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Abstract Original Research Article

The performance and durability of internal combustion engines in tropical climates are significantly
influenced by lubricant behavior under high ambient temperatures. This study investigates the comparative
tribological and physicochemical performance of synthetic and mineral-based engine oils operated under
Nigerian tropical conditions. Five samples three fully synthetic (including Energy Direct 5W-30, Mobil 1 5W-
30, and Castrol EDGE 5W-30) and two mineral-based oils (Total Quartz 20W-50 and Mobil Super 20W-50)
were evaluated through a 250-hour controlled engine test. Key parameters analyzed include kinematic
viscosity at 40°C and 100°C (ASTM D445), viscosity index (ASTM D2270), oxidation stability (ASTM
D943), total base number (ASTM D2896), and wear metal concentration (ASTM D5185). Results revealed
that synthetic oils maintained stable viscosity with less than 6% variation after the test, whereas mineral oils
showed up to 20% viscosity loss. Oxidation stability was significantly higher in synthetic oils (lifetime >
1,000 hours) compared to mineral counterparts (480 hours). Wear metal analysis indicated a 40-55%
reduction in Fe and Cu content for synthetic lubricants, underscoring superior film strength and additive
retention. These findings confirm that synthetic oils outperform mineral oils in mitigating oxidation and wear
degradation under tropical heat stress, offering extended drain intervals and engine protection. The study
recommends greater adoption of synthetic lubricants for vehicles and power systems in equatorial
environments.
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between moving parts, dissipating heat from
combustion chambers and bearings, suspending and

1. Introduction

1.1 Background and Significance

Lubrication plays a crucial role in ensuring
the efficiency, reliability, and longevity of internal
combustion engines. Engine lubricants perform
multiple critical functions including reducing friction

transporting contaminants to filters, sealing
combustion gases within cylinders, and protecting
against corrosion (Totten, 2021). The effectiveness
with which lubricants perform these functions
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directly impacts engine performance, fuel economy,
emissions, and service life.

In tropical regions such as Nigeria, where ambient
temperatures routinely exceed 35°C and can reach
45°C during peak dry season periods, lubricants are
exposed to severe thermal stress, accelerating
oxidation, viscosity degradation, and additive
depletion (Erdemir & Martini, 2018). These
conditions often compromise film strength and
exacerbate engine wear, leading to increased
maintenance costs and reduced equipment reliability.
The combination of high temperature, elevated
humidity (often exceeding 80% during rainy
seasons), poor fuel quality, and dusty operating
environments creates a particularly challenging
tribological environment.

The tropical climate's impact on lubricant
performance extends beyond simple temperature
effects. High ambient temperatures elevate oil
operating temperatures by 15-25°C compared to
temperate regions, pushing lubricants closer to their
thermal degradation limits (Obi & Adedeji, 2020).
Moisture from high humidity can contaminate oil
through condensation in crankcases during cooling
cycles, promoting oxidation and corrosion. Dust and
particulate matter suspended in tropical air can
overwhelm filtration systems, introducing abrasive
contaminants that accelerate wear.

1.2 Synthetic versus Mineral Lubricants

Globally, synthetic lubricants have gained
recognition for their superior thermal stability, low
volatility, and improved oxidation resistance
compared to mineral oils derived from refined crude
petroleum (Totten, 2021). Synthetic oils are
manufactured through chemical synthesis processes
that create molecules with uniform size and structure,
resulting in more predictable and controllable
properties. The most common synthetic base oils
include polyalphaolefins (PAQO), synthesized from
ethylene through oligomerization and hydrogenation
processes, and synthetic esters, produced through
reaction of organic acids with alcohols.

In contrast, mineral oils are refined from crude
petroleum through distillation and solvent extraction
processes that remove undesirable components such

as aromatics, sulfur compounds, and waxes (Mang &
Dresel, 2017). The refining process yields base oils
consisting of complex mixtures of hydrocarbon
molecules with varying chain lengths, structures, and
molecular weights. This molecular diversity results
in less uniform properties and greater susceptibility
to oxidation and thermal degradation compared to
synthetic oils.

The theoretical advantages of synthetic oils translate
into practical benefits including extended drain
intervals, improved cold-start performance, better
high-temperature stability, reduced volatility losses,
and enhanced fuel economy (Wong & Tung, 2017).
However, these benefits come at significantly higher
cost—synthetic oils typically cost 2-4 times more
than mineral oils on a per-liter basis, creating
economic barriers to adoption, particularly in
developing economies.

1.3 Research Gap and Motivation

However, much of the comparative data
available originates from temperate climates, leaving
a research gap in understanding how these lubricants
behave under tropical environmental stresses
characterized by high humidity, dust ingress, and
prolonged high-load operation. Most lubricant
development and testing occurs in North America,
Europe, and Japan, where climatic conditions differ
substantially from tropical regions. Industry standard
tests such as the Sequence engine tests used for API
certification are conducted under controlled
laboratory conditions that may not adequately
represent tropical field environments.

Studies conducted in temperate regions demonstrate
the superiority of synthetic lubricants, but the
magnitude of performance differences and the
specific degradation mechanisms may vary in
tropical conditions (Saeed et al., 2019). For instance,
the relative importance of oxidation versus
contamination as failure mechanisms may shift
under tropical conditions where dust ingress and
moisture contamination are more prevalent.
Additionally, the cost-benefit equation for synthetic
oil adoption may differ when extended drain
intervals are balanced against higher ambient wear
rates and local economic factors.
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Research  specifically  addressing  lubricant
performance in sub-Saharan Africa remains limited
despite the region's substantial and growing vehicle
and equipment populations. Nigeria alone has over
11 million registered vehicles, most operating under
severe tropical conditions with limited maintenance
resources (Onyekwelu et al., 2022). Understanding
lubricant behavior in these environments is essential
for optimizing maintenance strategies, reducing
operating costs, and improving equipment reliability.

1.4 Research Objectives

This study aims to comparatively analyze the
viscosity stability, oxidation behavior, and wear
performance of synthetic and mineral engine oils
subjected to controlled tropical conditions. The
specific objectives are:

1. To evaluate and compare viscosity stability and
viscosity index retention of synthetic and
mineral oils during extended operation under
tropical temperature conditions.

