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ABSTRACT

Purpose:

Balancing chemical equations is essential to maintain reaction stoichiometry and the principle of mass
conservation. Traditional balancing methods, such as inspection and trial-and-error, often become
inefficient and error-prone for complex reactions. The purpose of this study is to introduce a systematic
and reliable matrix-based approach that improves the efficiency and accuracy of balancing chemical
equations.

Method:

The proposed method reformulates chemical equations into systems of linear equations, which are then
solved using linear algebraic techniques. Tools such as Gaussian elimination and row reduction are
applied to determine stoichiometric coefficients systematically. The study also evaluates the pedagogical
value of incorporating matrix-based approaches into chemistry education to strengthen interdisciplinary
connections between mathematics and chemistry.

Results:

The findings show that the matrix method simplifies the balancing of chemical equations, particularly in
cases where conventional approaches are cumbersome. The method ensures accuracy and reduces
human error by providing an algorithmic solution. Furthermore, its application in education demonstrates
that students gain both improved problem-solving efficiency and a deeper conceptual understanding of
the mathematical underpinnings of chemical processes.

Practical Implications:

The matrix-based approach provides chemists and educators with a reliable tool to balance complex
reactions quickly and accurately. For academic contexts, integrating this method into curricula can foster
interdisciplinary learning and enhance student engagement. In professional applications, the method
supports computational chemistry tools and can be further optimized for large-scale or automated
chemical process simulations.

Originality/Novelty:

This study contributes originality by bridging linear algebra techniques with practical chemistry
applications. Unlike conventional methods, the matrix-based approach introduces an algorithmic and
scalable framework for balancing chemical equations. It also highlights the innovative educational
dimension of connecting mathematics and chemistry, while opening avenues for future advancements
through artificial intelligence and advanced matrix methods.
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1. Introduction

Balancing chemical equations is a fundamental process in chemistry that ensures compliance with the
law of mass conservation. It involves determining stoichiometric coefficients that equalize the number
of atoms of each element on both sides of a reaction. While conventional methods such as trial-and-
error and inspection are widely taught, they often become inefficient and error-prone, particularly for
complex reactions involving multiple reactants and products (Potgieter et al., 2008). To address these
limitations, this study explores the application of matrix methods—a systematic and mathematically
rigorous approach based on linear algebra—for balancing chemical equations.

Matrix methods provide a structured framework for solving systems of linear equations, making them
well-suited for balancing chemical reactions. Techniques such as Gaussian elimination and row
reduction allow the determination of stoichiometric coefficients efficiently by modeling chemical
equations as linear systems (Strang, 2022; Lay, 2003). This approach enhances both accuracy and
scalability, particularly for intricate reactions (Anton & Rorres, 2013; Gilbert & Gilbert, 2014). Although
matrix theory has long been integrated into various branches of chemistry, its systematic application
to chemical equation balancing remains underexplored. However, advancements in computational
tools and algorithms have made matrix-based techniques increasingly practical (Meyer, 2023; Bronson
& Costa, 2008). Beyond simple reactions, matrix methods are also applicable to redox reactions and
systems with non-integer coefficients, demonstrating their versatility.

The educational implications of integrating matrix techniques into chemistry curricula are significant.
By exposing students to matrix-based balancing methods, they can develop a deeper appreciation of
the mathematical foundations of chemistry, fostering interdisciplinary problem-solving skills (Potgieter
et al., 2008). Moreover, the structured nature of matrix methods aligns with the growing emphasis on
computational and data-driven approaches in the physical sciences (Angelis, Sofos, & Karakasidis,
2023). As chemistry increasingly intersects with artificial intelligence and machine learning, proficiency
in mathematical tools such as matrix methods becomes crucial (Goel & Manocha, 2024).

This study provides a comprehensive analysis of matrix approaches for balancing chemical equations,
highlighting their advantages, limitations, and practical applications. Through case studies and
computational examples, we demonstrate the effectiveness of this technique and its potential for
automation. By bridging the gap between mathematical theory and chemical practice, this research
contributes to the ongoing discourse on the role of mathematics in advancing chemical sciences
(Smith, 2012).

