UNIZIK JOURNAL OF ENGINEERING
AND
APPLIED SCIENCES

UNIZIK Journal of Engineering and Applied Sciences 5(2), June (2025), 2421-2449
Journal homepage: https://journals.unizik.edu.ng/index.php/ujeas
PRINT ISSN: 2992-4383 || ONLINE ISSN: 2992-4391

Influence of Fuel Types and Additives on the Efficiency of Catalytic
Converter Materials in Automotive Applications

Sylvester Chukwutem Onwusa?, Umurhurhur, Edirin Benjamine?, Afabor, Abraham Mathins?,
Mecheal Ighali Ighofimoni®, Ekwemuka, Jones Uchechukwu?® and Uyeri, Oghenerobo Cyril*

1Department of Mechanical Engineering, Delta State University of Science and Technology, Ozoro, Nigeria
2Department of Material/Metallurgical Engineering, Delta State University of Science and Technology, Ozoro,
Nigeria
3Department of Computer Engineering, Delta State University of Science and Technology, Ozoro, Nigeria
Corresponding Author’s: Email:onwusachukwutemsylvester@gmail.com/onwusacs@dsust.edu.ng

Abstract

The increasing demand for sustainable and low-emission transportation has intensified research into improving the efficiency of
catalytic converters (CCs) in automotive applications. One critical challenge lies in understanding how different fuel types and
the incorporation of various additives influence the performance and longevity of CC materials. This study aims to investigate the
impact of conventional and alternative fuels, along with specific fuel additives, on the thermal stability, conversion efficiency,
and degradation behavior of CCs. A combination of thermo gravimetric analysis (TGA), X-ray diffraction (XRD), and scanning
electron microscopy (SEM) was employed to examine the structural and compositional changes in the catalyst materials. Engine
bench testing and exhaust emission analyses were also conducted to evaluate real-time performance. The results revealed that
fuel composition significantly affects the catalytic activity, with certain additives enhancing oxidation reactions while others
accelerate material degradation. Converters exposed to biofuel blends exhibited improved NOx and CO conversion efficiencies,
while metal-based additives led to notable sintering and poisoning effects. It is recommended that future automotive fuel
formulations be optimized not only for combustion efficiency but also for compatibility with advanced catalytic materials to
ensure prolonged converter life and reduced environmental impact.
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1. Introduction

Catalytic converters (CCs) are essential components in modern internal combustion engine (ICE) vehicles, primarily
responsible for reducing harmful emissions such as carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides
(NOx), and particulate matter (PM). They achieve this by utilizing redox reactions enabled by advanced catalytic
materials, including platinum (Pt), palladium (Pd), and rhodium (Rh), often supported by oxygen storage
compounds such as ceria-zirconia (Anderson & Lee, 2016; Balasubramanian et al., 2019). However, despite their
established effectiveness, the performance and durability of CCs face growing challenges due to the evolving
compositions of fuels and the use of additives.

As the automotive industry moves towards more stringent environmental regulations and incorporates various
alternative fuels like biofuels, compressed natural gas (CNG), and hydrogen, it has become essential to understand
how these fuels, along with their additives, interact with CC materials. Traditional fuels such as gasoline and diesel
have unique combustion characteristics: gasoline tends to produce higher levels of carbon monoxide (CO) and
hydrocarbons (HC), while diesel is associated with increased nitrogen oxides (NOx) and PM (Balasubramanian &
Roy, 2013; Brown & Green, 2023). As a result, different fuel types require specialized catalytic systems three-way
catalysts (TWCs) for gasoline engines, and selective catalytic reduction (SCR) or diesel oxidation catalysts (DOCs)
for diesel applications (Green, 2019). The introduction of alternative fuels presents various challenges that affect CC
performance across several aspects. Biofuels like ethanol and biodiesel are often considered sustainable alternatives
to traditional fossil fuels, primarily due to their renewable nature and low sulfur content, which helps reduce sulfur
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oxide (SOx) emissions. However, these fuels have distinct characteristics, such as increased oxygen content and
higher water vapor generation in the exhaust stream. For example, ethanol-blended fuels result in higher oxygen-to-
fuel ratios, which can disrupt the stoichiometric balance needed for optimal catalytic performance, particularly in
three-way catalysts (TWCs) (Gubbi et al., 2013). In biodiesel applications, the presence of unsaturated fatty acid
methyl esters can lead to incomplete combustion, which may increase emissions of unburned hydrocarbons and
particulates (Guerrero-Caballero et al., 2020). Additionally, the elevated water vapor in the exhaust gases
contributes to hydrothermal aging, a process in which catalyst wash coats lose surface area and reactivity due to
prolonged exposure to high-temperature steam. This reduces the catalyst's effectiveness and shortens its operational
lifespan (Guerrero-Caballero et al., 2020).

Similarly, gaseous alternative fuels like CNG and hydrogen offer cleaner combustion properties, generating fewer
particulates and significantly reducing carbon monoxide (CO) and nitrogen oxides (NOx) emissions compared to
gasoline and diesel. Despite these benefits, they also present unique engineering challenges. For instance, hydrogen
combustion leads to higher exhaust temperatures and water vapor production, which can negatively impact catalyst
thermal stability and accelerate degradation when using conventional catalyst formulations not designed for such
conditions (Huang et al., 2020). Furthermore, the absence of carbon-based intermediates in hydrogen combustion
requires the development of modified or entirely new catalytic formulations to address the altered reaction Kinetics
and adsorption characteristics (Huang et al., 2020). Fuel additives introduce additional complexity in the relationship
between fuel composition and catalytic system performance. These chemical agents are commonly added to fuels to
improve properties such as octane rating, lubricity, and combustion efficiency. However, many additives contain
trace elements like sulfur, phosphorus, zinc, manganese, and lead, which are known to damage catalytic materials
either by physical deposition or through chemical bonding with active sites on the catalyst (Jones & Taylor, 2018).
For instance, sulfur-based additives, when combusted, generate sulfur oxides that compete with nitrogen oxides
(NOx) for adsorption sites on the catalyst surface, significantly reducing the efficiency of NOx reduction in both
three-way catalysts (TWCs) and selective catalytic reduction (SCR) systems (Kharrufa et al., 2021). Similarly,
phosphorus and zinc, often found in lubricating oil additives, can form thermally stable phosphates and zinc oxides
that coat catalyst surfaces, blocking access to active sites and leading to irreversible deactivation (Kharrufa et al.,
2021).

Even additives that are generally considered beneficial, such as cerium-based oxygenates and metal-organic
compounds, present challenges. Cerium oxide (CeO,), for example, is used to enhance oxygen storage and promote
soot oxidation in diesel particulate filters (DPFs). However, excessive cerium accumulation can result in sintering at
high temperatures, which forms large crystallites that reduce the oxygen buffering capacity and accelerate catalyst
aging (Kumar et al., 2023). Similarly, certain oxygenates, while improving fuel-air mixing and combustion, may
also contribute to the formation of aldehydes or other intermediate species that are not efficiently processed by
conventional catalyst systems (Kumar et al., 2023). These mixed effects underscore the need for a thoughtful
approach to fuel additive design and highlight the importance of conducting integrated testing with both fuel
compositions and catalyst materials. As the automotive sector advances toward cleaner and more diverse energy
solutions, it confronts a growing challenge: the inflexibility of current CC technologies to accommodate the
changing fuel landscape. Originally designed for conventional fossil fuels, many emission control systems are
increasingly mismatched with modern fuel formulations that include ethanol blends, biodiesels, and advanced
chemical additives (Singh et al., 2021). This mismatch results in inconsistent catalytic efficiency, accelerated
material degradation, and difficulty in meeting tightening emission standards issues that carry significant
environmental and public health implications, particularly in densely populated regions with already poor air
quality.