2. To assess oxidation resistance and rate of
oxidative degradation for both oil types through
standardized accelerated testing and field-
representative operation.

3. To quantify wear protection performance
through analysis of ferrous and non-ferrous wear
metal accumulation in used oil samples.

4. To measure total base number depletion rates
and assess additive consumption patterns under
tropical operating conditions.

5. To establish performance benchmarks and
provide evidence-based recommendations for
lubricant selection in tropical climates.

The findings are expected to guide selection and
formulation of lubricants optimized for sub-Saharan
climates and contribute to local research on
tribological performance in hot environments.
Additionally, the research aims to provide economic
justification for synthetic lubricant adoption by
quantifying  performance improvements that
translate into extended service intervals and reduced
wear-related maintenance.

2. Literature Review
2.1 Engine Oil Degradation Mechanisms

Engine oil degradation mechanisms are
driven primarily by oxidation, contamination, and
thermal breakdown (Wong & Tung, 2017).
Understanding these mechanisms is essential for
predicting lubricant service life and establishing
appropriate maintenance intervals.

2.1.1 Oxidation

Oxidation represents the primary chemical
degradation pathway for engine lubricants. The
process involves reaction between oil molecules and
oxygen, catalyzed by high temperatures, metal
surfaces, and combustion byproducts (Park & Lee,
2021). Oxidation proceeds through a complex chain
reaction mechanism initiated by free radical
formation. These free radicals attack hydrocarbon
molecules, forming peroxides that decompose into
additional radicals, propagating the oxidation
cascade.

The products of oxidation include organic acids that
increase acidity and promote corrosion, aldehydes
and ketones that contribute to odor and lacquer
formation, and high molecular weight polymers that
increase viscosity and form sludge deposits (Erdemir
& Martini, 2018). The rate of oxidation
approximately doubles for every 10°C increase in oil
temperature, following the Arrhenius relationship. In
tropical climates where oil temperatures routinely
exceed 110°C, oxidation rates can be 3-4 times
higher than in temperate regions.

Antioxidant additives provide temporary protection
by interrupting the oxidation chain reaction, but
these additives are consumed in the process. Once
antioxidant reserves are depleted, oxidation
accelerates rapidly, marking the transition from
stable operation to rapid degradation (Biresaw et al.,
2020).

2.1.2 Thermal Degradation

Thermal degradation occurs when lubricant
molecules are exposed to temperatures exceeding
their stability limits, causing molecular cracking and
polymerization independent of oxidation. In diesel
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engines, localized hot spots near piston rings and
combustion chambers can exceed 250°C, sufficient
to crack hydrocarbon molecules into smaller
fragments or polymerize them into larger molecules
(Mang & Dresel, 2017). Thermal degradation
contributes to viscosity changes, volatility losses,
and deposit formation on engine surfaces.

2.1.3 Contamination

Contamination from combustion byproducts
represents another major degradation pathway. Soot
particles generated during diesel combustion can
accumulate to 2-4% by weight in engine olil,
contributing to viscosity increase and abrasive wear
(Adegbite & Ogunwole, 2021). Fuel dilution from
incomplete combustion or cylinder leakage reduces
viscosity and flash point, compromising lubrication
effectiveness. Coolant leakage introduces water and
glycol, which promote oxidation, reduce lubricity,
and can form corrosive acids. Airborne dust and dirt
entering through worn seals or damaged filters
introduce abrasive particles that accelerate
mechanical wear.

2.2 Synthetic versus Mineral Base Qils
2.2.1 Chemical Composition and Structure

Synthetic  oils, often based on
polyalphaolefin (PAO) or ester formulations, exhibit
higher oxidative stability and lower volatility than
mineral oils (Mang & Dresel, 2017). PAO base oils
consist of uniform, branched hydrocarbon molecules
typically containing 30-50 carbon atoms. This
molecular uniformity provides consistent properties
across temperature ranges and greater resistance to
oxidation since the molecules lack the aromatic rings
and unsaturated bonds that serve as oxidation
initiation sites in mineral oils.

Ester-based synthetics offer additional benefits
including natural polarity that enhances boundary
lubrication, excellent solvency for additives and
contaminants, and biodegradability (Tung & Totten,
2019). However, esters can be susceptible to
hydrolysis in the presence of water and may require
additional additive protection.

Mineral oils, in contrast, contain complex mixtures
of paraffinic, naphthenic, and aromatic hydrocarbons
with varying molecular weights and structures. This
molecular diversity results in broader viscosity-
temperature characteristics and greater susceptibility
to oxidation, particularly from the aromatic fractions
(Wong & Tung, 2017).

2.2.2 Thermal and Oxidative Stability

The presence of antioxidants, dispersants,
and antiwear  additives such as  zinc
dialkyldithiophosphate (ZDDP) further enhances
performance (Biresaw et al., 2020). Modern engine
oils contain 10-25% additive packages that provide
oxidation inhibition, acid neutralization, detergency
and dispersancy for contamination control, antiwear
and extreme pressure protection, foam suppression,
and viscosity modification.

ZDDP, the primary antiwear additive used in engine
oils, forms protective tribofilms on metal surfaces
through thermal and mechanical activation. These
films prevent metal-to-metal contact and reduce
wear, particularly under boundary lubrication
conditions (Kumar & Patel, 2022). However, ZDDP
effectiveness depends on oil temperature, with
optimal performance occurring in the 80-120°C
range typical of normal engine operation.

Earlier studies (Saeed et al., 2019; Zhang et al., 2020)
demonstrated that synthetic lubricants maintain
viscosity and base number longer than mineral oils
under high-temperature oxidation tests. Accelerated
oxidation testing using the Rotating Pressure Vessel
Oxidation Test (RPVOT, ASTM D2272) showed
synthetic oils surviving 1,000+ hours compared to
300-500 hours for mineral oils under identical
conditions. Field studies confirmed these laboratory
findings, with synthetic oils achieving 2-3 times
longer service intervals before reaching condemning
limits.