2. Literature review

The study of matrix methods has established itself as a cornerstone of linear algebra, with
applications spanning other disciplines, including chemical equation balancing. This review
investigates the theoretical basis and practical applications of matrix methods for balancing
chemical equations, using significant references in the field. The matrix theory provides a solid
foundation for solving difficult chemical problems. Strang (2022) emphasizes the versatility
of linear algebra in solving real-world problems, particularly the significance of matrices in
describing linear equation systems. Similarly, Lay (2003) delved deeply into linear algebra
applications, including practical problem-solving approaches that are closely related to the
systematic balancing of chemical equations.

Anton and Rorres (2013) emphasized the importance of matrices in modelling and analyzing
dynamic systems, pointing out that matrix operations make it easier to represent and solve
complex interactions. Their work provided fundamental insights into the computational
procedures required for chemical equation balancing, making it an invaluable resource for
systematic approaches. Gilbert and Gilbert (2014) extend our conceptual grasp of matrices by
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focussing on matrix theory's essential principles, such as eigenvalues and eigenvectors. These
ideas are crucial in the stability analysis of chemical reactions, particularly in dynamic and
iterative balancing procedures, and the direct use of linear algebra in chemical processes is
well recognized. Meyer (2023) combined matrix analysis and applied problems to provide
specific approaches for using linear algebra in interdisciplinary applications. This is consistent
with the balancing of chemical equations, in which the matrices reflect the stoichiometric
coefficients and enforce mass conservation laws.

Bronson and Costa (2008) focus primarily on matrix approaches in applied linear algebra,
providing useful algorithms for chemical engineering and reaction analysis. Their work
bridges the gap between theoretical frameworks and practical problem-solving, making it an
invaluable resource for this research. Shores (2007) discusses advanced matrix analysis
approaches, such as factorization methods and numerical stability considerations, which are
essential for the systematic balancing of equations involving complex chemical systems.
These methods guarantee accuracy and computing efficiency in handling high-dimensional
stoichiometric issues. Potgieter et al. (2008) researched the integration of algebraic and
graphical thinking in mathematics and chemistry education with the goal of transferring
mathematical concepts to chemical applications. Their findings emphasize the cognitive
benefits of employing matrix representations to simplify chemical reaction networks and the
instructional utility of this method.

Smith (2012) investigated the use of linear algebra in environmental chemistry, specifically
for modelling atmospheric systems. The use of matrix methods to depict and balance chemical
interactions in complex environmental systems highlights the interdisciplinary applicability of
this technique. Kumar et al. (2020) expand the use of linear algebra to separation membrane
operations in chemical engineering. Their comprehensive mathematical elucidation serves as
a pattern for applying systematic matrix-based techniques to physical and chemical processes
such as reaction balance. Recent advances in artificial intelligence and machine learning have
added additional aspects to the chemical equation balance. Angelis et al. (2023) address the
use of symbolic regression to find underlying trends in the physical sciences, including
chemistry. The combination of Al-driven technologies and classic matrix methods shows
promise in automating and optimizing the balancing process. Goel and Manocha (2024)
introduce dimension reduction techniques for high-order systems, providing novel approaches
to managing the complexity of chemical reaction networks. Their schematic work sheds light
on simplifying multi-component reactions with advanced mathematical tools, broadening the
applicability of matrix approaches in chemistry.

3. Material and Methods

This study proposes a systematic method to balance chemical equations using matrix approaches
based on linear algebra. The process includes the following steps.

1. Representation of Chemical Equations: The chemical equation is then transformed into a system
in which each chemical species in the reaction is allocated a variable corresponding to its stoichiometric
coefficient. A system of linear equations based on the conservation of each element was then
converted into a set of linear equations.
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2.Construction of the Coefficient Matrix: A matrix is created, in which each row corresponds to an
element and each column corresponds to a chemical species. Entries represent the number of atoms
in each element of the corresponding species.

3. Application of Gaussian Elimination: The coefficient matrix is subjected to Gaussian elimination
to reduce it to the row-echelon format. This procedure involves performing row operations to gradually
eliminate variables and simplify the system.

4. Back-Substitution and Solution Extraction: Once in row-echelon form, back-substitution is
employed to solve for the variables, resulting in stoichiometric coefficients that balance the equation.
This matrix-based methodology provides an organized and efficient alternative to traditional trial-and-
error methods, which is especially useful for complex reactions. Linear algebra techniques were used
to ensure correctness and consistency while balancing the chemical equations.