The urgency of this issue is underscored by two converging global trends: stricter emissions regulations and the
rising cost and scarcity of critical raw materials such as platinum, palladium, and rhodium, which are essential to
catalyst function (Zhang et al., 2022). These pressures necessitate not only more resilient catalyst designs but also a
deeper understanding of how evolving fuel chemistries affect catalyst behavior. This study responds to this need by
investigating the combined effects of fuel types and additive formulations on CC performance and degradation.
Unlike previous research that often isolates single variables, this work adopts a comprehensive approach to evaluate
real-world fuel mixtures and their interactions with catalyst materials. Such an approach is vital given that modern
fuel systems are complex and multifaceted (IEA, 2023). The novelty of this research lies in its comprehensive
examination of the interactive degradation mechanisms namely sintering, poisoning, fouling, and hydrothermal
aging that affect catalytic converter performance. Unlike traditional approaches that often analyze these degradation
pathways in isolation, this study emphasizes the synergistic effects arising from the interplay of various fuel
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components and operating conditions. Through integrating these complex interactions into the analysis, the research
aims to develop a more accurate and predictive model of catalyst behavior, particularly under real-world driving
scenarios where multiple stressors are simultaneously at play. This systems-level perspective enhances the
understanding of catalyst durability and enables more effective design and optimization strategies for emission
control technologies. Such an approach is crucial in the context of increasingly stringent environmental regulations
and the push toward cleaner combustion processes (Zamfirescu & Dincer, 2019; Roy & Baek, 2021; Wang et al.,
2023).

The specific objectives of this study are threefold: to assess the impact of various fuel types including gasoline,
diesel, biofuels, and gaseous alternatives on CC efficiency and aging mechanisms; to investigate how conventional
and emerging fuel additives influence catalytic activity, either enhancing or diminishing emission performance; and
to apply statistical analysis and computational modeling techniques to optimize fuel-additive—catalyst interactions,
with the goal of improving durability and reducing emissions. A review of the existing literature reveals a gap in
integrative studies that reflect the complexity of real-world fuel compositions. Most prior investigations have
examined individual fuels or additives, missing the synergistic or antagonistic effects that emerge in multi-
component fuel systems (Sharma et al., 2020; Park & Kim, 2021). Such oversimplifications fail to account for key
degradation phenomena including sulfation, carbon deposition, and phase transformations that occur when multiple
compounds interact simultaneously (Li et al., 2020; Ahmed et al., 2022). For instance, sulfur-containing fuels
enhance the sulfation of active catalytic sites, reducing NOx conversion efficiency. Biodiesel increases particulate
emissions, promoting fouling of the catalyst surface. Meanwhile, alcohol-based fuels elevate exhaust moisture
content, intensifying hydrothermal degradation of wash coats under high-temperature conditions (Li et al., 2020;
Ahmed et al., 2022). Despite the prevalence of these interacting factors in real-world conditions, integrated analyses
remain limited, leading to gaps in knowledge and suboptimal catalyst design strategies.

Moreover, reformulation efforts for fuel additives often lack a mechanistic understanding of how these additives
interact with catalytic surfaces, resulting in inconsistent outcomes. Regulatory discrepancies between regions further
complicate the optimization of additive-catalyst compatibility, highlighting the need for a unified modeling and
validation framework (Miller & Chang, 2019). This study differentiates itself by employing a multi-layered
modeling strategy to investigate fuel-additive-catalyst interactions. It utilizes the Langmuir-Hinshelwood (L-H)
model to simulate competitive adsorption and surface reaction kinetics, which is well-suited to the complexities of
multi-component exhaust streams in catalytic converters. While the L-H model assumes uniform surface properties
and detailed kinetic data, its ability to simulate competitive adsorption under dynamic conditions makes it
particularly appropriate for this application (Gopal et al., 2022). In comparison, the Eley-Rideal model and empirical
power-law models, though useful for certain analyses, are less effective in capturing the intricate effects of multi-
step reactions or fuel-induced catalyst aging (Wu & Lee, 2019; Torres et al., 2021). To address these limitations, the
L-H model is integrated with Computational Fluid Dynamics (CFD) and chemical kinetics simulations using tools
like COMSOL Multiphysics, MATLAB, and Python-based toolkits. These computational techniques allow for the
modeling of spatial and temporal gradients within the converter and provide predictions regarding deactivation
trends, surface coverage changes, and localized hot spots (Raghavan et al., 2020).

Despite these advancements, a comprehensive framework that combines kinetic modeling, empirical data, and real-
world validation for simulating the impact of alternative fuel systems on CC performance is still lacking (Li et al.,
2020; Ahmed et al., 2022). Although recent calls have been made for integrating surface science with system-level
modeling, few studies have successfully implemented this approach in a way that informs both design and policy
simultaneously (Gopal et al., 2022). However, through seamlessly integrating advanced computational modeling
with rigorous empirical validation, this research introduces a novel aspect and comprehensive framework for
predicting and optimizing CC degradation behavior under complex and variable fuel conditions. The study
systematically quantifies the influences of a wide range of fuels and fuel additives on key catalytic reactions,
shedding light on the intricate chemical and physical mechanisms that govern catalyst performance. Furthermore, it
simulates the dynamic evolution of these effects over time, incorporating real-world engine operating conditions
such as fluctuating temperatures, varying load cycles, and transient emissions profiles. This integrated methodology
addresses critical limitations in the current body of research, particularly the lack of predictive tools capable of
accounting for both short-term performance fluctuations and long-term degradation pathways in CCs.

By offering predictive insights and robust validation strategies, the study lays the foundation for the rational design
of next-generation CCs that are not only more resilient to fuel variability but also more cost-effective by minimizing
reliance on scarce and expensive precious metals. In addition, the research advances the development of
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standardized evaluation protocols for fuel additives, ensuring consistent assessment of their effects on catalyst health
and system durability. The findings have broader implications, providing evidence-based recommendations that can
inform regulatory policy, guide sustainable fuel formulation strategies, and shape industry practices in catalyst
design and certification processes. Ultimately, the innovations stemming from this work will accelerate the
transition toward fuel-flexible, low-emission automotive technologies, contributing meaningfully to global
sustainability efforts and supporting the realization of cleaner, greener transportation systems.
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Figure 1a: Visual abstract summary of influence of fuel types and additives on the efficiency of CC materials in
automotive application

2. 0. Materials and Methods.
2.1. Materials
a. CC Substrate Materials
i. Cordierite (2MgO-2Al;03-5Si05): Selected for its excellent thermal stability and low thermal
expansion, widely used as a monolithic substrate in CCs.
ii. Metallic Substrates (Fe-Cr-Al alloy): Employed for comparison due to their high thermal conductivity
and durability under high-temperature operating conditions.
b. Catalyst Coating Materials
i. Platinum (Pt), Palladium (Pd), and Rhodium (Rh): These noble metals were used as active catalytic
materials due to their high oxidation and reduction efficiency. Specific loadings of Pt:Pd:Rh in standard
ratios (e.g., 5:15:1) were coated on the substrates through wash coating techniques.
ii. Alumina (Al;03) Wash coat: Used as a high surface area support for dispersing the noble metals.
c.  Fuel Types
i. Gasoline (Petrol): Commercial-grade, with known octane rating and sulfur content.
ii. Diesel: Low-sulfur automotive diesel fuel conforming to EN 590 standards.
iii. Ethanol-Blended Fuel (E10 and E85): Ethanol blended with gasoline at 10% and 85% concentrations,
respectively, to evaluate effects on emissions and catalyst performance.
iv. Biodiesel (B20 and B100): Fatty acid methyl esters (FAME) derived from vegetable oil, blended at 20%
and used as pure biodiesel.
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Additives

d. Fuel
i

Manganese-based Additive MMT-Methylcyclopentadienylmanganese Tricarbonyl): Used to evaluate the
impact of metallic additives on catalyst degradation.

Detergent Additives: Commercial polyetheramine-based detergents included to assess potential effects
on combustion cleanliness and catalyst fouling.

