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Abstract: This study investigates graphene oxide (GO) derived from recycled graphite in
spent dry cell batteries as a friction modifier in polyalphaolefin (PAO)-based lubricants. GO
was incorporated at weight fractions of 1, 3, and 5 wt% to evaluate its influence on friction
reduction, wear mitigation, and lubrication film stability. The incorporation of GO significantly
enhanced the tribological performance of PAO compared with that of the neat base oil. A
nonlinear concentration-dependent relationship was observed between the coefficient of friction
(CoF) and wear scar diameter (WSD). The 1 wt% GO-PAO formulation exhibited the lowest
CoF, achieving approximately a 45% reduction relative to pure PAO, a 54% decrease in WSD,
and a 9% improvement in lubricant film stability. This superior friction performance is attributed
to the formation of a thin, well-dispersed tribofilm that effectively reduces interfacial shear
stress under boundary lubrication conditions. In contrast, the minimum WSD was obtained
at 3 wt% GO, displaying that the formation of a thicker or more compact protective layer
enhanced the load-bearing capacity. Increasing the concentration to 5 wt% did not yield further
improvement, likely due to reduced dispersion efficiency at higher loading levels. Overall, 1 wt%
GO demonstrates optimal friction-reducing behavior, while moderate concentrations primarily
contribute to enhanced wear resistance, highlighting a concentration-dependent friction—wear
trade-off. These findings demonstrate a viable and sustainable pathway for upcycling battery
waste into high-value lubricant additives, contributing to the development of multifunctional
and environmentally friendly tribological systems.
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1. Introduction

Friction and wear are fundamental responses within tribological systems and are widely
recognized as primary contributors to mechanical inefficiencies and material degradation in both
automotive and industrial machinery (Abdelbary and Chang, 2023a; Abdelbary and Chang,
2023b; Kato, 2000). Friction dissipates mechanical energy in the form of heat, which reduces
the moving components’ energy transfer efficiency (Amiri and Khonsari, 2010). Approximately
one-third of the total fuel energy consumed by passenger vehicles is lost to frictional dissipation
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within key components, such as the engine, transmission, tires, and braking systems (Holmberg
et al., 2012). These adverse conditions escalate the maintenance requirements and shorten the
critical components’ operational lifespan (Wong and Tung, 2016). Hence, lubricants are crucial
in mitigating these effects by forming a protective film that separates contacting surfaces, thereby
reducing direct metal-to-metal interaction (Brinksmeier et al., 2015; Bowden et al., 1997).

Lubricants are developed in various physical states—liquid, solid, and gaseous—though oils
and greases remain the most widely utilized in industrial and automotive applications (Li et al.,
2022). Contemporary lubricant systems typically comprise base oils blended with specialized
additives designed to enhance performance, thereby directly influencing tribological properties
and functional stability. Conventional liquid lubricants may become ineffective under certain ex-
treme operating conditions, such as those involving high loads, elevated temperatures, or vacuum
environments, due to thermal degradation or loss of film integrity. Under such circumstances,
solid lubricants are a viable alternative, offering superior load-bearing capacity, thermal stability,
and failure resistance in boundary or dry lubrication regimes (Abdelbary and Chang, 2023a).
Despite their advantages, the applicability of solid lubricants is constrained by their inherently
finite film thickness, which gradually diminishes with continued use, ultimately reducing their
long-term effectiveness (Erdemir and Donnet, 2001). Moreover, their tribological performance is
susceptible to variations in the testing or operational environment, including surface roughness,
temperature, and humidity. To overcome these limitations, recent advancements have focused
on incorporating solid lubricants as additives within liquid lubricant formulations. This hybrid
lubrication strategy harnesses the superior load-bearing capacity and thermal stability of solid
lubricants while mitigating the limitations of conventional base oils. As a result, the synergis-
tic interaction between solid additives and the liquid matrix enhances film formation, reduces
friction, and improves wear resistance under demanding operating conditions. Consequently,
lubrication technology advancements remain a pivotal focus of tribological research.

