. (18)-(19)

F 4. Graphs obtained from the numerical solution of the
Eqs. (18)-(19). a) Oscillations of the variablesx y z due to the
change in the oxidation state of the ferroin indicator. b) Phase
space of the variablesx andz, the presence of a limit cycle is ob-
served [48].

revolve around a fixed point, equilibrium point, or steady-
state. The Eqs. (18)-(19) only qualitatively explain the dy-
namics of the BZ reaction, that is, they explain only the exis-
tence of oscillations. However, it is important to note that the
Eqs. (18)-(19) can be modified to explain in more detail the
dynamics of the BZ reaction [26,1].

In Figs. (5b)-(5c) appears the numerical solution of the
Eqs. (20)-(21). The formation of spatio-temporal patterns
which corresponds to what was observed in the experimen-
tal reproduction of the BZ reaction (see Fig. 5a). However, it
is necessary to mention that Eqs. (20)-(21) only qualitatively
explain the spatial-temporal dynamics of the BZ reaction, and
the spatio-temporal patterns that emerge from the dynamics
of the BZ reaction [51].

During the development of the methodology, the student
will be able to construct knowledge systemically and inte-
grally, addressing a real problem and implementing tools of
Chemistry, Physics, Biology, Mathematics, and Computing.
This methodology will allow students to pose new questions
and hypotheses It will give them the possibility to explore and
build knowledge in a creative way. Besides, the teacher could
propose new questions to motivate the creative learning of
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F 5. a) Formation of chemical waves in the BZ reaction in the
absence of agitation. b), c). Numerical solution of the Eqs. (20) -
(21). Showing the formation of chemical waves.

the students. Here we propose some topics that may be of
interest during the development of the methodology.

• What could happen if the concentration of sulfuric acid
in the medium is changed?

• How could the action of pH modify the dynamics of
Eqs. (18)-(19)?

• The concentration of sulfuric acid could influence the
formation of spatio-temporal patterns?

• If you change the concentration of potassium bromate
and potassium bromide, would you modify the fre-
quency of the oscillations?

• What happens if the agitation in the beaker is removed
during the chemical reaction?

• Is it possible to observe the formation of chemical
waves in 3D during the experimental procedure? If this
is possible, what variable has to be modified to observe
chemical waves?

• It can be considered that the beaker is a ”Batch” type
reactor. How could a continuous system (CSTR) be
implemented? How would the system of Eqs. (18)-
(19)? What parameters would have to be added to the
model? How would you modify the dynamics of the
model?

dx
dt

= F(x, z,q, ε, f , f lows, volume) (22)

dz
dt

= G(x, z, f lows, volume) (23)

• The system of Eqs. (18)-(19) arises from a material
balance considering the system as a Batch reactor. Is
it possible to build an energy balance for the system
to study the system temperature (T)? How would the
system of Eqs. (18)-(19)?

dx
dt

= F(x, z,T,q, ε, f , flows,volume) (24)

dz
dt

= G(x, z,T, flows,volume) (25)

dT
dt

= H(x, z,T,q, ε, f , flows,volume). (26)

• How do the dynamics of the Eqs. (18)-(19), if the vari-
ables and parameters of the initial conditions model are
modified? Modify the Python program of the Euler nu-
meric method.

• How is the dynamic of the Eqs. (20)-(21), if the value
of the dimensionless diffusion coefficient is changed?
If this parameter is modified, are we still observing
spatio-temporal patterns?

• Can the codes built in Python be used to solve numeri-
cally other kinetic models?

• The teacher can use the methodology proposed in this
paper to propose the theoretical, computational, and
experimental study of other oscillating reactions, such
as:

- Alternator [37].

- Explodator [31].

- Brusselator [33].

- Berlinator [31].

- Braylator [43].

• Why did Belousov and Zhabotisnky implement the BZ
reaction as a strategy to study glycolysis and the Krebs
cycle, respectively? What substance in the BZ reaction
is used as a chemical species analogous to citric acid?

• Students at more advanced levels can perform the li-
near stability analysis of eqs. (18) - (21) to study how
system dynamics change when one or more parameters
of the model are modified (see Fig. 6) [48]. Students
will find that the Oregonator model presents a Hopf-
Andronov bifurcation [48], and when the Eqs. (18)-
(19) are modified, the presence of bistability, hystere-
sis, and chaos is observed [40,38,52,12,45].

• The teacher can create interactive scripts using the ipy-
widgets library (www.ipywidgets.readthedocs.
io/en/latest/index.html). Below is an example
of an interactive script for solving the Eqs. (18)-(19).