Oxygenates (e.g., MTBE - Methyl tert-butyl ether): Included to study their influence on complete
combustion and NOx formation.

e. Engine Test Rig and Exhaust Analysis Equipment

Single-Cylinder Test Engine: Equipped with an electronic control unit (ECU) to simulate real engine
conditions under different fuel and load scenarios.

Gas Analyzers: Used for measuring CO, CO,, HC, and NOx concentrations before and after the catalytic
converter.

Thermocouples and O, Sensors: Deployed to monitor temperature profiles and oxygen availability
along the catalyst bed.

f. Material Characterization Tools
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i Scanning Electron Microscopy (SEM): For microstructural analysis of catalyst surfaces pre- and post-
experiment.
ii. X-ray Diffraction (XRD): Used to examine crystalline phase changes in catalyst materials.
iii. Brunauer-Emmett-Teller (BET) Analysis: Employed to determine surface area of

2.2. Methods
2.2.1. Experimental Setup for Catalyst Evaluation
To comprehensively assess CCs performance, a dual-method approach was adopted, combining controlled
laboratory experiments and real-world engine testing:
a. Laboratory-Based Testing
i.  Catalytic Reactor Systems: Small-scale laboratory reactors were used to simulate the conditions of
automotive exhaust systems.
ii. Synthetic Exhaust Simulation: These systems allowed the exposure of catalyst samples to artificial
exhaust gas mixtures, carefully formulated to mimic real exhaust conditions.
iii. Controlled Environment: Experiments were conducted under varying: Temperatures, Gas compositions
and Operating conditions (stoichiometric, rich, and lean)
iv. Purpose: This method enabled precise control over variables to evaluate catalyst efficiency and reaction
behavior under repeatable conditions.

[Gas Cylinder] ---> [Mass Flow Controller] ---> [Preheater] ---> [Catalyst Reactor] --[Gas Analyzer] --->
[Exhaust/Vent] ---> [Thermocouple]

Figure 1b: Experimental setup for catalyst evaluation

b. Real-World Engine Testing
i Engine Test Beds: Catalytic converters were installed in operational internal combustion engine systems.
ii. Fuel Variability: Tests were conducted using different: Fuel types (e.g., gasoline, ethanol blends,
biodiesel) and additive formulations (e.g., oxygenates, detergents)
iii. Dynamic Load Conditions: Engines were run under various load and speed settings to simulate actual
driving scenarios.
iv. Emission Measurement: Real exhaust gases were analyzed to assess pollutant reduction and catalyst
efficiency in practical conditions.
¢. Combined Approach Justification
i Laboratory Testing provided controlled, repeatable conditions for fundamental understanding.
ii. Real-World Testing validated performance under operational variability.
iii.  The integration of both methods ensured: Robust characterization of catalyst behavior and realistic
performance assessment relevant to actual vehicle applications.
2.2.2. Performance Evaluation Criteria
Catalyst performance was assessed using a series of standardized metrics to quantify both efficiency and durability:
2.2.3 Conversion Efficiency
Conversion efficiency was determined by measuring the transformation of harmful exhaust gases namely carbon
monoxide (CO), hydrocarbons (HC), and nitrogen oxides (NOy) into benign compounds such as carbon dioxide
(COy), nitrogen (N;), and water (H,0). Gas analyzers were used to monitor inlet and outlet concentrations under
varying thermal and operational conditions, providing insights into catalytic activity across different engine loads
and fuel types.
2.2.4 Catalyst Poisoning and Deactivation
Deactivation studies focused on the impact of common fuel-borne impurities, including sulfur, phosphorus, and
heavy metals. These elements were introduced via doped fuels to evaluate their interaction with catalyst surfaces.
For example, sulfur contamination was shown to form sulfates on active sites, impeding conversion reactions and
accelerating performance decline. Long-term exposure scenarios were simulated to assess cumulative deactivation
effects.
2.2.5 Catalyst Material Characterization Techniques
A suite of advanced characterization tools was employed to investigate the physical and chemical transformations
occurring in catalytic materials during and after operation:
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2.2.6 Surface Morphology and Elemental Composition

Scanning Electron Microscopy (SEM) combined with Energy-Dispersive X-ray Spectroscopy (EDS) provided high-
resolution imaging and elemental mapping of catalyst surfaces. These techniques enabled the detection of sintering,
surface cracking, and deposition of contaminant species, particularly after prolonged thermal exposure.

2.2.7. Structural and Chemical Analysis

X-ray Diffraction (XRD) was used to analyze crystallographic phase changes and detect structural degradation in
catalyst materials, while Fourier-Transform Infrared Spectroscopy (FTIR) enabled the identification of chemical
interactions between exhaust species and catalyst surfaces. Together, these tools provided a molecular-level
understanding of aging mechanisms and reaction pathways.

2.2.8. Durability and Stability Testing

To simulate long-term service conditions and evaluate the resilience of catalyst materials, several durability tests
were conducted:

2.2.9 Thermal Aging

Catalyst samples were subjected to elevated temperatures ranging from 900°C to 1100°C to simulate high-
temperature operating environments. These tests were used to assess resistance to sintering, phase transformation,
and overall thermal degradation.

2.2.10. Hydrothermal Stability

Given the elevated moisture levels in exhaust gases from alternative fuels such as ethanol and biodiesel,
hydrothermal testing was performed by introducing controlled amounts of water vapor into exhaust gas streams. The
goal was to evaluate the catalysts' structural and functional stability under prolonged exposure to high-temperature,
high-humidity conditions.

2.2.11. Computational Modeling and Simulation

To complement experimental findings and support predictive analysis, computational modeling and simulation
techniques were integrated into the methodology:

2.2.12. Computational Fluid Dynamics (CFD)

CFD modeling was employed to simulate the flow dynamics and chemical reactions within the CC under varying
exhaust conditions. The models accounted for factors such as gas velocity, temperature gradients, and reaction
Kinetics, enabling optimization of converter geometry and internal flow paths.

2.2.13. Reaction Kinetics Modeling

Detailed reaction kinetics models were developed to predict interactions between fuel additives and catalyst
surfaces. These models helped identify potential deactivation pathways and supported the design of more robust
catalyst formulations. Special attention was given to the incorporation of the Langmuir-Hinshelwood (L-H)
mechanism, which was coupled with CFD simulations for a more holistic representation of surface reaction
dynamics.

The modeling framework was implemented using MATLAB, COMSOL Multiphysics, and Python-based scientific
libraries. These tools enabled high-fidelity simulations that considered transient surface coverage, thermal
fluctuations, and catalyst degradation. The integrated modeling approach offered valuable insights into how complex
fuel blends and additive chemistries influence catalytic behavior, ultimately guiding the development of adaptive
emission control systems.

Figure 2: A schematic diagram of an engine test setup
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i Engine — The internal combustion engine under test.

ii. Dynamometer — Measures engine torque and speed; used to apply load.
iii. Control Panel — Interfaces for monitoring and controlling test parameters.
iv. Cooling System — Cools engine and dynamometer.

V. Pump — Circulates coolant or lubricating oil.

Vi. Heat Exchanger — Removes heat from coolant/oil.
Vii. Fuel Tank — Supplies fuel to the engine.
viii. Fuel Flow Meter — Measures fuel consumption rate.

iX. Exhaust Gas Line — Directs exhaust gases to analyzers or treatment units.
X. Exhaust Gas Analyzer — Measures CO, CO,, NO,, HC, etc.

xi.  Smoke Meter — Measures particulate/smoke density in exhaust.
xii.  Air flow meter — Air intake system with air flow meter.
xiii.  Crank angle encoder — Crank angle encoder or TDC marker for combustion analysis.

XiV. Air Filter — Filters the intake air.

2. 3. Experimental Procedures
2.3.1. Fuel Preparation and Additive Characterization

The experimental campaign began with the formulation of fuel samples through the controlled blending of
conventional and alternative fuels with selected additives. Each mixture was engineered to represent a distinct
chemical profile for targeted evaluation. To ensure the precision of additive incorporation, gas chromatography
(GC) was employed to analyze the composition of the prepared fuels. This analytical step was critical in validating
the consistency and accuracy of the test samples prior to catalytic evaluation.