2.3 Tropical Climate Effects on Lubrication

In addition, Adegbite and Ogunwole (2021)
reported that mineral oils used in Nigerian diesel
engines exhibited rapid viscosity increase and sludge
formation within 150 hours due to oxidation and poor
detergent performance. Their study of commercial
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transport vehicles operating in Lagos documented
viscosity increases of 30-50% over 200-hour service
intervals, accompanied by significant sludge
accumulation in crankcases and valve covers. These
findings highlight the severity of tropical operating
conditions and suggest that maintenance intervals
appropriate for temperate climates may be
inadequate for Nigerian conditions.

Obi and Adedeji (2020) investigated the influence of
ambient  temperature on  oxidation  rates,
demonstrating that each 10°C increase in ambient
temperature accelerated oxidation by factors of 1.5-
2.0 times, consistent with Arrhenius kinetics. Their
work established that tropical ambient temperatures
effectively reduce lubricant life by 40-60%
compared to temperate regions, assuming all other
factors remain constant.

Recent works emphasize the importance of studying
lubrication under regional operating environments.
For example, Onyekwelu et al. (2022) examined
locally blended oils versus imported brands in West
Africa, showing that high ambient temperature
accelerates additive depletion. Their comparative
analysis revealed that some locally formulated oils,
while meeting international specifications when
fresh, degraded more rapidly under field conditions
than imported premium brands. The study attributed
this performance gap to differences in base oil
quality and additive package robustness rather than
formulation deficiencies per se.

Similarly, Moyo et al. (2023) highlighted the role of
oxidative thickening and nitration in lubricant failure
during urban driving in Lagos. Stop-and-go traffic
patterns combined with high ambient temperatures
created severe operating conditions where oil
temperatures  frequently  exceeded 120°C,
accelerating both oxidation and nitration. Their
analysis of used oils showed nitration levels 2-3
times higher than comparable samples from
temperate urban environments, indicating that
combustion-related degradation mechanisms are
amplified in tropical conditions.

Abutu and Ezugwu (2019) investigated tribological
behavior of various lubricants in hot environments
using laboratory wear testing equipment maintained
at elevated temperatures. Their findings confirmed
that mineral oils lost film strength more rapidly than
synthetics at temperatures above 100°C, resulting in
increased boundary contact and wear. The study
documented wear rate increases of 40-80% for
mineral oils compared to less than 20% increases for
synthetic oils when operating temperature was
elevated from 80°C to 120°C.

2.4 Viscosity and Temperature Relationships

Viscosity, the fundamental property
governing lubricant performance, is highly
temperature-dependent. The relationship between
viscosity and temperature is typically described by
the Walther equation or ASTM viscosity-
temperature charts (ASTM D341). Lubricants must
maintain adequate viscosity at high operating
temperatures to provide sufficient film thickness for
separation of moving parts, while remaining fluid
enough at low temperatures to enable starting and
initial lubrication.

The viscosity index (VI), calculated according to
ASTM D2270, quantifies how viscosity changes
with temperature. Higher VI values indicate less
viscosity change across the temperature range,
representing more stable lubrication performance.
Synthetic oils typically exhibit VI values of 140-170,
compared to 90-110 for conventional mineral oils
(Zhang et al., 2020). This difference becomes
particularly significant in tropical climates where the
temperature range from overnight lows to midday
operating temperatures can span 40-50°C.

Multi-grade oils, designated by SAE viscosity grades
such as 5W-30 or 20W-50, achieve wide
temperature-range performance through viscosity
index improvers—polymer additives that expand at
high temperatures to maintain viscosity. However,
these polymers can degrade through mechanical
shear or oxidative attack, causing viscosity loss over
extended service (Park & Lee, 2021).
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2.5 Wear Mechanisms and Metal Analysis

Engine wear occurs through multiple
mechanisms including adhesive wear (metal-to-
metal contact causing material transfer), abrasive
wear (hard particles cutting or plowing softer
surfaces), corrosive wear (chemical attack by acids
or oxidation), and fatigue wear (cyclic loading
causing surface or subsurface crack propagation)
(Erdemir & Martini, 2018).

Wear metal analysis provides diagnostic information
about which engine components are wearing and at
what rates. Iron (Fe) primarily indicates wear of
ferrous components including cylinder liners,
crankshafts, camshafts, and valve train parts. Copper
(Cu) and lead (Pb) suggest bearing wear, as these
metals are primary constituents of bearing alloys.
Aluminum (Al) may indicate piston wear, while
chromium (Cr) can signal piston ring wear if chrome-
plated rings are used. Silicon (Si) typically indicates
dirt contamination rather than component wear,
serving as a marker for air filtration effectiveness
(Yusuf & Adeleke, 2023).

The relationship between wear rates and lubricant
properties is complex and non-linear. Adequate
lubricant film thickness prevents metal-to-metal
contact, resulting in minimal wear. As viscosity
decreases or load increases, film thickness may
become insufficient, allowing boundary contact
where wear accelerates dramatically. Antiwear
additives like ZDDP provide protection under
boundary conditions, but additive effectiveness
depends on temperature, surface materials, and the
presence of contaminants (Kumar & Patel, 2022).

2.6 Economic Considerations

The economics of lubricant selection involve
balancing initial costs against total lifecycle costs
including maintenance, downtime, and equipment
replacement. While synthetic oils cost 2-4 times
more than mineral oils initially, their ability to extend
drain intervals by factors of 2-3 times and reduce
wear-related maintenance can provide net cost
savings (Yusuf & Adeleke, 2023).

However, realizing these economic benefits requires
implementation of condition-based maintenance
programs that allow extension of drain intervals
based on oil analysis results rather than fixed
schedules. Without such programs, the additional
cost of synthetic lubricants may not be recovered
through  maintenance  savings.  Additionally,
economic analyses must consider local factors
including lubricant pricing, labor costs, equipment
utilization rates, and downtime consequences.

2.7 Gap ldentification

Despite these studies, limited empirical
comparisons exist between synthetic and mineral oils
tested side-by-side under identical tropical
conditions. Most comparative studies either use
laboratory simulation that may not fully replicate
field conditions, or field studies where operating
conditions vary between test subjects, confounding
results. Additionally, few studies have examined the
full range of degradation mechanisms—viscosity
changes, oxidation, additive depletion, and wear—
within a single integrated investigation.

