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Abstract 
Computer and programming skills are quite useful for Chemical Engineering students nowadays. At 
present, both skills are essential not only in research labs but also in industry, and they can be applied 
in many areas, such as process modelling, analysis, control, or maintenance to mention just a few. 
Unfortunately, programming languages are taught separately from these areas in many graduate 
programs, and when software is involved in non-computing courses, the most common practice 
requires the use of dedicated software solutions. In this work, we report the development of a virtual 
laboratory game for teaching chemical reaction kinetics by using a Matlab-based code. It is divided in 
five stages or sessions, involving virtual laboratory teaching and gamification dynamics. Thanks to the 
addition of code programming exercises, the goals and the students’ performance is assessed 
considering a wider range of competencies than before. 
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1 INTRODUCTION 
Nowadays there is a widespread trend regarding the integration of programming skills in Chemical 
engineering curricula. MATLAB is one of the most utilized software platforms thanks to its combination 
of well-stablished tool packages and user-friendly interface with the flexibility of a high-level 
programming language. It is especially well suited for dealing with modelling, simulation, optimization, 
control and process design problems, and it is equally implemented in both industry and academia. 
Advanced use of MATLAB involves the development of programming skills, which are highly valuable 
in a large number of different fields. These advantages explain the considerable interest in a wider 
implementation of MATLAB in chemical engineering education [1], [2], [3]. However, the curriculum of 
the Degree in chemical engineering in Spain usually encloses MATLAB teaching into control design 
courses, and the Simulink package is taught as the main tool. MATLAB is also complementarily taught 
in second- and third-year courses regarding numerical methods for mathematical modelling in 
chemical engineering, and in the first-year course on computers and information technology. Thus, the 
chemical engineering curriculum usually does not utilize computer-based methods for enhancing 
problem-solving skills. 

Chemical reaction kinetics is at the heart of reactor design. Accurate knowledge of reaction rate is 
mandatory in order to select a reaction system that can operate in safe and optimum conditions that 
ensures the economic and environmental viability of an industrial process. Chemical reaction 
engineering, reactor design, and research projects in chemical engineering are usually taught on the 
basis of a previous background on chemical reaction kinetics. Fundamentals of kinetics are usually 
introduced in a second-year course where they are commonly presented coupled to thermodynamics. 
Although kinetic teaching at this level usually involves ordinary differential equations, the solution of 
given examples is usually constrained to first-order kinetics and a limited number of reagents so 
students are not burdened with heavy mathematical operations. Sometimes, the use of dedicated 
software for the solution of complex kinetic systems is detailed in more specific courses. Bearing in 
mind the relevance of reaction kinetics in the formation of chemical engineers, and the growing 
demand on the development of programming skills, we consider that both can be taught together for 
an improved performance of nowadays Chemical Engineering students. 

Virtual labs consist in software simulation tools that emulate practical laboratory problems by accurate 
mathematical modelling. They are regarded as effective educational tools for chemical engineers 
training [4]. These tools allow users to carry out their own experiments in a virtual environment, saving 
practical laboratory time and resources. They are also motivational tools, since the freedom provided 
by the tool allows users to become active players in their learning processes. Virtual labs are 
composed of the mathematical model that represents the relevant processes and properties of the 
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experiment or system, the input interface that connects the model to the users and, the output 
interface, which allow users to collect data and interpret the results of their experiments. The virtual 
labs usually manage output data as graphics and figures in order to provide a fast and dynamic 
representation of the model behaviour that eases the interactive actions of the users on the model. A 
large collection of specialized software packages for the implementation of virtual-lab in chemical 
engineering is already available [5], and most of them are focused in reducing the learning curve for 
the user, which means that code programming is automatically generated and the users are enticed 
towards the manipulation of the model, missing the chance for developing programming skills. 

Gamification is defined as using game concepts and mechanisms in non-game situations. It does not 
mean that a specific game is generated so that students play different roles while learning different 
competencies; it means that certain elements of games are taken and used in order to develop a class 
structure that encourages learning [6]. Actual gamification in Engineering degrees has removed the 
focus on the design of games, which usually implies the use of extrinsic motivators with all their 
disadvantages, and has put it on a game-like design, given rise to a more engaging experience than 
formal education when the game elements are introduced [7]. 

The approach proposed in this work is to combine the use of virtual lab and gamification in order to 
improve teaching in the Chemical Engineering Degree dealing with the fundamentals of kinetics. 
Students will develop competencies for using tools interactively, since they will be encouraged to use 
Matlab for code programming. They will also develop skills in the competency framework of the ability 
to relate well to others through a sharing system for the resolution of practical exercises. 