– A function that contains the Euler numerical
method for the solution of the Eqs. (18)-(19).
Once the script is built, it will be saved with the
namebz.py:
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F 6. Parameter space obtained from the linear stability analy-
sis [48] (q = 0.0008). White and red regions show limit cycles and
damped oscillations, respectively.

- Later, a script is created that has the instructions of
the interactive mode, which must be saved in the same
folder as thebz.pyscript:

Figures (7)-(8) shows the numerical solution of the
Eqs. (18)-(19) for different values of the parameters
of the model using the interactive mode. In interactive
mode, students can easily modify parameter values and
observe the change in system dynamics. The teacher
can use the previous script to study the dynamics of
other kinetic models [37,31,33,43].

• The proposed methodology can be used to explain to
students the relationship that exists between different
areas of knowledge. Students must understand that
each of the different areas of science are interrelated.
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F 7. Numerical solution of the eqs. (18) - (19) withf = 1.0, q = 0.015 andε = 0.11. a) Periodic oscillations of the variablesx andz.
b) Phase space, showing a limit cycle [48].

F 8. Numerical solution of the Eqs. (18)-(19) withf = 1.0, q = 0.015 andε = 0.61. a) Damped oscillations of the variablesx andz. b)
Phase space. The dynamics of the system changes as a result of the fixed point [48].

4. Conclusion

The BZ reaction is one of the ideal prototypes for the appli-
cation of STEM studies because it allows the implementa-
tion and combination of different areas of science (Biology,
Chemistry, Physics, Mathematics, and Computing). During
the development of the methodology, students will systemi-
cally build knowledge understand that the different areas of
science are interrelated and that solving or proposing solu-
tions to a real problem requires an interdisciplinary approach.
It is of vital importance that the teaching of science allows
students to explore and learn actively, eliminating the tra-
ditional forms of teaching, in which students only acquire
knowledge passively.

Appendix

A. Diffusion terms and numerical expressions of them

These systems can be constructed from a generalized conser-
vation law in which, if a differential volumeV surrounded by

a closed surfaceS is filled with a substance whose concentra-
tion or density isx, then the rate of change of all substance in
V will be given by a net flux into or from the volumeV across
the surfaceS and by possible sources or sinks due to reactions
or another physical, chemical or biological processes into the
volumeV. In this way

dX
dt

=
d
dt

∫

V

xdv= −
∮

S

~J · d~s+

∫

V

f (x, . . . )dv. (A.1)

In last expression,f (x, . . . ) represents sources, sinks, reac-
tions (as in this case), dead or born, etc. in the system.

On the other hand, inert matter generally satisfies the em-
pirical Fick’s law ~J(x) = −D∇x, whereD is the diffusion
coefficient [39]. So that replacing~J(x) and applying the di-
vergence theorem in Eq. (A.1):∫

V

dx
dt

dv =

∫

V

D∇2xdv+

∫

V

f (x, . . . )dv, (A.2)

which is valid for any arbitrary volumeV, so that, finally

dx
dt

= D∇2x + f (x, . . . ), (A.3)
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is the Reaction-Diffusion Equation, and the functionf , in this
case, depends onx, z, and some set of parameters such as re-
action velocities or reaction constants.

A numerical expression is necessary for the Laplacian
operator∇2, and it can be obtained from Taylor’s series of
u(x, y) aroundx0 with smallh as

u(x0 + h, y) = u(x0, y) + h
∂u
∂x

∣∣∣∣∣
x0

+
h2

2!
∂2u
∂x2

∣∣∣∣∣
x0

+ . . . (A.4)

and

u(x0 − h, y) = u(x0, y) − h
∂u
∂x

∣∣∣∣∣
x0

+
h2

2!
∂2u
∂x2

∣∣∣∣∣
x0

− . . . . (A.5)

The sum of Eqs. (A.4) and (A.5) gives

u(x0 + h, y) + u(x0 − h, y) = 2u(x0, y)

+ h2∂
2u
∂x2

∣∣∣∣∣
x0

+ O(h4), (A.6)

which, dividing byh2 gives an expression for the second par-
tial derivative ofu(x, y) at x0, for anyy:

∂2u
∂x2

∣∣∣∣∣
x0

=
u(x0+h)+u(x0−h)−2u(x0)

h2
+O(h2), (A.7)

so, if we representu using a mesh such thatui j represents
u(x, y) in a surface element of sizeh2, then the discrete ver-
sion of the second derivative will be

∂2ui j

∂x2
=

ui, j+1 + ui, j−1 − 2ui j

h2
, (A.8)

with an error ofO(h2) order, and the Laplacian operator is

∇2ui j =
ui, j+1+ui, j−1+ui+1, j+ui−1, j−4ui j

h2
. (A.9)
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