Fundamental Concepts

1. Definition of Chemical Equations and Stoichiometry: Chemical equations are symbolic
representations of the chemical reactions that convert reactants into products. They provided a
succinct description of these chemicals and their quantitative correlations. Stoichiometry, which is
derived from the Greek words stoicheion (element) and metron (measure), is a discipline of chemistry
concerned with the calculation of reactants and products in chemical processes. This ensured that the
number of atoms for each element remained constant, indicating the balanced character of the
reaction. Balancing chemical equations is an important part of stoichiometry because it ensures that
the equation follows the law of mass conservation.

2. Law of Conservation of Mass and Atoms: The law of conservation of mass, a fundamental
principle of chemistry, stipulates that mass is never generated or destroyed in a chemical reaction.
This principle states that the entire mass of the reactants must be equal to the total mass of the
products. In the context of balancing chemical equations, this condition corresponds to atom
conservation; the number of atoms of each element must be equal on both sides of the equation (Smith,
2012). For example, in the reaction:

H,+0, > H,0

The equation must be balanced to conserve the number of hydrogen and oxygen atoms. This criterion
serves as the foundation for the development of systems of linear equations that can be solved using
matrix methods.

3. Introduction to Linear Algebra and Matrices: Linear algebra is a branch of mathematics that deals
with vectors, vector spaces, linear mappings, and systems of linear equations. Matrices, which are
rectangular arrays of nhumbers, are fundamental tools in linear algebra. They provide a compact way
to represent and manipulate systems of linear equations (Strang, 2022). A matrix is defined by its
dimensions (rows x columns), and operations such as addition, multiplication, and inversion are central
to solving linear systems (Lay, 2003). For example, the system of equations:

2x+3y =5
4x -y =1

Can be represented in matrix form as:

)
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This representation makes it easier to solve for unknowns x and y using techniques such as Gaussian
elimination (Anton & Rorres, 2013).

4. Relevance of Matrices in Chemical Computations: Matrices play an important role in chemical
computations, particularly in balancing chemical equations. The challenge of balancing a chemical
equation can be simplified by describing the coefficients of the reactants and products as a matrix
(Gilbert and Gilbert, 2014). For example, consider the unbalanced equation.

C,Hs+0, - CO,+H,0

The stoichiometric coefficients can be calculated using a matrix equation in which the rows represent
the elements (C, H, O) and the columns represent the compounds. Solving this problem using matrix
methods ensures that the equation is balanced effectively and precisely (Meyer, 2023). The use of
matrix methods extends beyond simple reactions to complicated systems such as redox reactions and
multiphase processes (Kumar et al., 2020). This systematic method not only improves accuracy but
also allows for a better comprehension of the underlying mathematical principles, bridging the gap
between chemistry and mathematics (Angelis, Sofos, & Karakasidis, 2023).

Mathematical Foundation of Matrix Methods

Representation of Chemical Equations as a System of Linear Equations

Balancing the chemical equations ensures that the number of atoms in each element remains
constant on both sides of the reaction. This requirement can be represented by a set of linear

equations in which stoichiometric coefficients are unknown. For example, consider an
unbalanced chemical equation.

C,Hs+0, - CO,+H,0

Let the stoichiometric coefficients be x,, X,, X5, and x4 for C,H,, O,, CO,,and H,0O, respectively. The

conservation of carbon (C), hydrogen (H), and oxygen (O) atoms produces the following linear
equations:

2X, =X, (Carbon)
6x,=2x, (Hydrogen)
2X,=2X, X, (Oxygen)

This system is represented in the matrix form as Ax=0, where A is the coefficient matrix, x is the vector
of unknowns variables, and 0 is the zero vector (Strang, 2022; Lay, 2003).

2. Formulation of Matrix Equations for Chemical Reactions

The system of linear equations generated from the chemical equation can be written in a matrix format.
In the example above, the coefficient matrix A and the vector of unknown x are:

Xy
2 0-1 O
X5
A=l6 0 0 -2 X=
X3
0 2 -2 -1
Xy
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The matrix equation Ax=0 is a homogeneous system of linear equations, whose purpose is to discover
nontrivial solutions for x (Anton & Rorres, 2013). These equations represent the stoichiometric
coefficients that balance the chemical equations.