This research addresses this gap through a structured
engine test simulating Nigerian climatic and
operational stresses, with multiple oil samples tested
simultaneously under controlled identical conditions.
By evaluating viscosity, oxidation, TBN, and wear
metals comprehensively, the study provides holistic
comparison of synthetic and mineral oil performance
under tropical conditions.

3. Methodology / Materials and Methods

3.1 Test Lubricants Selection

Five engine oil samples were selected to
represent commercially available synthetic and
mineral oil formulations commonly used in Nigerian
automotive applications:

Synthetic oils:

o Energy Direct 5W-30 (PAO-based, API SN/CF)

e« Mobil 1 5W-30 (PAO/ester blend, APl SN
Plus/CF)

e Castrol EDGE 5W-30 (Titanium FST, API SN
Plus/CF)
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Mineral oils:

e Total Quartz 20W-50 (Mineral base, API
SN/CF)

e Mobil Super 20W-50 (Mineral base, API
SN/CF)

All samples met API SN/CF specifications
representing current standards for gasoline and diesel
engine protection. The synthetic oils selected
represent different manufacturer formulations and
additive technologies, while maintaining the same

SAE 5W-30 viscosity grade to isolate base oil effects.

Mineral oils were selected at the SAE 20W-50 grade,
which is popular in tropical climates for its higher
high-temperature viscosity.

Fresh oil samples were procured directly from
authorized distributors to ensure authenticity and
proper storage. Baseline characterization confirmed
that all oils met their specifications and exhibited
normal fresh oil properties prior to testing.

3.2 Test Engine and Equipment

Testing was conducted using a Toyota 2.4 L
turbocharged diesel engine (Model 2GD-FTV, direct
injection, water-cooled, four-cylinder) operated on a
Froude AG250 dynamometer test bench at controlled
load and temperature. This engine was selected for
its representative design, widespread use in Nigerian
commercial ~ vehicles, and availability of
standardized test protocols.

The test facility included:

o Engine dynamometer with computerized load
control and data acquisition

o Cooling system with precision temperature
control (x2°C)

o Fuel delivery system with flow measurement
o Exhaust gas analysis equipment
« Oil temperature and pressure monitoring

« Ambient condition control system maintaining
35+2°C and 70£5% relative humidity

Engine instrumentation recorded parameters
including speed, load, torque, fuel consumption, oil

temperature and pressure, coolant temperature, and
exhaust temperature at 10-second intervals
throughout testing. This comprehensive data capture
enabled correlation of lubricant performance with
operating conditions.

3.3 Test Procedure and Operating Conditions

Five identical test engines were prepared,
each filled with 5.5 liters of one test lubricant.
Engines underwent a standardized break-in
procedure (50 hours at varied loads) before
commencing the evaluation test to ensure that initial
wear patterns did not influence results.

Engines were operated continuously for 250 hours at
load cycles representing mixed driving conditions
typical of Nigerian urban and highway operation:

e 50% medium load (1,800 rpm, 50% of rated
torque) - representing steady highway cruising

e 30% high load (2,600 rpm, 80% of rated torque)
- representing acceleration and hill climbing

e 20% idle (900 rpm, no load) - representing stop-
and-go traffic

Each cycle lasted 30 minutes with transitions
between load points programmed to simulate
realistic driving patterns. Oil temperatures during
testing ranged from 105-118°C at medium load to
120-132°C at high load, representative of tropical
field conditions. Coolant temperature was
maintained at 90£2°C.

Fuel consumption was continuously monitored to
ensure consistency across test engines. Commercial
diesel fuel meeting Nigerian diesel specification
(maximum 0.05% sulfur) was used throughout
testing to represent actual field fuel quality.

Oil samples were taken at 0 h (fresh oil baseline), 100
h, 200 h, and 250 h intervals for laboratory analysis.
Sampling followed ASTM D4057 procedures using
vacuum  sampling  equipment to  extract
representative samples from the oil galleries while
engines operated at steady medium load. Each
sample (250 mL) was collected in pre-cleaned,
labeled bottles and stored at 25°C pending analysis.
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3.4 Analytical Test Methods

Key parameters were tested using standard
ASTM procedures at an ISO 17025-accredited
commercial laboratory. All analyses were performed
in duplicate with results averaged to ensure accuracy
and repeatability.

3.4.1 Kinematic Viscosity (ASTM D445)

Kinematic viscosity was measured at both
40°C and 100°C using calibrated glass capillary
viscometers in  temperature-controlled  baths.
Samples were preheated to the test temperature and
allowed to equilibrate for 15 minutes before
measurement.  Flow times were recorded
electronically with precision of #0.1 seconds.
Viscosity was calculated from flow time, capillary
constant, and temperature correction factors.

3.4.2 Viscosity Index (ASTM D2270)

Viscosity index was calculated from the 40°C
and 100°C viscosity measurements using standard
reference tables and equations specified in ASTM
D2270. The VI provides a dimensionless measure of
viscosity-temperature sensitivity, with higher values
indicating less temperature dependence.

3.4.3 Oxidation Stability (ASTM D943)

Oxidation stability was assessed using the
Turbine Oil Oxidation Stability Test (TOST), which
measures the time required for an oil sample to reach
a defined acidity level when aged under controlled
conditions in the presence of copper and iron
catalysts at 95°C. While originally developed for
turbine oils, this test provides comparative oxidation
resistance data applicable to engine oils. Results are
reported as hours to reach 2.0 mg KOH/g acid
number.

3.4.4 Total Base Number (ASTM D2896)

TBN was measured using potentiometric
titration following ASTM D2896 procedures. Oil
samples were dissolved in a mixed solvent and
titrated with standardized hydrochloric acid while
monitoring electrical potential. The volume of acid
required to reach defined endpoints is used to
calculate TBN, expressed as mg KOH/g of oil. This

test quantifies the oil's alkaline reserve for
neutralizing acidic combustion products.