2.3.2. Catalyst Deposition and Reactor Integration

Catalyst materials were synthesized and deposited onto thermally stable substrate supports using the wet
impregnation technique. This method ensured uniform distribution of active components across the support surface.
The impregnated catalysts were then dried, calcined, and loaded into laboratory-scale reactor systems or integrated
into full-scale vehicle exhaust assemblies. This process enabled both controlled and application-relevant
performance assessments.

2.3.3. Controlled Testing Conditions

Catalytic performance testing was conducted under rigorously controlled laboratory conditions, designed to simulate
real-world exhaust environments. Critical operational parameters included:

i Temperature Control: Reactor temperatures were precisely regulated between 200°C and 1100°C,
corresponding to typical exhaust temperatures experienced in internal combustion engines under various
load conditions.

ii. Exhaust Flow Rate and Gas Composition: Synthetic exhaust gases were introduced into the system at
calibrated flow rates and concentrations, simulating standard automotive exhaust profiles. Gas mixtures
typically included CO, NOy, HC, O, N, and in some cases, SO, and H,O vapor to replicate conditions
associated with specific fuels or additive packages.

2.3.4. Emissions Monitoring and Analysis

Quantitative assessment of emission conversion was carried out using advanced gas-phase diagnostic equipment.
Real-time measurements were conducted using gas analyzers and mass spectrometry to determine the concentration
of key pollutants namely carbon monoxide (CO), nitrogen oxides (NOx), hydrocarbons (HC), and sulfur dioxide
(SO,) both upstream and downstream of the CC. These measurements provided direct insight into the conversion
efficiency of each catalyst formulation under varying fuel and additive conditions.

2.3.5. Post-Reaction Catalyst Characterization

Following catalytic testing, samples were subjected to post-mortem analysis to evaluate structural and chemical
changes induced by operation. These analyses focused particularly on surface degradation and contaminant
deposition:

i Scanning Electron Microscopy (SEM): Employed to examine surface morphology, detect structural
deterioration, and identify deposit accumulation.
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ii. X-ray Photoelectron Spectroscopy (XPS): Used to analyze the chemical state of catalyst surface
elements, particularly with regard to the presence of poisoning agents such as sulfur or phosphorus. These
techniques provided microstructural and chemical insights into catalyst deactivation pathways.

2.3.6. Data Analysis and Catalyst Optimization

Experimental data were systematically analyzed to determine the influence of specific fuels and additives on
catalytic performance. Key findings were interpreted in the context of reaction kinetics, thermal stability, and
resistance to deactivation. Based on these insights, optimization studies were conducted to refine catalyst
formulations. The objective was to enhance resistance to common deactivation mechanisms while maintaining high
conversion efficiency across a broad range of operating conditions and fuel chemistries.

Experimental Procedures
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Figure 3: A flowchart of the experimental procedures.

2.3.7. Computational Simulation of CC Design
Using computational tools like MATLAB, COMSOL Multiphysics, or Python, we can simulate the entire

catalytic process, incorporating all of the above models. For instance, a CFD simulation coupled with Langmuir-
Hinshelwood kinetics can be used to evaluate the effectiveness of different fuel types and additives under varying
exhaust conditions. The overall process would involve:

COMPLUTATIONAL SIMUSNLATION OF
CATALYTIC CONVERTER DESIGN
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Figure 4: A flow chart of the computational simulation of CC design
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2.3.8. Mathematical Derivatives Equations and Calculations
Below are key components that might involve mathematical formulations and calculations in such a study:

1. Catalytic Reaction Kinetics

The core of CC performance is understanding the rate at which exhaust gases interact with the catalyst. We can
model these reactions using the Langmuir-Hinshelwood (L-H) model, which describes surface reactions involving

adsorbed reactants.
a).Langmuir-Hinshelwood Model

The L-H model assumes that both reactants (e.g., CO, HC, NOx) are adsorbed on the catalyst surface before
reacting. The rate of the reaction is determined by the adsorption of reactants and the surface reaction. The general

form of the Langmuir-Hinshelwood equation for a bimolecular surface reaction can be expressed as:

_ k'Kpg'KpCaCp
(1+KaCaKpCp)

Where:
e ris the reaction rate (mol/s-m?),
k is the rate constant (1/s),

o))

Ka and Kg are the adsorption constants for reactants A and B (1/Pa),
Ca and Cg are the concentrations of reactants A and B (mol/m3).



Onwusa et al./ UNIZIK Journal of Engineering and Applied Sciences 5(2), 2421-2449 2431

This equation models the reaction rate as a function of the concentration of reactants and their adsorption on the
catalyst surface. For multi-component fuels, we would have to modify the equation to account for the interactions
between different fuel components (e.g., CO, HC, NOx, O,).

b).Rate of Deactivation (Poisoning)
The deactivation of the catalyst due to poisoning from additives (e.g., sulfur, phosphorus) can be modeled as
I deact = k deact * C poison * Aactive (2)

Where:
® rgeact_ IS the rate of catalyst deactivation (mol/s-m?2),
o Kt isthe deactivation rate constant (1/s),
o C poison IS the concentration of the poisoning element (mol/m3),
e A aive is the active surface area of the catalyst (m?2)
c). Catalytic Efficiency
e The efficiency of a CC can be defined by the extent to which it reduces harmful emissions, such as CO,
HC, and NOx. The conversion efficiency can be calculated using the following equation;

Ci —C,
— m(/:e:T out % 10 (3)
in/eT

Where:
e 1 is the catalytic efficiency (%),
e  Cinet and Coutet are the concentrations of pollutants (e.g., CO, HC, NOXx) at the inlet and outlet of the
catalytic converter (mol/m3).
d). Exhaust Gas Flow and Temperature Distribution
e Using Computational Fluid Dynamics (CFD), the gas flow within the CC can be simulated. The
conservation of mass and energy within the converter can be modeled using the following equations:

Wyy-pr)=0 @)
Where:
e pisthe gas density (kg/m3),
e v isthe velocity vector (m/s),
e tistime (s).
e).Energy Conservation
2D V- (PVR) =T - (KVT + Q) )

Where:
¢ his the enthalpy (J/kg),
e« is the thermal conductivity (W/mK),
e T is the temperature (K),
o Q represents heat sources or sinks (\W/m3).
These equations model the flow and temperature distribution of exhaust gases as they pass through the CC, affecting

the reaction rates and overall efficiency.
f). Multi-Fuel and Additive Interactions
For multi-fuel systems, the interactions between various fuel components and additives must be considered. One
approach could be to calculate the total reaction rate as a weighted sum of the individual contributions of each fuel
component. For example, if a mixture of gasoline and ethanol is used, the overall reaction rate could be expressed
as:

I total = I gasoline * I ethanol ... 7
Where each r term represents the reaction rate contribution of each fuel type.
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g). Catalyst Lifetime Prediction
The lifetime of a catalytic converter is influenced by catalyst deactivation and poisoning. The degradation over time
can be modeled using an exponential decay function:

n(0) = o - e~kdeact™ ®

Where

n(t) is the efficiency at time t,

n0is the initial efficiency,

kdeact is the deactivation rate constant,
t is the time of operation (hours).

2.3.9. Statistical Significance

In this study, statistical significance was employed to determine whether the variations in CC efficiency observed
under different fuel types and additives were the result of actual experimental effects or merely due to random
variation. The p-value was used as a standard measure to evaluate the credibility of these effects. A p-value
quantifies the probability of obtaining the observed results or more extreme outcomes under the assumption that the
null hypothesis (i.e., no effect or difference) is true. Conventionally, a p-value below 0.05 is regarded as statistically
significant, indicating that the observed result is unlikely to have occurred by chance. For example, if the effect of a
particular fuel additive on CC efficiency yields a p-value of 0.04, this suggests there is only a 4% probability that the
improvement occurred randomly. Therefore, the result supports rejecting the null hypothesis and confirms that the
fuel additive has a statistically significant impact on CC efficiency. This threshold-based evaluation provides a
systematic basis for validating whether different fuel formulations genuinely influence the performance of CC
materials in practical automotive scenarios.