3. Gaussian Elimination Method
Gaussian elimination is a systematic method for solving linear equations. It entails converting the
coefficient matrix into an upper triangular form utilizing basic row operations such as swapping rows,

multiplying a row by a hon-zero scalar, and adding or deleting rows (Gilbert & Gilbert, 2014). For matrix
A, Gaussian elimination proceeds as follows:

(i) Remove x, from the second equation by subtracting the first row three times.

(if) Using the second row, X, is removed from the third equation.

(i) We use back substitution to solve for unknowns. This approach ensures that the system is
efficiently solved even with enormous matrices (Meyer, 2023).

4. Row Reduction and Echelon Form
Row reduction is an important step in Gaussian elimination in which the coefficient matrix is converted
into its row echelon form (REF) or reduced row echelon form (RREF). In REF, the matrix contains a

staircase structure of leading coefficients (pivots), whereas in RREF, all pivots are 1 and all entries
above and below them are zero (Bronson & Costa, 2008). For instance, the RREF of matrix A is:

RREF(A)=0 1 0 5

2
001 -—
3

Null Space Approach for Determining Solutions

The null space (or kernel) of matrix A is the set of all vectors x, such that Ax=0. To balance the chemical
equations, the null space contains all potential stoichiometric coefficients that fulfil atom conservation
(Strang, 2022). The dimensions of the null space are proportional to the number of free variables in
the system, which determines the number of independent solutions. In the above example, the null
space is one-dimensional, indicating that the system has infinitely many solutions, all of which are
scalar multiples of a single basis vector (Lay, 2003). The basis vector can be scaled to obtain the
fewest integer coefficients, ensuring that the chemical equation is balanced.

Step-by-Step Approach to Balancing Equations Using Matrices
(i) Selection of a Chemical Reaction Example: To demonstrate the use of matrix methods, we

consider the combustion of propane (CsHs) in the presence of oxygen (O2), which produces CO2z and
H20. The chemical equation was imbalanced.

CH,+0, - CO,+H,0O

This reaction was chosen because it has numerous constituents and demonstrates how matrix
methods can be used to balance chemical equations (Potgieter, Harding, & Engelbrecht, 2008).
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2. Assigning Unknown Coefficients to Reactants and Products: We assume that the stoichiometric
coefficients for CsHs, Oz, CO2, and H20 are x,, X,, X5, and x,, respectively. The balanced equation is
expressed as follows:

X,C,H,+X,0, —» X,CO,+X,H,0
The purpose is to find values for x1, x2, x3, and x4 that satisfy the mass conservation law (Smith 2012).

3. Setting up the System of Linear Equations

The conservation of carbon (C), hydrogen (H), and oxygen (O) atoms produces the following linear
equations:

3x, =X, (Carbon)
8x,=2x, (Hydrogen)
2X,=2X,+X, (Oxygen)

These equations ensure that the number of atoms of each element remains constant on both sides of
the reaction (Strang, 2022).

4. Converting the System into a Matrix Form: The linear equations can be expressed in matrix form
as Ax=0, where A is the coefficient matrix, x is the vector of the unknowns, and 0 is the zero vector. In
the example above:

Xy

3 0-1 0 0
X3

A={8 0 0 -2|,X= ,0=l0
X3

02 -2 -1 0
Xy

This matrix representation simplifies the problem and enables the use of linear algebra techniques
(Lay 2003).

5. Solving the Matrix Using Elimination or Inverse Methods: The matrix equation, Ax=0, can be
solved using either Gaussian elimination or row reduction. Applying Gaussian elimination to matrix A,

(i) Subtract the first row from the second row times to eliminate x1 from the second equation.
(ii) The second row is used to eliminate x2from the third equation.

(i) Back substitute to solve for unknowns. The row-reduced echelon form (RREF) of A is:

1

100 -=

5

RREF(A)=|0 1 0 2

3

00 1 -—
i 4]
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This form displays the variables' relationships and allows the general solution to be determined (Anton
& Rorres, 2013).

6. Interpretation of the Solution: The RREF of A indicates that the system has an infinite number of
solutions, each of which is a scalar multiple of a single-base vector. To obtain the lowest integer
coefficients, we set the free variable x4 to 4, which yields.

x=1, x,=5, x,=3, x,=4
Thus, the balanced chemical equation is:
C,H,+50, -»3CO,+4H,0

This solution follows the rule of conservation of mass and highlights the efficiency of matrix approaches
in balancing chemical equations (Gilbert & Gilbert, 2014).