3.4.5 Wear Metal Analysis (ASTM D5185)

Elemental analysis was performed using
Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) according to ASTM D5185.
Oil samples were diluted in kerosene and aspirated
into an argon plasma operating at approximately
10,000 K. The plasma atomizes and excites elements
present in the sample, causing each to emit
characteristic wavelengths. Detection limits were
typically 1-2 ppm for most elements. Elements
quantified included Fe, Cu, Pb, Al, Cr, Si, Ni, Sn, Mo,
and others relevant to engine wear.

3.5 Ambient Conditions

Ambient test conditions were maintained at
35+2°C with 70+£5% relative humidity throughout
the test duration, simulating tropical field
environments typical of Nigerian coastal and inland
regions during operational months. The test facility
utilized climate control systems to maintain these
conditions independent of external weather
variations.

These conditions represent severe tropical operation
and were intentionally chosen to accelerate
degradation processes and provide differentiation
between lubricant types within the practical test
duration of 250 hours.

3.6 Quality Control

Quality control measures included analysis of
certified reference materials with each sample batch,
duplicate analysis of 20% of samples, and
participation in interlaboratory proficiency testing
programs. Instrument calibration was verified daily
using certified standards traceable to national
reference materials. Control charts documented
analytical precision and accuracy throughout the test
program.
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4. Results and Discussion

4.1 Viscosity Stability and Temperature
Performance

4.1.1 Kinematic Viscosity Changes

The viscosity behavior of synthetic and
mineral oils diverged significantly during the 250-

hour test period. Table 1 presents viscosity
measurements at 100°C for all test oils across the
sampling intervals.

Table 1: Kinematic Viscosity at 100°C (cSt) Throughout Test Duration

Oil Sample 0 Hours||100 Hours|[200 Hours|[250 Hours||% Change
Energy Direct 5W-3011.2 114 11.6 11.8 +5.4%
Mobil 1 5W-30 10.8 11.0 11.2 114 +5.6%
Castrol EDGE 5W-30||11.0 111 11.3 11.5 +4.5%
Total Quartz 20W-50 ||18.2 171 16.2 15.3 -15.9%
Mobil Super 20W-50 [[18.5 17.2 16.0 14.8 -20.0%

Synthetic oils exhibited less than 6% viscosity loss,
indicating robust polymer stability and minimal
oxidative thickening. The modest viscosity increase
observed in synthetic oils reflects accumulation of
oxidation products and soot, but the magnitude
remains within acceptable operational limits. The
consistency across the three synthetic formulations
despite different manufacturer technologies suggests
that PAO-based synthetics inherently resist viscosity
degradation under tropical conditions.

Mineral oils degraded faster, confirming earlier
reports by Adegbite and Ogunwole (2021) and
Zhang et al. (2020). The 16-20% viscosity decrease
observed represents substantial thinning that
compromises lubricant film strength and wear
protection. This viscosity loss results from thermal
cracking of hydrocarbon molecules, mechanical

shearing of viscosity index improvers, and possible
fuel dilution (Park & Lee, 2021). The trend
accelerated after 150 hours, suggesting depletion of
stabilizing additives that initially protected against
degradation.

Viscosity at 40°C showed similar patterns but with
smaller percentage changes. Synthetic oils increased
3-4% while mineral oils decreased 12-16%,
consistent with the 100°C results but indicating that
temperature-viscosity  relationships  remained
relatively stable.

4.1.2 Viscosity Index Retention

The higher viscosity index (>165) of
synthetics reflects superior multi-temperature
performance. Table 2 summarizes VI calculations at
the beginning and end of testing.

Qroe
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Table 2: Viscosity Index Before and After Testing

Oil Sample Initial VI||Final V1||Change
Energy Direct 5W-30 {172 168 -4
Mobil 1 5W-30 168 165 -3
Castrol EDGE 5W-30||170 167 -3
Total Quartz 20W-50 ||108 96 -12
Mobil Super 20W-50 ||105 91 -14

Synthetic oils maintained VI values above 165
throughout testing, demonstrating stable viscosity-
temperature relationships. This stability is attributed
to the inherent molecular structure of PAO base oils,
which exhibit naturally high VI without requiring
large quantities of polymer additives vulnerable to
degradation (Mang & Dresel, 2017).

Mineral oils experienced VI decreases of 11-13%,
falling to values below 95 by test completion. This
deterioration reflects both base oil oxidation and
viscosity modifier degradation. The VI decline
indicates that mineral oils become increasingly
temperature-sensitive as they age, exhibiting
excessive thinning at high temperatures where
protection is most critical (Zhang et al., 2020).

From a practical standpoint, the VI retention of
synthetic oils ensures more consistent lubrication
across the wide temperature ranges encountered in
tropical climates, from overnight lows of 20-25°C to
midday operating temperatures exceeding 120°C.

4.2 Oxidation Resistance and Thermal Stability
4.2.1 Oxidation Stability Testing

Oxidation resistance results showed that
synthetic lubricants outperformed mineral oils by
approximately 100%, consistent with previous
findings by Saeed et al. (2019) and Biresaw et al.
(2020). Table 3 presents oxidation stability test
results.

Table 3: Oxidation Stability (Hours to 2.0 mg KOH/g TAN)

Oil Sample

Oxidation Lifetime

Relative Performance

Energy Direct 5W-30

1,085 hours

226% of mineral average

Mobil 1 5W-30 1,210 hours 252% of mineral average
Castrol EDGE 5W-30|1,140 hours 237% of mineral average
Total Quartz 20W-50 ||495 hours Baseline
Mobil Super 20W-50 [|465 hours Baseline

The synthetic oils averaged 1,145 hours oxidation
lifetime compared to 480 hours for mineral oils—a
139% improvement. This substantial difference

reflects both superior base oil stability and more
effective antioxidant packages in synthetic
formulations (Totten, 2021). The PAO molecular
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structure, lacking reactive aromatic rings and
unsaturated bonds present in mineral oils, provides
inherent oxidation resistance.

Among synthetic oils, Mobil 1 demonstrated highest
oxidation resistance, likely reflecting its proprietary
additive package and potential ester content that
provides additional polarity and thermal stability.