Carbon-based nanostructures have recently attracted considerable attention in tribology,
particularly as high-performance additives in lubricants. Their unique structural, mechanical,
and chemical properties enable them to effectively reduce friction, minimize wear, and extend the
operational lifespan of mechanical components under diverse operating conditions(Opia et al.,
2025; Wang et al., 2024; Nyholm and Espallargas, 2023). In this context, significant research ef-
forts have focused on carbon-based nanomaterials—such as fullerenes, carbon nanotubes (CNTs),
and carbon onions—as promising solid lubricant additives due to their superior physicochemical
properties (Dai et al., 2024; Perreault et al., 2015). Among them, graphene oxide (GO) has
emerged as a desirable candidate due to its favorable tribological properties, cost-effectiveness,
and ease of production due to its scalable synthesis from abundant graphite using relatively
simple chemical liquid-phase processes (Hummers and Offeman, 1958). Moreover, it has been
reported that GO exhibits a strong affinity for metallic surfaces, especially steel, enabling rapid
adsorption via hydrogen bonding or electrostatic interactions (Kozlov et al., 2012). This robust
interfacial adhesion promotes the formation of a thin, conformal tribo-film on steel surfaces, anal-
ogous to the boundary layers established by conventional lubricants such as fatty acids. The
protective film is an effective barrier against direct asperity contact, mitigating adhesive wear,
and reducing friction in boundary lubrication regimes. Furthermore, under mechanical load,
the intrinsic layered structure of GO facilitates interlaminar sliding between adjacent sheets,
providing an additional mechanism for friction reduction and contributing to the lubrication
system’s overall stability (Kinoshita et al., 2015; Kinoshita et al., 2014; Liu et al., 2013).

One of the distinguishing characteristics of GO lies in the abundance of oxygen-containing
functional groups—such as hydroxyl, carboxyl, and epoxy moieties—distributed across its basal
planes and sheet edges. These polar functional groups endow GO with high surface activity and
hydrophilicity, enhancing its dispersibility in polar solvents, particularly water. This improved
colloidal stability facilitates its uniform incorporation into aqueous or other polar lubricant sys-
tems, ensuring consistent dispersion and effective interaction with the base fluid and contacting
surfaces (Dreyer et al., 2010; Paredes et al., 2008). However, GO exhibits significant dispersion
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challenges when dispersed in non-polar solvents, such as mineral oils and synthetic hydrocarbons,
due to its intrinsically hydrophilic and polar surface. Consequently, surface functionalization is
imperative for improving media compatibility. Recent studies have focused on tailoring the
surface chemistry of GO by functionalizing it with long alkyl chains, nonionic surfactants, or
grafting agents. These modifications increase the lipophilicity of GO, thereby enhancing its dis-
persion stability in non-polar base oils while maintaining its tribological efficacy and structural
integrity under operational conditions (Kimura et al., 2025; Zapata-Hernandez et al., 2022; Son
et al., 2021).

Conventional GO synthesis often relies on high-purity graphite derived from mined or syn-
thetic sources, which presents sustainability and cost concerns. As industries move toward circu-
lar economy principles, interest in sourcing graphene precursors from waste materials, especially
those rich in carbon, such as spent batteries and electronic waste, has increased. Battery primer
waste—an underutilized by-product of primary battery manufacturing and disposal-—contains
significant residual graphite. This graphite, typically discarded in landfills, offers a viable car-
bon source for nanomaterial synthesis if properly purified and processed. Graphite flakes can be
isolated and recovered from the waste matrix using physical separation and thermal treatment
methods, providing an eco-friendly and low-cost precursor for GO production.

In recent years, biolubricants have emerged as a promising research trend in the tribol-
ogy field (Gasni et al., 2017). The use of organic materials, polymers, and biomass-derived
compounds as sustainable additives in lubricant formulations has been widely investigated (Pa-
vani et al., 2017). In particular, GO has been widely synthesized either from commercially
available graphite or from biomass-derived carbon precursors and subsequently applied as a
friction-reducing additive in lubricant systems. However, to the best of our knowledge, no previ-
ous study has reported the use of graphite recovered from electronic waste—specifically battery
primer waste—as a precursor for GO synthesis in tribological applications. In this study, GO
synthesized from battery primer waste is incorporated as a friction modifier additive material for
poly-alpha olefin (PAO), a widely used non-polar liquid oil base. From an engineering perspec-
tive, the challenge is twofold: (1) determining whether battery waste-derived GO can achieve
comparable or superior friction- and wear-reduction performance relative to conventionally syn-
thesized GO and (2) optimizing its concentration and dispersion stability in poly-alpha olefin
(PAO). Therefore, this study addresses a critical engineering gap by systematically evaluating
battery waste—derived GO as a friction modifier in PAO and optimizing its concentration to
obtain excellent tribological performance. The tribological behavior is assessed using key per-
formance indicators, including the coefficient of friction (CoF), tribofilm formation, and wear
scar diameter (WSD), to identify the optimal loading that balances dispersion stability and
interfacial protection.