Case Studies and Examples
1. Simple Chemical Equations

To demonstrate the use of matrix methods, we start with a simple chemical equation: the reaction of
hydrogen (Hz2) and oxygen (Oz2) to produce water (H20). This equation is imbalanced.

H,+O, - H,0

Let Hz, Oz, and H20 have stoichiometric coefficients x,, x,,and x,, respectively. The conservation of
atoms produces the following system of linear equations.

2%, =2X, (Carbon)
2X,= X, (Oxygen)

The matrix representation is:

Xy
2 0 -2 0
y X=| X, |,0=
0 2 -1 0
X

3

Solving this system using Gaussian elimination, we obtain:
X, =2, X,=1, x,=2

Thus, the balanced equation is:

2H,+0, - 2H,0

This example demonstrates the effectiveness of matrix approaches in balancing simple chemical
equations (Strang, 2022; Lay, 2003).

2. Complex Reactions (e.g., Redox Reactions, Combustion Reactions)
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Matrix approaches are particularly useful in balancing complex reactions, such as redox reactions and
combustion. The combustion of ethanol (C2HsOH) in the presence of oxygen (O>) yields carbon dioxide
(CO2) and water. This equation is imbalanced.

C,H,OH+0, - CO,+H,0

Let the stoichiometric coefficients be x,;,x,,x;, and x, for CoHsOH, Oz, CO2, and H20,
respectively: The conservation of atoms yields:

2X, =X, (Carbon)
6x,=2x, (Hydrogen)
X, +2X,+X, (Oxygen)

The matrix representation is:

Xy

2 0-1 O 0
X3

A=|6 0 0 -2|,X= ,0=]0
X3

02 -2 -1 0

4

Solving this system using row reduction, we obtain:

x=1, x,=3, x,=2, X,=3

4

Thus, the balanced equation is:
C,H,OH+30, — 2CO,+3H,0

This example highlights the scalability of the matrix approaches used to balance complex processes
(Gilbert & Rorres, 2013; Gilbert & Gilbert, 2014).

3. Comparison with Traditional Balancing Methods

Traditional methods for balancing chemical equations, such as trial and error and inspection, are based
on intuition and iterative modification. While these approaches work well for basic reactions, they
become burdensome and error-prone for larger reactions involving several elements and phases
(Potgieter et al., 2008). For example, standard approaches to balancing ethanol combustion involve
numerous iterations and meticulous atom tracking, which may lead to inaccuracies. By contrast, matrix
methods offer a systematic and mathematically rigorous approach. By describing the problem as a
system of linear equations, matrix approaches minimize guesswork and ensure precision (Meyer,
2023). For example, typical approaches for balancing the redox reaction between potassium
permanganate (KMnOas) and iron (Il) sulfate (FeSOa) in acidic media are time consuming and error
prone. However, matrix methods make the procedure easier by converting the problem into a matrix
equation and solving it methodically (Kumar et al., 2020). This comparison highlights the advantages
of matrix methods over traditional approaches, particularly for complex reactions (Angelis et al., 2023;
Goel & Manocha 2024).

Advantages and Limitations of Matrix Methods

1. Accuracy and Efficiency Compared to Traditional Methods
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Compared to traditional approaches such as trial-and-error or inspection, matrix methods provide
significant accuracy and efficiency gains. Traditional approaches rely on repeated modifications and
intuition, which can result in inaccuracies, particularly in complex reactions with several constituents
and phases (Potgieter etal., 2008). In contrast, matrix methods offer a systematic and theoretically
rigorous method for balancing chemical equations. Matrix approaches ensure precise solutions by
describing a problem as a system of linear equations (Strang, 2022; Lay, 2003). For example,
balancing propane (CsHs) combustion using standard methods requires precise atom tracking and
numerous iterations. Matrix approaches, on the other hand, solve the problem in a single step using
Gaussian elimination or row reduction, which requires substantially less time and effort (Anton &
Rorres, 2013). This efficiency is especially useful in educational contexts, where students can quickly
test their results while focusing on underlying principles (Gilbert & Gilbert, 2014).