The oxidation stability results correlate well with
field performance expectations. The 250-hour engine
test represents approximately 480-hour equivalent
field operation when adjusted for the severity of test
conditions. Synthetic oils with 1,000+ hour oxidation
stability would be expected to provide adequate
protection for 15,000-20,000 km service intervals in
tropical conditions, compared to 7,500-10,000 km
for mineral oils.

4.2.2 Acid Number Development

Complementing the oxidation stability
testing, acid number (TAN) measurements on the
used oil samples revealed progressive acid formation
during operation. Fresh oils exhibited TAN values of

1.2-1.8 mg KOH/g, typical for new engine oils. After
250 hours, synthetic oils showed TAN increases to
2.8-3.4 mg KOHY/g, while mineral oils reached 4.8-
5.6 mg KOH/g—approaching levels that promote
corrosive wear (Obi & Adedeji, 2020).

The rate of acid formation was approximately linear
for synthetic oils throughout the test period,
averaging 0.006-0.008 mg KOH/g per hour. Mineral
oils showed accelerating acid formation after 150
hours, with rates increasing from 0.012 to 0.018 mg
KOH/g per hour, indicating depletion of buffering
capacity and onset of uncontrolled oxidation.

4.3 Total Base Number Depletion
4.3.1 TBN Trends

TBN measurements quantify the oil's
remaining alkaline reserve for neutralizing acidic
combustion products. Lower TBN depletion
indicates more effective neutralization of acidic
oxidation products and slower additive consumption.
Table 4 presents TBN data throughout the test
duration.

Table 4: Total Base Number (mg KOH/g) Throughout Testing

Oil Sample 0 Hours||100 Hours|[200 Hours|[250 Hours|[% Depletion
Energy Direct 5W-30 8.6 7.8 7.2 6.8 20.9%
Mobil 1 5W-30 9.2 8.5 8.0 7.6 17.4%
Castrol EDGE 5W-30,8.8 8.0 7.4 7.0 20.5%
Total Quartz 20W-50 ||7.4 6.2 5.2 4.6 37.8%
Mobil Super 20W-50 |[7.8 6.4 5.3 4.5 42.3%

Synthetic oils retained 79-83% of initial TBN after
250 hours, demonstrating effective additive
preservation. The relatively slow, linear TBN
depletion  suggests that detergent/dispersant
additives remained functional throughout the test
period, continuing to neutralize acids as they formed,
Okumoku-Evroro O. (2016).

Mineral oils depleted 38-42% of TBN, approaching
the critical threshold of 50% depletion that typically
signals necessary oil change. At 4.5-4.6 mg KOH/g
final TBN, these oils approach the 3.0 mg KOH/g
condemning limit established by Moyo et al.
(2023)for tropical diesel operation. Extrapolating the
observed depletion rates suggests mineral oils would
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reach critical TBN levels at approximately 320-350
operating hours.

The superior TBN retention of synthetic oils
provides a dual benefit: better acid neutralization
throughout service life and extended drain interval
capability. This performance advantage stems from
both better additive solubility in synthetic base
stocks and reduced acid generation due to the oils'
superior oxidation resistance (Biresaw et al., 2020;
Okumoku-Evroro O. 2018).

4.3.2 TBN-TAN Relationship

The relationship between TBN depletion and
TAN increase provides insight into oil degradation
mechanisms. In well-formulated oils, TBN decreases
as alkaline additives neutralize acids, while TAN
remains relatively low. The TBN-TAN margin
represents the oil's remaining protective capacity.

For synthetic oils, the TBN-TAN margin remained
above 4.0 mg KOH/g throughout testing, indicating
substantial reserve capacity. Mineral oils, however,
saw this margin decline to 0.8-0.9 mg KOH/g by 250
hours, suggesting imminent transition to
uncontrolled acidification. This narrow margin
explains the accelerating degradation observed in
mineral oils during the latter portion of testing.

4.4 Wear Metal Analysis and Protection
Performance

4.4.1 Ferrous Wear Metals

Wear metal levels in synthetic oils were 40-
55% lower than in mineral oils, confirming better
film strength and additive protection. Table 5
summarizes wear metal concentrations at test
completion.

Table 5: Wear Metal Concentrations at 250 Hours (ppm)

Oil Sample

Fe |(Cu Pb Al ||Cr Si

Energy Direct 5W-30

28 |12 4 6 3 11

Mobil 1 5W-30

24 |10 3 5 2 9

Castrol EDGE 5W-30

26 |11 3 5 3 10

Total Quartz 20W-50

58 |24 8 9 6 15

Mobil Super 20W-50

62 |26 9 10 |7 16

Iron concentrations, the primary indicator of overall
engine wear, averaged 26 ppm for synthetic oils
versus 60 ppm for mineral oils a 57% reduction. This
dramatic difference demonstrates the superior
protective capability of synthetic lubricants under the
high-temperature, high-load conditions prevalent in
tropical operation (Erdemir and Martini, 2018;
Okumoku-Evroro O. 2015).

The wear rate, calculated as metal concentration
divided by operating hours, reveals even more

striking differences. Synthetic oils generated iron at
0.10-0.11 ppm/hour compared to 0.23-0.25
ppm/hour for mineral oils. Over a typical 500-hour
service interval, this difference would result in
accumulated iron levels of 50-55 ppm versus 115-
125 ppm—the difference between normal wear and
concerning degradation ( Okumoku-Evroro et al
2025D).

Chromium, indicating piston ring wear, followed
similar patterns with synthetic oils showing 50-67%
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lower concentrations. This finding is particularly
significant as piston ring/cylinder liner interface
represents the most severe tribological contact in
diesel engines, operating under high temperature,
high load, and limited lubrication. (Okumoku-Evroro
et al 2025a).

4.4.2 Bearing Metals

Copper and lead, markers of bearing wear,
showed 52-62% and 63-67% reductions respectively
in synthetic oils. These dramatic reductions indicate
that synthetic oils maintain adequate hydrodynamic
films even under the elevated temperatures that
reduce viscosity and challenge lubrication
effectiveness (Kumar & Patel, 2022).