2.3.10. Confidence Intervals (Cls)
To complement the analysis of statistical significance, confidence intervals (Cls) were used to estimate the range
within which the true effect of various fuel types and additives on CC efficiency is likely to fall. A 95% CI was
adopted to ensure a high level of statistical reliability.
A 95% CI implies that if the same study were conducted multiple times, 95% of the calculated intervals would
contain the true value of the effect. This enhances confidence in the findings' reproducibility and practical relevance.
For instance, if the addition of a specific fuel additive results in an 8% improvement in CC efficiency, with a 95%
Cl of (5%, 11%), it suggests that the actual improvement is highly likely to fall between 5% and 11%.
The width of the confidence interval indicates the precision of the estimate:

a. A narrow CI reflects greater precision and less variability in the results.

b. A wider ClI implies more uncertainty, which may stem from limited sample size or data variability.
2.3.11. Interpreting the Results
Together, the statistical significance and CI analyses offer a comprehensive understanding of the effects of fuel
types and additives on CC efficiency.

a. A p-value less than 0.05 indicates that the improvement in CC efficiency is statistically significant,

meaning it is unlikely to be the result of random variation.

b.  The confidence interval provides context for the magnitude and reliability of the observed effect. A narrow
range denotes high precision, while a broader range may indicate variability but still offers a meaningful
estimate. By integrating these two statistical tools, the study establishes a strong foundation for its
conclusions. The results confirm that fuel types and additives exert a significant and measurable impact on
CC performance. These findings contribute valuable insights for optimizing fuel formulations and
enhancing the environmental efficiency of automotive emission control systems.

3.0. Results

Table 2 provides insights into the performance of catalytic converters using different fuels and additives: CNG
(Compressed Natural Gas) and Synthetic Additives exhibit the highest conversion efficiencies, with CO at 94%,
NOx at 91%, and HC at 92%. Gasoline with Ethanol Blends shows a marginal improvement in efficiency compared
to plain gasoline. Diesel and Biodiesel options show lower efficiencies, likely due to the higher soot and particulate
content, which affects the catalyst surface. Regarding material degradation, catalytic materials degrade least with
CNG and synthetic additives (1.2%) compared to higher degradation rates for diesel and biodiesel (up to 4.5%).
Ethanol blends increase degradation in gasoline-powered systems, likely due to moisture-induced corrosion.
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Additionally, data interpretation is visualized in the accompanying bar chart (Figure 6), which depicts the
conversion efficiencies of CO, NOx, and HC for various fuel types and additives. The degradation characteristics are

further illustrated in the box plot (Figure 7), which compares material degradation rates across different fuel and
additive combinations

Table 2: The impact of different fuel types and additives on CC efficiency

Fuel Additive CO Conversion ~ NOx Conversion HC Conversion Material Degradation
Type Efficiency (%) Efficiency (%) Efficiency (%) Rate (% over 10k miles)
Gasoline None 85 80 78 2.5
. Ethanol
Gasoline (E10) 88 82 81 3.0
Diesel None 70 75 65 4.5
. Biodiesel
Diesel (B20) 73 77 69 4.0
CNG None 92 88 90 15
Synthetic
CNG Additive 94 91 92 1.2
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Figure 6: A bar chart conversion efficiencies CO, NOx and HC for various fuels
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. Figure 7: Box plot of material degradation rate by fuel type and additive



2434 Onwusa et al./ UNIZIK Journal of Engineering and Applied Sciences 5(2), 2421-2449

Table 3: The role of oxygen content in fuels on CC performance under varied operating conditions.

Fuel Blend Oxygen Content (%) Temperature (°C) Flow Rate (L/min) Conversion Efficiency (%6)

Gasoline 0.0 200 20 65
Gasoline 0.0 400 20 75
E10 (10% Ethanol) 35 200 20 72
E10 (10% Ethanol) 35 400 20 80
E85 (85% Ethanol) 29.5 200 20 85
ES85 (85% Ethanol) 29.5 400 20 90
Gasoline 0.0 200 40 60
Gasoline 0.0 400 40 70
E10 (10% Ethanol) 35 200 40 68
E10 (10% Ethanol) 35 400 40 76
ES85 (85% Ethanol) 29.5 200 40 80
E85 (85% Ethanol) 29.5 400 40 85

Table 3 demonstrates that higher oxygen content, such as in E85, enhances catalytic efficiency by promoting
better combustion and reducing pollutant generation. Catalytic efficiency also improves at higher temperatures
(400°C versus 200°C), indicating optimal operation of the catalytic converter. However, at higher flow rates (40
L/min), efficiency decreases slightly, likely due to a reduction in residence time for pollutant conversion.
Additionally, the bar chart (Figure 8) shows a significant improvement in catalytic efficiency with the use of
oxygenated fuels (E10 and E85) compared to regular gasoline. Efficiency increases with temperature, highlighting
the importance of thermal activation in catalytic converters. A slight reduction in efficiency is observed at higher
flow rates, likely due to shorter interaction time between the exhaust gases and the catalyst. Furthermore, the box
plot (Figure 9) illustrates the contribution of different fuel blends to average catalytic efficiency, clearly showing
that fuels with higher oxygen content particularly E85 contribute the most, followed by E10 and then gasoline. This
highlights the advantage of oxygenated fuels in reducing emissions through improved catalytic performance.

Catalytic Efficlency by Fuel Blend and Operating Conditions
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Figure 8: Catalytic efficiency by fuel blend and operating conditions
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Box Plot of Average Catalytic Efficiency by Fuel Blend
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Figure 9: A box plot of average catalytic efficiency contribution by fuel blends

Table 4: Effects of fuel additives on CC efficiency

Additive Type Efficiency Improvement (%) Efficiency Decrease (%0) Net Effect

Detergents 15 2 Positive
Cerium-based compounds 20 1 Strongly Positive
Sulfur compounds 2 25 Negative
Phosphorus compounds 3 30 Strongly Negative

Heavy metals 1 40 Strongly Negative

Table 4 provides an analysis of how different fuel additives impact the efficiency of CCs, highlighting the
percentage of improvement or decrease in efficiency, as well as the overall net effect. Detergents show a 15%
efficiency improvement and a 2% efficiency decrease, resulting in a positive net effect, as they improve CC
efficiency with minimal negative impact. Cerium-based compounds demonstrate a 20% efficiency improvement and
a 1% efficiency decrease, leading to a strongly positive net effect, as these additives significantly boost efficiency
with very little negative impact. Sulfur compounds, on the other hand, show only a 2% efficiency improvement but a
25% decrease in efficiency, resulting in a negative net effect, as the substantial decrease outweighs the small gain.
Phosphorus compounds exhibit a 3% improvement in efficiency but a 30% decrease, leading to a strongly negative
outcome, as the slight improvement is overshadowed by the large decrease. Finally, heavy metals show a 1%
efficiency improvement and a 40% decrease, resulting in a strongly negative net effect, as the minimal efficiency
gain is combined with a significant drop in efficiency. The graphical representation of the data is provided in the line
graph (Figure 10), which illustrates the efficiency improvements and decreases for various fuel additive types. This
visual highlights the contrast between additives with beneficial effects and those with detrimental impacts.
Additionally, the box plot (Figure 11) compares the distribution of efficiency improvement and decrease percentages
across different fuel additive types, emphasizing the variability and overall effect trends among the additives.
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Figure 10: The line graph showing the efficiency improvements and decreases for various fuel additive types.

Box Plot of Efficiency Change Percentages by Type
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Figure 11: The box plot comparing the distribution of efficiency improvement and decrease percentages across
different fuel additive types.