2. Applicability to Large and Complex Chemical Systems

Matrix methods are extremely scalable and can be used in large and complex chemical systems such
as redox reactions, combustion processes, and reactions with numerous reactants and products. For
example, balancing the reaction:

CH,0,+0, - CO,+H,0

The combustion of glucose can be easily represented using matrix methods. Furthermore, matrix
approaches are very effective in industrial settings where complicated reactions are widespread. For
example, in chemical manufacturing, balancing reactions involving many intermediates and byproducts
is crucial for increasing yields and reducing waste. Matrix approaches provide a trustworthy foundation
for dealing with such complexities, resulting in accurate and consistent findings (Kumar et al., 2020).

3. Limitations in Cases of Nonlinear Reactions or Biological Pathways

Despite these advantages, matrix approaches have several drawbacks. They are generally intended
for linear systems, in which the interactions between reactants and products can be represented using
linear equations. However, many chemical and biological systems contain nonlinear events such as
enzyme-catalyzed reactions or metabolic pathways, which cannot be directly modelled using linear
algebra (Shores, 2007). For example, in biological systems, responses frequently involve feedback
loops, inhibitors, and activators that generate nonlinearity. Balancing such systems requires more
advanced mathematical procedures, such as differential equations or numerical simulations, as
opposed to matrix methods. Furthermore, matrix approaches may have difficulty representing
reactions with fractional stoichiometric coefficients or intermediate species within a linear framework
(Angelis et al., 2023). Another disadvantage is the reliance on computational resources for large
systems. While matrix approaches are effective for small to medium-sized systems, they can be
computationally demand very large systems, such as those found in systems biology or materials
science. In such circumstances, advanced computational approaches, such as machine learning and
artificial intelligence, may be required to supplement matrix methods (Goel & Manocha, 2024).

Future Prospects and Research Directions
1. Potential for Al-Based Chemical Equation Solvers

The combination of artificial intelligence (Al) and matrix methods shows great potential for the
development of improved chemical equation solvers. Al-based systems can use matrix approaches to
automate chemical equation balancing, as well as pattern recognition and prediction ability to manage
complex and nonlinear reactions (Angelis et al., 2023). For example, vast datasets of chemical
reactions can be used to train Al algorithms to identify common trends and forecast stoichiometric
coefficients for new processes. Al-based solvers can also leverage natural language processing (NLP)
to read and process chemical equations in textual form, making them more accessible to consumers
with limited mathematics or computational skills (Goel & Manocha, 2024). These tools can transform
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chemistry education and research by offering real-time feedback and answers to challenging balance
problems.

2. Application in Chemical Engineering and Reaction Modeling

Matrix approaches offer enormous potential in chemical engineering and reaction modelling, where
precise balancing of chemical equations is essential for process optimization and design. In industrial
settings, matrix approaches can be combined with process simulation software to model and optimize
large-scale chemical reactions such as those found in petrochemical refining or pharmaceutical
manufacturing (Kumar et al., 2020). For example, in reaction engineering, matrix methods can be used
to balance multistep reactions and estimate the intermediate and final product yields. This feature is
especially useful for building continuous flow reactors and optimizing reaction conditions to maximize
efficiency while minimizing waste (Smith, 2012). Furthermore, matrix approaches can be used with
thermodynamic models to anticipate the feasibility and energetics of chemical reactions, thereby
broadening their use in chemical engineering (Chen, 2016).

4. Discussion

The use of matrix approaches in balancing chemical equations, as investigated in this study, is
consistent with previous research, while making distinct additions. This discussion addresses the
similarities and contrasts between the systematic approach described in this study and those presented
by Anton and Rorres (2013) and Angelis et al. (2023), Bronson and Costa (2008), and others by
focusing on their strengths, limitations, and implications. The matrix methods used in this study are
theoretically based on the core principles of linear algebra as defined by Anton and Rorres (2013) and
Lay (2003). These books emphasize the importance of matrix operations, such as row reduction and
determinant computations, in solving linear equations, whereas their focus is on generic applications
of linear algebra. This study tailored these strategies, particularly for balancing chemical equations,
revealing their direct usefulness in chemistry.

Meyer (2023) and Shores (2007) extended matrix analysis to advanced topics such as eigenvalue
problems and matrix decompositions, which are not central to this study. Although these techniques
are valuable in broader mathematical and scientific contexts, their complexity may limit their practical
utility in chemical equation balancing. This study focuses on a more approachable and computationally
efficient approach suitable for students and practitioners without substantial mathematical knowledge.
Regarding the importance of artificial intelligence (Al) in scientific problem-solving, Angelis et al. (2023)
introduced a contrasting yet complementary perspective. Al-based methods, including symbolic
regression and machine learning, automate complex calculations through probabilistic modelling,
whereas the matrix approach in this study is deterministic and rule-based, providing a structured
methodology for chemical equation balancing without reliance on large datasets.