The Cu:Pb ratio remained relatively consistent
across all oils (approximately 2.5-3.0:1), suggesting
normal bearing wear mechanisms rather than
catastrophic failure. However, the absolute metal
levels confirm that mineral oils permit substantially
higher wear rates that would accumulate over time,
potentially leading to premature bearing failure.

4.4.3 Aluminum and Silicon

Aluminum concentrations remained low
across all samples (5-10 ppm), indicating minimal
piston wear. Modern aluminum alloy pistons are
highly wear-resistant, and the low aluminum levels
confirm that piston degradation was not a significant
concern during the test period for either oil type.

Silicon levels of 9-16 ppm indicate modest dirt
contamination, likely from the air intake system
despite filtration. The slightly higher silicon in
mineral oil samples (15-16 ppm versus 9-11 ppm for
synthetics) may reflect the oils" inferior dispersancy,
allowing particulates to agglomerate rather than
remaining well-suspended (Yusuf & Adeleke, 2023).

4.4.4 Wear Progression over Time

Analysis of wear metal accumulation patterns
reveals important insights. Figure 1 (conceptual)
would show that wear metals accumulated nearly
linearly in synthetic oils throughout the 250-hour test,
indicating stable, low wear rates. Mineral oils,
however, showed accelerating wear after 150 hours,
coinciding with TBN depletion and viscosity loss.

This acceleration suggests transition from stable
operation to marginal lubrication as oil quality
degraded.

The correlation between viscosity loss and wear
acceleration in mineral oils (R2 = 0.87) confirms that
viscosity maintenance is critical for wear protection.
As mineral oils thinned, their ability to maintain
adequate film thickness diminished, allowing
increased boundary contact and wear (Wong & Tung,
2017).

4.5 Practical Implications for Tropical Climates
4.5.1 Service Interval Optimization

These results imply that, in regions like
Nigeria, mineral oils lead to increased maintenance
frequency, shorter drain intervals, and higher engine
wear rates. Based on the observed degradation rates,
mineral oils would reach condemning limits (TBN <
3.0 mg KOHY/g, viscosity change > 25%, or Fe > 100
ppm) at approximately 350-400 hours of operation
under tropical conditions.

Synthetic oils, maintaining all parameters well
within acceptable limits at 250 hours, could safely
extend service intervals to 500-600 hours,
representing 50-75% interval extension. This
extension capability translates directly to reduced
maintenance costs, less downtime, and lower
disposal volumes.

4.5.2 Economic Analysis
A comparative economic analysis reveals the

value proposition for synthetic lubricants in tropical
applications. Consider a typical commercial vehicle
operating 3,000 hours annually:
Mineral Oil (20W-50) Scenario:

o Service interval: 350 hours

e Services per year: 8.6

 Oil consumption: 47.3 L (8.6 services x 5.5 L)

 Oil cost: $189 (at $4/L)

 Labor cost: $172 (8.6 x $20)

o Total annual cost: $361
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Synthetic Oil (5W-30) Scenario:
« Service interval: 600 hours
« Services per year: 5.0
e Oil consumption: 27.5 L (5.0 services x 5.5 L)
o Oil cost: $275 (at $10/L)
 Labor cost: $100 (5.0 x $20)
 Total annual cost: $375

While the synthetic oil scenario shows slightly
higher direct costs ($14 more annually), this
calculation excludes several additional benefits:

« Reduced wear translates to extended engine life
(estimated 30-50% improvement based on wear
metal data)

o Lower fuel consumption from reduced friction
(typically 1-2% improvement)

o Decreased unscheduled maintenance from oil-
related failures

e Reduced disposal costs and environmental
impact

When these factors are considered, synthetic oils
provide net economic benefit of $150-300 annually
per vehicle, with even greater advantages for high-
utilization equipment (Yusuf & Adeleke, 2023).

4.5.3 Environmental Considerations

The reduced oil consumption from extended
drain intervals (47.3 L versus 27.5 L annually)
represents 42% reduction in waste oil generation.
This environmental benefit is significant given the
challenges of proper waste oil disposal in many
developing regions. Additionally, reduced engine
wear translates to longer equipment life, decreasing
the environmental burden of premature equipment
replacement.

4.6 Performance Ranking and Recommendations

Based on the comprehensive evaluation
across all parameters, the test lubricants can be
ranked for tropical climate suitability:

1. Mobil 1 5W-30 - Highest oxidation stability,
lowest wear metals, excellent TBN retention 2.

Castrol EDGE 5W-30 - Strong all-around
performance, good viscosity stability 3. Energy
Direct 5W-30 - Excellent value proposition with
performance comparable to premium synthetics 4.
Total Quartz 20W-50 - Best mineral oil
performance but substantially inferior to synthetics 5.
Mobil Super 20W-50 - Typical mineral oil
limitations amplified under tropical conditions

All three synthetic formulations demonstrated
superior performance across all evaluated parameters,
with differences between them relatively minor
compared to the substantial gap between synthetics
and mineral oils, Okafor et al.(2023).

4.7 Comparison with Literature

The findings align closely with previous
research while providing tropical-specific validation.
The 40-55% wear reduction observed matches the
35-60% range reported by Kumar and Patel (2022)
for synthetic versus mineral oils. The oxidation
stability improvements of approximately 100%
confirm earlier work by Saeed et al. (2019), Zhang et
al. (2020) and Atonuje et al. (2025).

However, the magnitude of degradation observed in
mineral oils under tropical conditions exceeds that
reported in temperate climate studies. The 20%
viscosity loss observed in this study compares to 10-
15% typically reported for similar test durations in
moderate climates (Park & Lee, 2021). This
difference quantifies the additional severity of
tropical operating environments and validates the
concerns raised by Adegbite and Ogunwole (2021)
regarding mineral oil suitability for Nigerian
conditions.

The TBN depletion rates (38-42% for mineral oils,
17-21% for synthetics over 250 hours) align well
with field data from Onyekwelu et al. (2022), who
reported similar patterns in  West African
commercial vehicle operations.

4.8 Limitations and Future Work

Several limitations of this study should be
acknowledged. First, the 250-hour test duration,
while adequate for demonstrating performance
differences, represents only a portion of typical
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service life. Extended testing through 500-750 hours
would provide more complete understanding of
long-term degradation patterns.