Table 5: Focusing on catalyst performance metrics, fuel composition variability, and additive effects.

Parameter Scenario 1 Scenario 2 Scenario 3 Scenario 4
Fuel Composition (% ethanol) 10 20 30 40
Additive Concentration (ppm) 50 100 150 200
Catalyst Efficiency (%) 92 88 85 80
Precious Metal Usage (mg) 25 2.0 1.8 15
Cost Efficiency ($/unit) 50 45 42 40

Table 5 provides information on the impact of fuel composition, additive concentration, and precious metal
utilization on catalyst efficiency. As ethanol content increases, catalyst efficiency decreases. Higher additive
concentrations are correlated with reduced catalyst efficiency, likely due to surface poisoning or fouling. Optimizing
the use of precious metals helps reduce costs without significantly compromising efficiency. Overall, higher ethanol
content and additive concentration negatively affect catalyst efficiency due to surface deactivation, while optimizing
precious metal usage successfully reduces costs while maintaining acceptable performance. These trends are
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illustrated in the accompanying visualizations. The line graph (Figure 12) represents catalyst performance metrics,
fuel composition variability, and additive effects across different scenarios, clearly showing the downward trend in
efficiency as ethanol content and additive concentration rise. The bar chart (Figure 13) compares each catalyst
performance metric across all four scenarios, highlighting how values shift in response to changes in fuel
composition and additive concentration. Additionally, the box plot (Figure 14) underscores the distribution and
variability of each performance metric, offering insights into consistency and dispersion across parameters.

Line Graph of Catalyst Performance Meaetrics Across Scenarios
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Figure 12: The line graph representing catalyst performance metrics, fuel composition variability, and additive
effects across different scenarios

Bar Chart of Catalyst Performance Metrics Across Scenarios
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Figure 13: A bar chart compares each catalyst performance metric across all four scenarios, showing how values
change with fuel composition and additive concentration.
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Box Plot of Catalyst Performance Metrics
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Figure 14: A box plot highlights the distribution and variability of each performance metric.

Table 6: The durability of ceria-zirconia, perovskite and alternative materials, analyzing the performance of new
materials.

Chemical Poisoning

Durability at Thermal Aging Oxygen Storage

Material ; o Resistance . o Resistance o
High Temp (°C) (Score) Resistance (%) (Score) Capacity (%)
Cerla—erconla 1100 7 75 6 85
(Baseline)
Perovskite A 1200 8 80 7 90
Perovskite B 1250 9 85 8 92
Metal-Organic
Framework X 1000 6 70 5 8
Metal-Organic 1050 7 79 6 80

Framework Y

Table 6 highlights key properties of various catalysts. Perovskite B demonstrates exceptional durability at high
temperatures, with a tolerance of up to 1250°C, making it highly suitable for extreme exhaust conditions. In terms of
chemical and poisoning resistance, perovskites generally outperform ceria-zirconia, achieving scores between 7 and
9. Thermal aging resistance is another area where Perovskite B excels, retaining 85% of its initial properties even
after prolonged exposure to high temperatures. Additionally, while ceria-zirconia exhibits commendable oxygen
storage capacity, Perovskite B surpasses it with an impressive capacity of 92%. The visual representations of the
data provide a comprehensive comparison of key performance metrics for ceria-zirconia and alternative materials.
The line graph (Figure 15) displays performance trends of different materials across multiple durability and
efficiency parameters, clearly showing the superior behavior of Perovskite B across most metrics. The bar chart
(Figure 16) compares each material’s performance metric side by side, allowing for clearer quantitative analysis.
Furthermore, the box plot (Figure 17) highlights the spread and central tendency of each performance parameter,
offering insights into consistency and variability among the materials. Together, these visuals effectively underscore
the variations in performance and the advantages offered by newer material alternatives



Onwusa et al./ UNIZIK Journal of Engineering and Applied Sciences 5(2), 2421-2449 2439

Line Graph of Matenal Durability and Performance Metrics

——
12700 e ——— e ——
. — ‘—_____-_ — )3
1000 S——
Propernty
800 -
Dursbility st High Temp (*C)
= Chemical Resistance (Score)
g aoo — Thermal Aging Resistance (%)
— Polsoning Resistance |Score)
400 — Ouygen Storage Capacity (")
200
-
o
= “
& B> e ‘;‘-* “
3 O e ~ <~
> <« X «F @«
f~‘“‘f f;.‘ gces‘
g | o
o 2 5
> o
Mataerial

Figure 15: Line Graph — Displays performance trends of different materials across multiple durability and
efficiency parameters.

Bar Chart of Material Durability and Performance Metrics
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Figure 16: Bar Chart — Compares each material’s performance metric side by side for clearer quantitative analysis
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Figure 17: Box Plot — Highlights the spread and central tendency of each performance paramet
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Table 7: Catalyst Efficiency across Scenarios

Scenario 1 (Low Scenario 2 Scenario 3 (High Scenario 4
Parameter o (Moderate . .
Impurities) sulfur) Sulfur & Phosphorus) (Regeneration Applied)
Sulfur Concentration 10 50 100 100
(ppm)
Phosphorus
Concentration (ppm) 5 20 50 50
Catalyst Efficiency
(%) 95 88 75 85
Thermal Stability (% 90 80 60 85
retained)
Fouling Resistance 9 7 5 8
(Score)
Active Site Sintering 3 5 8 4
(Score)

Table 7 highlights a significant decline in catalyst efficiency as sulfur and phosphorus concentrations increase,
with Scenario 3 exhibiting the lowest efficiency at 75%, indicating severe deactivation. High levels of sulfur and
phosphorus also worsen thermal stability, reducing it to 60% in Scenario 3. However, stability improves to 85%
following regeneration in Scenario 4. Fouling resistance decreases under higher impurity levels but shows
substantial improvement after the application of regeneration techniques. Active site sintering intensifies due to
high-temperature operation and sulfur exposure, as observed in Scenario 3, while regeneration in Scenario 4 helps
alleviate some of the sintering effects. These trends are visually supported by Figure 18, which shows how each
parameter changes across the four scenarios using a line graph. Additionally, Figure 19 provides a grouped bar chart

comparison of values for each parameter, and Figure 20 presents a box plot illustrating the distribution, median, and
range of values across all scenarios.

.
-
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.

Figure 18: Line Graph — shows how each parameter changes across the four scenarios.
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Figure 19: Bar Chart — provides a grouped comparison of values for each parameter across scenarios.
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Figure 20: Box Plot — displays the distribution, median, and range of values for each parameter across all
scenarios.
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Table 8: Evaluation of fuel types and additives on emission reductions

Additive CcO NOx HC PM Catalvst
Fuel Type Concentration Reduction  Reduction  Reduction  Reduction Efficiency (%)
(ppm) (%) (%) (%) (%) Y
Diesel
(Conventional) 50 20 15 25 10 85
Biodiesel (B20) 50 25 20 30 15 88
Ethanol (E10) 50 30 25 35 20 90
Hydrogen 0 50 40 10 5 95

Table 8 highlights the emission reduction performance of various fuels. Hydrogen achieves the highest
reduction in CO and NOx emissions, with reductions of 50% and 40%, respectively, demonstrating superior
emission performance. For hydrocarbons and particulate matter, ethanol blends (E10) show the best results among
renewable fuels. Catalyst efficiency is highest with hydrogen fuel, reaching 95%, due to its production of fewer
contaminants that interfere with catalytic systems. Biodiesel (B20) and ethanol (E10) also maintain high efficiency,
attributed to their cleaner combustion profiles compared to conventional diesel. The role of additives reveals that
moderate concentrations can enhance emissions performance but may still contribute to catalyst fouling and
degradation over time. These comparative trends are further illustrated in Figure 21, which shows how each
emission reduction metric and catalyst efficiency varies across the four fuel types using a line graph. Figure 22
presents a bar chart offering a grouped comparison of all parameters by fuel type, while Figure 23 uses a box plot to
visualize the distribution, median, and range of these values across the different fuels..