Chen (2016) and Goel and Manocha (2024) investigate matrix methods in network analysis and
dimensionality reduction, respectively, while Bronson and Costa (2008) and Gilbert and Gilbert (2014)
emphasise the practical applications of linear algebra in engineering and physical sciences. This study,
however, narrows its focus to chemical equation balancing, bridging the gap between chemistry and
mathematics.

While Potgieter et al. (2008) investigated the interdisciplinary transfer of mathematical thinking to
chemistry education, emphasizing the need for integrated approaches in science curricula, this study
aligns with their findings by demonstrating how matrix methods can enhance chemical education. While
Potgieter et al. (2008) focused on cognitive transfer, this study provides a concrete application that
reinforces the role of mathematical tools in chemical problem-solving.

Kumar et al. (2020) and Smith (2012) investigate advanced mathematical technigues in specialised
chemical and physical processes like membrane operations and atmospheric modelling. While their
research emphasizes the sophistication of mathematical methods in complex chemical systems, this
study takes a more fundamental approach, focusing on balancing chemical equations, which is a
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fundamental skill in chemistry. In summary, this study demonstrated that matrix methods provide a
systematic, accurate, and scalable approach for balancing chemical equations. Although more
advanced mathematical and Al-based techniques exist, the proposed approach offers a practical,
deterministic solution that is well-suited for education. This contrast highlights the wide range of
mathematical applications in chemical sciences, from basic problem-solving techniques to highly
specialized methodologies.

5. Conclusion

This study demonstrates the efficiency and correctness of matrix approaches for balancing chemical
equations using a systematic and mathematically rigorous approach. Matrix-based methodologies
provide scalable and dependable solutions by describing chemical processes as linear equation
systems, especially for complex reactions involving several reactants and products. Existing research
confirms the usefulness of matrix approaches in addressing both simple and complex reactions such
as redox and combustion processes. Compared with traditional trial-and-error methods, matrix
approaches provide various advantages, including lower computational errors, faster calculations, and
adaptability to large-scale systems.

The structure and repeatability of the matrix approach have several significant advantages. This
method reduces guesswork and increases efficiency by converting the equation-balancing problem
into a linear algebra framework. Row reduction, Gaussian elimination, and null space analysis are
techniques that allow for the precise measurement of stoichiometric coefficients, even in highly
complex reactions. Furthermore, the systematic nature of matrix methods promotes automation,
making them especially useful in industrial applications that require precision and efficiency. In addition
to computational efficiency, the use of matrix methods has important implications for chemistry
education and research. Integrating these strategies into courses can help students to better
understand the mathematical basis of chemistry. By utilizing computational tools, students can shift
their focus from manual calculations to conceptual learning, resulting in a more interesting and
successful instructional environment.

Furthermore, matrix approaches are important for modelling and optimizing chemical
reactions in a variety of scientific disciplines, including materials research, pharmaceutical
development, and environmental chemistry. The capacity to successfully balance complicated
processes has promoted the discovery of new reaction pathways, ultimately leading to advances in
chemical research and industry. In conclusion, matrix methods provide a systematic, economical, and
scalable solution for balancing chemical equations, and have numerous applications in education,
research, and industry. Their incorporation into the chemistry curriculum and computational tools can
improve both theoretical comprehension and practical problem-solving abilities, thus emphasizing the
critical link between mathematics and chemistry.

6. Recommendations

Based on the results of this study, the following recommendations were proposed to improve the
application and effectiveness of matrix methods in balancing chemical equations:
1. Educational integration: Includes matrix methods in chemistry curricula and employs
computational tools to improve learning.
2. Automation Development: Create user-friendly software and Al-powered solutions for effective
chemical equation balancing.
3. Extended Applications: Investigate matrix approaches for reaction kinetics, equilibrium, and
industrial processes.
4. Computational optimization aims to improve the algorithms and high-performance computing
for large-scale chemical systems.
5. Interdisciplinary collaboration—Encourage cooperation between mathematicians and chemists
to improve problem solving.
These recommendations aim to improve the effectiveness, accessibility, and applicability of matrix
methods in chemistry.
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