Second, the controlled test conditions, while
representative of severe operation, do not capture the
full variability of field service including cold starts,
extended idling, and diverse fuel qualities. Field
validation trials would strengthen the findings and

provide real-world confirmation of laboratory results.

Third, the study examined only one engine type.
Different engine designs, particularly varying in
cooling efficiency and combustion characteristics,
may show different sensitivities to lubricant type.

Finally, the economic analysis presented uses
generalized costs and may not reflect specific local
market conditions. Detailed economic modeling
accounting for regional pricing, utilization patterns,
and maintenance practices would provide more
precise guidance for fleet operators.

5. Conclusion
5.1 Summary of Findings

This study provides a comprehensive
comparative evaluation of synthetic and mineral
engine oils under tropical operating conditions,
focusing on viscosity stability, oxidation resistance,
and wear protection. The key findings demonstrate
clear and substantial performance advantages for
synthetic lubricants across all evaluated parameters.

Viscosity Stability: Synthetic lubricants exhibited

superior performance, maintaining viscosity within 6%

of initial values throughout 250 hours of severe
tropical operation. In contrast, mineral oils
experienced 16-20% viscosity loss, compromising
their protective capabilities. The viscosity index
retention of synthetic oils (>165 throughout testing)
ensures consistent lubrication performance across
the wide temperature ranges characteristic of tropical
climates.

Oxidation Resistance: Synthetic oils doubled
oxidation stability lifetime compared to mineral oils
(2,145 hours average versus 480 hours), reflecting
both superior base oil characteristics and more robust
additive packages. This enhanced oxidation

resistance translates directly to extended service
capability and reduced acid formation that promotes
corrosive wear.

Additive Retention: TBN depletion rates for
synthetic oils (17-21%) were approximately half
those of mineral oils (38-42%), indicating better
additive preservation and more effective acid
neutralization. The superior TBN retention provides
extended protective capacity throughout the service
interval.

Wear Protection: Synthetic oils reduced wear metal
concentration by 40-55% compared to mineral oils,
with particularly dramatic reductions in iron (57%)
and bearing metals (52-67%). These reductions
confirm superior film strength and protective
capability under the high-temperature, high-load
conditions prevalent in tropical environments.

5.2 Practical Implications

These attributes confirm the suitability of
synthetic lubricants for high-temperature, high-load
operations common in Nigeria and similar climates.
The performance advantages translate into tangible
operational benefits including extended drain
intervals (up to 75% longer), reduced engine wear
(approximately  50%), improved equipment
reliability, and net economic savings when lifecycle
costs are considered.

The study quantifies the additional severity imposed
by tropical operating conditions, with mineral oils
experiencing degradation rates 30-60% higher than
reported for temperate climates. This finding
validates concerns about applying temperate-climate
maintenance standards to tropical operations and
demonstrates the need for region-specific lubricant
selection and maintenance strategies (Onyekwelu et
al., 2022; Moyo et al., 2023).

5.3 Recommendations

Practical Recommendation: Synthetic
lubricants, such as Energy Direct 5W-30, Mobil 1
5W-30, or Castrol EDGE 5W-30, should be
prioritized for vehicles and power systems in tropical
regions to achieve longer oil life, reduced
maintenance costs, and enhanced equipment
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reliability. The initial cost premium is justified by
extended service intervals, reduced wear, and lower
total cost of ownership.

For Fleet Operators:

1. Implement  condition-based  maintenance
programs using oil analysis to optimize drain
intervals and realize the full economic benefit of
synthetic lubricants

2. Establish baseline performance data for specific
equipment and operating conditions to refine
maintenance schedules

3. Consider phased conversion to synthetic oils,
starting with high-utilization, critical equipment
where benefits are greatest

4. Monitor fuel economy improvements to capture
additional economic benefits

For Equipment Manufacturers:

1. Adjust service interval recommendations to
account for tropical operating conditions,
potentially reducing intervals for mineral oils
while extending those for synthetics

2. Update lubricant specifications to encourage or
require synthetic oils for equipment intended for
tropical markets

3. Provide region-specific guidance recognizing
the unique challenges of tropical operation

For Lubricant Formulators:

1. Develop formulations specifically optimized for
tropical conditions with enhanced oxidation
stability and high-temperature performance

2. Consider local economic constraints in
developing cost-effective synthetic or semi-
synthetic blends that provide intermediate
performance

3. Improve mineral oil formulations with robust
additive packages to extend service capability
where synthetic oils remain economically
inaccessible

5.4 Future Research Directions

Future Work: Further studies should incorporate
the following elements to extend understanding of
lubricant performance in tropical climates:

1. Extended Duration Field Trials: Conduct field
validation studies through 500-1,000 hour
service intervals with diverse equipment types,
operating patterns, and geographic locations
within tropical regions to confirm laboratory
findings under real-world conditions.

2. Regional Base Oil Studies: Investigate the role
of local base oil blends and refinery capabilities
in producing cost-effective lubricants optimized
for tropical conditions. Evaluate the potential for
semi-synthetic blends that provide improved
performance over mineral oils at intermediate
cost points.

3. Economic Impact Analysis: Perform detailed
economic modeling incorporating vehicle-
specific data, local market prices, utilization
patterns, and downtime costs to provide fleet
operators with decision tools for lubricant
selection.

4. Biodiesel  Effects:  Examine lubricant
performance with biodiesel blends increasingly
common in tropical regions, as biodiesel
combustion characteristics may alter oil
degradation patterns and optimal formulations.

5. Advanced Monitoring Technologies:
Investigate real-time oil condition sensors and
predictive algorithms that could enable dynamic
drain interval adjustment based on actual oil
condition rather than fixed schedules.

6. Component Inspection Correlation: Conduct
comprehensive engine teardown inspections
following extended testing to correlate oil
analysis results with actual component wear
patterns, validating analytical methods for
condition assessment.

Climate Zone Differentiation: Compare lubricant
performance across different tropical sub-climates
(coastal humid, inland dry, high-altitude) to
determine whether regional variations warrant
different lubricant strategies.
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