Line Graph of Emission Reductions and Catalyst Efficiency by Fuel Type
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Figure 21: Line Graph — illustrates how each emission reduction metric and catalyst efficiency varies across the
four fuel types
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Bar Chart of Emission Reductions and Catalyst Efficiency by Fuel Type
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Figure 22: Bar Chart — shows a grouped comparison for each parameter by fuel type.

Box Plot of Emission Reductions and Catalyst Efficiency Across Fuel Types
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. Figure 23: Box Plot — visualizes the distribution, median, and range of all parameters across the different fuels
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Table 9: Additives on CC materials efficiency in automobiles applications

Source of Variation Sum of Squares Degrees of Freedom Mean Square F'— _ p-
(SS) (df) (MS) Statistic Value
Fuel Type 12.45 3 4.15 15.32 <0.001
Additives 8.32 4 2.08 7.86 0.002
'A”éfjﬁsg;')‘ (Fuel x 6.78 12 0.57 2.14 0.035
Error 24.56 60 0.41
Total 52.11 79

The ANOVA table 9 provides a detailed breakdown of the sources of variability in the study on the impact of
fuel types and additives on the efficiency of CC materials in automobiles. The results reveal that both the fuel type
and the additives independently contribute significantly to variations in efficiency, as evidenced by their respective
F-statistics and very low p-values (< 0.001 for fuel type and 0.002 for additives). Additionally, the interaction
between fuel type and additives shows a moderate but statistically significant effect (F = 2.14, p = 0.035), indicating
that the combined influence of these factors impacts efficiency differently than each factor alone. The residual
(error) variance accounts for the unexplained variability, with the total sum of squares representing the combined
variability from all sources. This analysis underscores the importance of considering both fuel types and additives,
as well as their interactions, when evaluating and optimizing catalytic converter performance.

4.0 Discussion of Results

The series of experiments and analyses across Tables 2-9 offer a multi-dimensional perspective on CC performance
in response to fuel types, additive usage, and material properties.

Comparative overview of catalytic conversion efficiencies across various fuel types.

Table 2 provides a comparative overview of catalytic conversion efficiencies across various fuel types, highlighting
that Compressed Natural Gas (CNG) and synthetic additives deliver the most favorable results. Specifically, these
fuels achieve catalytic conversion efficiencies of 94% for carbon monoxide (CO), 91% for nitrogen oxides (NOXx),
and 92% for hydrocarbons (HC), thereby surpassing the performance observed with traditional fuels. This superior
efficiency can be attributed to the inherently cleaner combustion characteristics of CNG and the chemically stable
nature of synthetic additives. These findings are consistent with Sharma et al. (2020), who emphasize CNG’s low
impurity content and reduced particulate matter emissions, which collectively minimize catalyst fouling and enhance
reaction kinetics at the catalytic surface. In contrast, diesel and biodiesel fuels exhibit significantly lower conversion
efficiencies. This is primarily due to their higher soot and particulate matter (PM) output, which tends to accumulate
on the catalyst surface, obstructing active sites and impeding the redox reactions necessary for effective emission
control (Gautam et al., 2019). The degradation analysis further substantiates this trend, indicating that catalytic
systems operating with CNG degrade minimally approximately 1.2% over the test period whereas systems exposed
to biodiesel demonstrate a degradation rate of up to 4.5%. The pronounced decline in catalyst performance
associated with biodiesel is likely linked to its elevated oxygen content and complex combustion byproducts, which
accelerate the deactivation of catalytic materials. Moreover, ethanol-blended fuels, while effective in reducing
pollutant emissions, introduce additional challenges related to corrosion and thermal instability. The increased
degradation observed in these systems attributed largely to moisture retention and acidic byproducts formed during
ethanol combustion is consistent with the findings of Zhang et al. (2021), who documented ethanol-induced
corrosion in automotive fuel systems. These patterns are further substantiated visually in Figure 6, which presents a
bar chart comparing the catalytic conversion efficiencies, and Figure 7, a box plot illustrating the variation in
degradation rates across different fuel types. Together, the tabular and graphical data emphasize the trade-offs
involved in selecting alternative fuels and underscore the need for tailored catalyst formulations that are resilient to
fuel-specific stressors.

Analysis by examining the influence of oxygenated fuels

Table 3 extends the scope of the analysis by examining the influence of oxygenated fuels specifically E85 and
varying operational parameters on catalytic converter performance. The data clearly indicate that E85, which
contains a significantly higher proportion of ethanol (approximately 85%) and thus a greater oxygen content,
markedly improves catalytic conversion efficiency. This enhancement is especially pronounced at elevated operating
temperatures, with optimal performance observed around 400°C. At this temperature, the increased thermal energy
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promotes the full activation of catalyst surface sites, facilitating more efficient oxidation and reduction reactions.
These findings align with the work of Kim et al. (2018), who demonstrated that oxygenated fuels like E85 promote
more complete combustion and support accelerated oxidation processes within the catalytic converter, ultimately
leading to higher pollutant conversion rates. The catalytic efficiency of E85 at 400°C surpasses that of both E10 and
conventional gasoline, highlighting the role of fuel oxygenation in optimizing emissions control. However, the data
also reveal a notable inverse relationship between exhaust flow rate and conversion efficiency. As the flow rate
increases, the residence time of exhaust gases within the catalytic converter decreases, thereby reducing the
opportunity for chemical reactions to occur at the catalyst surface. This effect underscores the importance of
balancing thermal activation and flow dynamics to maintain optimal catalyst performance. Figure 8 visually
represents these findings through a bar chart that compares catalytic efficiencies across different fuel types and
temperatures. The chart clearly illustrates E85’s superior performance, especially under high-temperature
conditions. Complementing this, Figure 9 employs a box plot to capture the variability and consistency of catalytic
efficiency among the tested fuels. E85 not only demonstrates the highest mean efficiency but also exhibits the
lowest variability, suggesting robust and stable catalytic behavior under varying operational conditions. These
graphical insights reinforce the conclusion that oxygen-rich fuels such as E85, when used under optimized thermal
conditions, significantly enhance catalytic performance and emission control reliability.

Intricate influence of specific fuel additives on catalytic converter efficiency

Table 4 delves into the intricate influence of specific fuel additives on catalytic converter efficiency, offering a
comparative assessment of both beneficial and detrimental agents. Among the positive contributors, detergent
additives and cerium-based compounds emerge as particularly effective. Detergents contribute to a 13% net
improvement in catalytic efficiency, primarily by maintaining surface cleanliness and preventing carbonaceous
deposit formation, which can otherwise inhibit active sites. More notably, cerium-based additives yield a 19%
efficiency enhancement, attributed to their well-established role in oxygen storage and release, as well as their
ability to facilitate surface regeneration under fluctuating redox conditions. These findings align with the results
reported by Reddy et al. (2017), who emphasized the dual catalytic-support function of cerium oxides in stabilizing
performance and extending catalyst lifespan. In contrast, the presence of sulfur, phosphorus, and heavy metals leads
to a dramatic reduction in catalytic efficiency up to 40%, a loss largely associated with catalyst poisoning and
sintering phenomena. These contaminants interfere with the catalytic reactions by blocking active sites, altering
surface morphology, and inducing structural degradation of the catalyst substrate. Katsuki and Komatsu (2020)
similarly noted these negative effects, highlighting the cumulative damage caused by long-term exposure to such
elements in real-world operational environments. These opposing effects are clearly visualized in Figure 10, a line
graph illustrating efficiency trends across additive types, and Figure 11, a box plot that further highlights the
statistical disparity in performance outcomes. Together, these figures underscore the critical importance of additive
selection in fuel formulation and emission control strategies.