2 METHODOLOGY 
The procedure we suggest has been developed for ten hour demonstrations that should take part after 
the introduction of the fundamental reaction rate concepts, Arrhenius law, reaction order, inverse and 
direct reactions and so on. The project is divided in five different sessions. It is ideally suited for a 
second-year course where chemical kinetic reaction fundamentals are to be introduced for Chemical 
Engineers. It requires licenses of MATLAB proprietary software for each student. It would also be 
helpful to have a shared or cloud drive for fast file sharing between students and the professor. The 
use of a projector along with some remote control or desktop sharing software can be also of interest 
for the sake of clarity when the teacher and the students are going to expose their comments, 
advances or recommendations in public. 

Table 1 summarizes the list of sessions along with their objectives and the methodology for their 
implementation. 

Table 1.  List of demonstrations. 

Session Topic Objectives Methodology 

First Fundamentals of 
Matlab 

programming 

Provide the students with 
the required Matlab 

programming level for the 
rest of the sessions 

Formal teaching. A Matlab guide is presented 
by the teacher and a collection of exercises 

are solved by the students 

Second Kinetics virtual 
laboratory 

Understanding of the 
fundamentals of 

homogeneous reaction 
kinetics using a Matlab 

Graphical User Interface 
(GUI). 

Virtual laboratory. MATLAB GUI code is 
provided by the teacher. Students must use it 
and modify it in order to complete a collection 

of exercises. Students share their findings. 
Achievement system is used for motivation 

Third Optimization 
algorithms and 

kinetic modelling 

Interpretation of reaction 
kinetic data, and 
fundamentals of 

optimization and modelling 

Formal teaching / Virtual laboratory. The 
teacher introduces the differential and integral 

methods for kinetic data interpretation and 
Matlab curve fitting and optimization 

algorithms. The students utilize these concepts 
for improving the Matlab code. 

Fourth Kinetics virtual 
laboratory II 

Modelling of kinetic 
reactions using a compiled 

MATLAB code 

Virtual laboratory / Gamification. Compiled 
MATLAB code is provided by the teacher. 
Students set up experiments in order to 

discover kinetic reactions 
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Fifth 
 

Introduction to 
reactor design and 

heterogeneous 
catalysis 

Understanding 
fundamentals of 

heterogeneous catalysis. 
Optimization of reactor 

design. 

Inverted/Flipped classroom/ Gamification. 
Students modify the source code in order to 

consider heterogeneous reactions. They also 
implement a basic algorithm for designing a 

packed bed reactor that must achieve certain 
goals 

In the first session, the teacher introduces the student in code programming following a Matlab for 
beginners’ guide. This session should be tuned so that the contents are matched to the previous 
knowledge of the students.  

In the second session, students are provided with a version of a MATLAB code consisting in a 
conventional simulation toolset that calculates the numerical solution for different reaction 
mechanisms and their kinetic parameters. A collection of exercises that illustrates the basics of 
chemical reaction kinetics is solved. An achievement system will encourage the use of the virtual lab 
for providing examples of certain kinetic models. The session includes brief explanations of algebraic 
operations that are braided with code programming concepts of the like of memory allocation through 
sparsity of matrices. 

In the following session, optimization tools and packages from Matlab are presented and derivative 
and integral methods for assessing reaction order and determining kinetic parameters are discussed 
in detail. Matlab optimization tools and how they can be applied in the kinetic fields are introduced. 
The source code used in the previous session is opened to students, and they are told to improve the 
code by including the possibility of using an optimization tool for retrieving the kinetic parameters from 
kinetic data. 

In the third session, the teacher sets up a reaction mechanism and fixes the thermodynamic and 
kinetic constants in the source code. Students receive a compiled version of this source code, and the 
overall reaction selected by the teacher, while the kinetic parameters and detailed reaction mechanism 
remain hidden. When executed, a graphical interface allows the students to configure an experiment 
in a virtual lab environment by setting a collection of parameters like temperature range, experiment 
duration, concentration of reagents, sample rate, detectors of diverse accuracy, and so on. Students 
receive a budget from the software for the experiments they have proposed. If accepted, concentration 
profiles are generated by the code on the basis of the reaction kinetics and the conditions selected for 
the experiment. Students can use any tool of their choice for assessing the reaction mechanism and 
estimating the kinetic parameters. An achievement system will encourage the use of Matlab for the 
utilization of optimization tools. 

In the last session, students modify the code by adding basic concepts of reactors and heterogenous 
catalysis. At this point, they can compile their modified code, propose reaction mechanisms and 
kinetic parameters on their own and challenge other students to achieve certain goals. The session 
finishes with the implementation of the Matlab code for including a linear optimization algorithm that 
would solve any remaining reaction proposal. 