The dual challenges of optimizing catalytic efficiency and minimizing system cost

Table 5 presents a crucial trade-off analysis that addresses the dual challenges of optimizing catalytic efficiency and
minimizing system cost. The table highlights a clear trend: increasing ethanol content and additive concentration
particularly when poorly managed results in progressive degradation of catalytic performance. This is primarily
attributed to surface deactivation mechanisms such as increased moisture content, corrosion, and the accumulation
of intermediate species that obstruct active sites. Despite ethanol's potential to reduce certain emissions, its
interaction with metallic components in the catalyst matrix appears to accelerate degradation, especially when used
in high concentrations. However, the data also reveal a counterbalancing strategy through the optimized use of
precious metals (e.g., platinum, palladium, and rhodium). By fine-tuning their loading and distribution, it is possible
to sustain high catalytic efficiency even under challenging fuel conditions, while simultaneously reducing overall
material costs. This approach is consistent with the work of Li et al. (2022), who proposed advanced catalyst design
methodologies that leverage strategic metal placement and reduced loadings to enhance performance without
compromising economic feasibility. Visual reinforcement is provided in Figure 12 (a line graph showing the decline
in efficiency with rising ethanol/additive levels), Figure 13 (a bar chart comparing different precious metal
formulations), and Figure 14 (a box plot demonstrating variability and robustness across formulations). These
graphical representations substantiate the conclusion that while ethanol and additive levels must be carefully
controlled, innovative material strategies can mitigate negative impacts and support long-term catalyst viability
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Critical advancements in catalyst material science

Table 6 underscores critical advancements in catalyst material science, with a focus on comparing the high-
temperature performance of emerging perovskite-based materials to conventional ceria-zirconia formulations.
Among the tested materials, Perovskite B stands out for its exceptional thermal durability withstanding temperatures
up to 1250°C and its remarkably high oxygen storage capacity (OSC) of 92%. These characteristics are vital for
maintaining catalyst activity under thermal stress, reducing the risk of sintering, and enhancing long-term structural
integrity. The enhanced resistance to thermal aging and superior OSC directly contribute to more stable catalytic
converter (CC) operation across extended duty cycles. These findings are strongly aligned with those reported by
Wang et al. (2021), who emphasized the promise of perovskites as next-generation catalyst supports, particularly in
environments requiring high thermal endurance. The comparative advantages of perovskites are clearly illustrated in
Figures 15-17, which include graphical comparisons across durability, OSC, and overall catalytic efficiency. These
figures collectively affirm the superior and consistent performance of perovskite materials, reinforcing their
potential as robust alternatives to traditional formulations

Catalyst deactivation mechanisms.

Table 7 shifts focus to catalyst deactivation mechanisms, particularly those arising from the presence of fuel-borne
impurities such as sulfur and phosphorus. In Scenario 3, which involves elevated concentrations of these impurities,
a notable decline in catalyst performance is observed efficiency drops to 75%, and thermal stability is reduced to
60%. This degradation is attributed to poisoning, where active catalytic sites are blocked, and sintering, where the
structural collapse of catalyst particles reduces surface area and reactivity. These outcomes are consistent with
established literature on the adverse effects of such contaminants. However, Scenario 4 introduces oxidative
regeneration treatments, resulting in a partial performance recovery, with catalyst efficiency improving to 85%. This
rebound supports the findings by Huang et al. (2019), who demonstrated that sintering and fouling effects can be at
least partially reversed through controlled oxidative processes. These dynamic interactions are vividly illustrated in
Figures 18-20, which utilize a line graph to show performance over time, a bar chart to compare scenarios, and a
box plot to highlight the statistical variance and recovery margins. Collectively, these results underscore the
importance of monitoring impurity levels and implementing regeneration protocols to extend catalyst life

Evaluates fuel-specific impacts on emissions and catalyst efficiency

Table 8 evaluates fuel-specific impacts on emissions and catalyst efficiency, highlighting hydrogen as the most
promising clean fuel. The data reveal that hydrogen combustion leads to significant reductions in carbon monoxide
(CO) and nitrogen oxides (NOx) by 50% and 40%, respectively owing to its carbon-free composition and high
combustion completeness. This is in alignment with the study by Yilmaz et al. (2019), which demonstrated
hydrogen’s efficacy in minimizing pollutant formation during combustion. While hydrogen achieves the highest
catalyst efficiency (95%), ethanol blends, particularly E10, show superior results in reducing hydrocarbons (HC) and
particulate matter (PM) compared to other renewable fuels. This performance is attributed to ethanol’s oxygenated
structure, which promotes more complete combustion. These comparative findings are thoroughly visualized in
Figures 21-23, with emission reduction patterns presented in a bar chart, and efficiency distributions across fuels
summarized in a box plot. The data validate hydrogen’s leadership in emission control and position ethanol as a
viable alternative for targeted pollutant reduction strategies.

Statistical validation of the Analysis of Variance (ANOVA)

Table 9 presents a rigorous statistical validation of the observed performance trends through Analysis of Variance
(ANOVA). The results indicate that both fuel type and additive composition, along with their interaction, exert
statistically significant effects on catalytic efficiency (p < 0.05). These findings reinforce the multifactorial nature of
catalytic performance, highlighting the importance of considering synergistic effects between fuel and additive
choices. The statistical significance also confirms the robustness of the experimental observations, lending strong
support to the study’s overall conclusions. The ANOVA results emphasize the need for an integrated approach to
catalyst design, one that holistically incorporates fuel chemistry, additive compatibility, and operating conditions to
maximize performance and longevity.

5.0 Conclusion

This study explored the impact of fuel types and additives on the efficiency and durability of CC materials in
automobiles, emphasizing how these factors influence emission control performance. The central thesis argued that
optimizing fuel composition and additive selection is crucial for enhancing catalytic converter functionality and
environmental compliance. Key findings revealed that different fuel compositions and additives significantly affect
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the chemical reactions within CCs, thereby altering their ability to reduce harmful emissions. Fuels with high sulfur
content or unsuitable additives were found to cause catalyst poisoning, reducing efficiency and increasing pollutant
output. In contrast, high-quality fuels and well-engineered additives were shown to improve catalytic performance,
prolong the service life of converter materials, and support adherence to environmental regulations. The significance
of these results lies in their contribution to ongoing advancements in sustainable automotive technology. They
highlight the importance of interdisciplinary collaboration between fuel chemists, materials scientists, and
automotive engineers to develop cleaner and more resilient systems. These findings support the broader goal of
reducing the environmental impact of internal combustion engines, especially in the context of evolving global
emissions standards. Future research could focus on real-time monitoring of catalytic performance under varying
fuel conditions, the development of adaptive fuel formulations, and the integration of smart sensors to predict and
mitigate catalyst degradation. Additionally, investigating the long-term effects of biofuels and alternative additives
on CC materials could further advance sustainable transportation technologies.

6.0 Recommendations
Based on the above submissions, the following recommendations were made:

1. Promote the Use of Low-Sulfur Fuels: Mandating and encouraging the use of low-sulfur fuels can prevent
catalyst poisoning and enhance the long-term performance of CCs.

2. Develop Optimized Additive Formulations: Invest in research to develop additives that improve
combustion efficiency while minimizing deposits and reducing wear on catalytic materials.

3. Enhance Material Resilience: Focus on developing catalytic materials with higher resistance to deactivation
caused by fuel impurities or high-temperature conditions.

4. Adopt Advanced Coating Technologies: Use advanced coatings on catalytic materials to protect against
chemical poisoning and thermal degradation, improving overall efficiency.

5. Encourage Standardized Testing: Implement standardized testing protocols to evaluate the impact of
different fuels and additives on CC performance across various vehicle types.

6. Educate Stakeholders: Provide training and educational programs for fuel manufacturers, vehicle
manufacturers, and consumers on the importance of fuel quality and additive selection for optimal catalytic
performance.

7. Collaborate on Policy Frameworks: Collaborate with regulatory bodies to establish policies that promote
the use of cleaner fuels and additives, supported by incentives for compliance.

8. Regular Maintenance and Inspection: Encourage routine vehicle maintenance to monitor CC efficiency and
address issues caused by suboptimal fuel or additive usage.
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