3 RESULTS 

3.1 First session 
Even though it is controversial whether Matlab can be regarded as a high-level programming language 
due to its proprietary software status, it is quite clear that it shares a lot of common grounds with other 
programming languages as C, Basic, Fortran and so on. Therefore, learning how to code in Matlab 
language is good for improving programming skills and strategies.  

Matlab is formally introduced to Chemical Engineers students in the computers tools for engineering 
first-year course. Nevertheless, the students should be refreshed with the basics of Matlab 
programming in order to enhance the performance of this proposal. There exist several Matlab guides 
available online that the teacher can follow, and it is also possible to prepare a basic program with 
examples of code that can be explained in class. It is always positive to refer the students to use the 
Help tool so they will gain independence when facing any doubt. The recommended content that 
should be covered in this session is: 

1 Definition of variables and workspaces 
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2 Basic operations with matrices and vectors 

3 Definition of functions 

4 Data handling 
5 Data plotting 

6 Ordinary Differential Equation (ODE) solvers 

7 Fundamentals of Graphical User Interface (GUI), highlighting the callback functions, handles, 
extracting data from tables and setting properties of objects 

Students are usually familiarized with items 1 to 5, so the teacher should put more emphasis in the 
remaining items. We also suggest Beers’ textbook, Numerical Methods for chemical Engineering, 
Applications in Matlab [1] as a supplementary material for the students. It is especially well suited for 
teaching some relevant issues about proper code programming, such as the importance of a proper 
definition and sorting of the elements on algebraic matrices for the improvement of memory allocation. 

3.2 Second session 
Figure 1 presents the Matlab GUI that will be utilized during the second section. The GUI allows to 
define a homogeneous kinetic model. The user can select the number of reactions (up to 6 reactions) 
and the number of species (up to eight species). A table object is utilized in order to allow fast 
management of the most relevant kinetic parameters. In it, it is possible to set the Arrhenius 
parameters of the kinetic constants for each reaction (rows 1 and 2 in the table on Figure 1). It is also 
possible to introduce the concentration of each species (column 1). The rest of the table is intended 
for the definition of the stoichiometric factor for the i species on the j reaction. These stoichiometric 
coefficients are defined as an integer number, either positive (for reagents) or negative (for products). 
If set to 0, the species is not considered to take part in the reaction.  

The user can also choose different ode integrators, the integration time, the number of points and the 
temperature profile (isothermal or non-isothermal). It is important to note that both the model definition 
and the kinetic data obtained from solving the kinetic model can be saved and recovered later. This is 
an important feature because it allows further integration of models constructed using this tool in the 
other ones utilized along this project. 

The solving procedure is quite simple. A function defined within the GUI code retrieves all the relevant 
data from the table, then it summons the selected ODE solver for the integration of the kinetic function 
that calculates the kinetic rate. This function is fed with the kinetic constants, the concentration of each 
species and the stoichiometric factors, and it provides both the kinetic rates for each reaction and the 
kinetic rates for each species. Later, the results are plotted in two axes, where the students can play 
with the way the data is represented. 

In first instance, the teacher request the students to use the virtual lab in order to collect examples of 
direct and inverse reactions, reactions of diverse order, serially coupled reactions, parallel reactions, 
and so on. This collection should reflect all the kinetic reaction rate laws that have been previously 
treated in the classroom. These examples will be shared by different students during the class 
duration. 

Then, two exercises are to be done by the students in the classroom. In the first one, they are 
requested to improve the plotting code in order to represent selectivity and product yield, along with 
conversion of each species. In the second exercise, a kinetic model is provided and a collection of 
achievements are provided by the teacher. These achievements will be recorded during the rest of the 
sessions, and can be coupled with an awards system if the dynamics of the classroom is adequate. 
Two examples of the proposed achievements are  

• Setting a model with at least 3 reaction in series, where a selectivity of at least 0.5 and 0.25 is 
achieved for two products that are obtained in different reactions. 

• Set a model with direct and inverse reactions that produce an oscillating conversion profile for 
one specie showing at least 25% of amplitude in the resulting wave. 
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Figure 1. GUI for the reaction kinetics virtual lab session. 

3.3 Third session 
In the third session, optimization tools and curve fitting tools from Matlab are presented. The teacher 
starts explaining the fundamentals of optimization algorithm, such as Newton methods, genetic 
algorithms and so on. Concepts as convergence or local minimums are introduced. Comparisons are 
established with linear regression method. In most Chemical Engineering Degree curricula, students 
have received a strong enough mathematical background in their second year. Nevertheless, the 
teacher should adapt the depth of this introduction to the pre-existing student’s knowledge of these 
topics. Then, the teacher makes a brief introduction of the classical integral and differential methods 
for kinetic data interpretation. 

At this point, the students complete a collection of small exercises about using the plot tool and Matlab 
code for preparing several functions that enables the use of integral and differential methods for 
kinetic data interpretation. Curve fitting tool is then opened and the students use it in order to fit 
several different equations. Afterwards, they write a brief Matlab code that use an ODE solver for 
calculating the concentration profile of a first-order model kinetic reaction and feed the profile to an 
objective function that calculates the sum of the squares of the residuals between the calculated 
concentration profile and a previously defined dataset. The value of this objective function is then 
minimized using an algorithm for non-linear functions. After writing this code, the students must 
compare the time taking for solving a kinetic interpretation exercise by using the curve fitting tool and 
their code. 

Finally, the source code used in the previous session is opened to students, and they are told to 
improve the code by including the possibility of using an optimization tool for retrieving kinetic 
parameters from kinetic data. Some key clues are provided by the teacher. The student can finish their 
code later and send it to the teacher before the fourth session so that the teacher can validate the 
code written by the student. 
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3.4 Fourth session 
On this session, the teacher provides the student with a compiled version of a MATLAB GUI code that 
is easily generated using the application compiler tool. The students will install it in their personal 
computers. Figure 2 presents the GUI that the users see when the program is executed. This code 
has been developed in order to provide a strong game element to this season. It is a kinetic 
experiment simulator where the student must choose between different laboratories and detection 
techniques, what species will be determined, how many analyses will be carried out and what 
temperature will be set for the reaction. The cost of the planned experiment will rely on these 
conditions, and a budget panel will inform the student about the cost of the experiment. If the student 
starts the experiment, he/she will be charged at the beginning of the experiment and also after every 
data point is collected. The student can stop the experiment in any moment in order to save points. A 
log system records every experiment carried out by the user, and a counter register the total expenses 
made on this session. After finishing an experiment, the student can gather the data from a table, or 
can save it in a spreadsheet format file. The objective of the game is to discover the kinetic model and 
the kinetic parameters showing an error value under 10% at the lower cost. 

Students will be encouraged to use the first Matlab code that they have previously tuned for assessing 
the kinetic model. Since they have already been introduced with kinetic data interpretation, 
optimization algorithms and the curve fitting tool, they should be using it for this purpose. However, 
they are free to utilize a different software, Matlab code or procedure. Those that win the game will 
share their log file and their kinetic data interpretation strategy with the class. Again, an achievement 
system is implemented in order to motivate students for using different strategies. As an example, 
same of the proposed achievements are: 

− Discover the kinetic model without adding any amount of R and S species in any experiment 
− Discover the kinetic model using a differential method 
− Discover the kinetic model using the fmincon optimization function 

 
Figure 2. Interface of the Virtual Laboratory game for the third session (game for determining the hidden 

kinetic model) 
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3.5 Last session 
In this session, the teacher introduces the concepts of heterogeneous catalysis and reactor design. 
The explanation must be focused in delivering a more complicated kinetic rate law (a kinetic rate 
expression where adsorption and desorption steps is reflected can be useful for this purpose). Then, a 
packed bed reactor is presented, the mass balance of this system is defined, and the expression for 
calculating the weight of the catalyst required for a certain conversion degree is obtained. 

After completing the introduction, the teacher makes public a to-do list for the students. They will be 
divided in two groups. One group will modify their Matlab codes by adding the possibility of using a 
heterogeneous kinetic rate expression in their virtual laboratories. The second group must expand 
their kinetic data interpretation codes for designing packed bed reactors. Then, two exercises, one 
about the determination of a heterogeneous kinetic model, and the second about sizing a fixed bed 
reactor that is governed by the kinetic model assessed in the previous exercise, are collaboratively 
solved. 

At this point, both groups can share their modified codes, propose reaction mechanisms kinetic 
parameters on their own and challenge other students to achieve certain goals. The teacher acts as 
mediator in this process. 

If necessary, the session finishes with a guided modification of the Matlab code for including linear 
optimization algorithms and objective functions that will solve any remaining reaction proposal. 

At last, a survey is delivered to the students in order to retrieve their opinion about the course, the 
strengths and weaknesses of the project and their suggestions for improving it. 

4 CONCLUSIONS 
We have proposed the use of MATLAB programming as a tool for engaging the students on the 
gamification of reaction kinetics for chemical engineers second-year course of the Chemical 
Engineering Degree. We have introduced virtual lab concepts as a way to increase the motivation of 
students. The use of interactive MATLAB GUIs allow to save time in programming MATLAB code, and 
the interested student can learn about the development of such tools. An award and achievement 
mechanism is introduced during the course not only to motivate students, but also to remark the most 
important concepts that they should take home after finishing the course. 
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