This work establishes a technically viable pathway for upcycling battery primer waste into
high-value functional nanomaterials beyond demonstrating friction and wear reduction. By
integrating resource recovery with lubrication engineering optimization, this study advances
sustainable materials utilization and high-performance tribological system design, contributing
to the broader development of green manufacturing technologies.

2. Methods

The experimental methodology of this work consists of four main stages: GO prepara-
tion from battery waste, GO synthesis, GO functionalization, and subsequent characteriza-
tion and tribological evaluation. This stepwise approach was designed to establish clear struc-
tural-property—performance relationships relevant to lubrication applications. Each experimen-
tal step is described in detail in the following subsections.
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2.1 Graphite preparation from the battery waste

The process began with collecting spent dry cell batteries, which served as a source of
graphite rods. Each battery was carefully dismantled to access the central graphite rod using
cutting pliers. The extracted rods were manually cleaned to remove residual electrolyte and
external contaminants. To eliminate any adhered manganese oxide (MnOs2) or other battery
reaction by-products, the rods were thoroughly wiped and gently abraded using fine sandpaper.
Once cleaned, the graphite rods were mechanically crushed into smaller fragments. The resulting
powder was subsequently sieved using a 200-mesh stainless steel sieve to obtain fine graphite
particles. This sieving step aimed to increase the specific surface area, facilitating more effective
oxidation in the subsequent synthesis of graphene oxide.

2.2 Synthesis of Graphene Oxide (GO)

Graphene oxide was synthesized from graphite powder derived from spent dry cell batteries
via a modified Hummers method (Zaaba et al., 2017; Hummers and Offeman, 1958). Initially,
3.0 g of graphite powder was introduced into a mixed acid solution containing concentrated
HS04 (360 mL of concentrated HoSO4 and 40 mL of H3POy4 in a volumetric ratio of 9:1). The
mixture was stirred at 330 rpm and room temperature (approximately 25°C) for 48 h to ensure
adequate pre-oxidation and acid intercalation.

After 48 h of stirring, 9.0 g of KMnO4 was slowly added to the reaction mixture while
maintaining the temperature below 20 °C using an ice bath to avoid thermal runaway. Subse-
quently, the oxidation reaction was continued for an additional 24 h under continuous stirring.
Subsequently, the reaction mixture was diluted with 200 mL of deionized water (aquadest or
aquademine) and stirred for 5 h to complete the oxidation process. Subsequently, 30 mL of
30% Hy09 was slowly added to neutralize the excess KMnO4 and terminate the reaction. The
color of the solution changed to light brown, indicating the successful synthesis of graphite oxide
(GrO).

The resulting suspension was filtered using a vacuum filtration system with a cellulose
nitrate membrane to separate the solid graphite oxide from the acidic solution. The residue
retained on the membrane was collected, thoroughly washed, and air-dried to obtain graphite
oxide powder. To exfoliate the graphite oxide into GO, 1.0 g of graphite oxide was dispersed in
250 mL of deionized water and subjected to ultrasonication in a bath sonicator for 2 h. This
process resulted in a stable GO dispersion, which was subsequently refiltered to remove any
remaining unexfoliated particles or large agglomerates.

2.3 Functionalization of graphene oxide (f-GO)

Owing to the poor dispersibility of GO in non-polar media, surface functionalization was
performed to enhance its compatibility with the PAO base oil. Sodium dodecyl sulfate (SDS) was
employed as a surfactant to prevent agglomeration of graphene oxide (GO) nanosheets and to
enhance their dispersion stability in the PAO base oil. SDS adsorption on GO surfaces improves
interparticle repulsion and effectively retards aggregation (Zhang et al., 2019a; Thickett and
Zetterlund, 2015; Hsieh et al., 2013). In this study, SDS (Merck) was used as the functionalizing
agent, with ethanol as the solvent medium. A mass ratio of 1 g SDS per 100 mL ethanol was
adopted to ensure sufficient surfactant availability and promote effective surface coverage of GO
nanosheets, facilitating improved interfacial compatibility with the non-polar PAO environment.

The SDS—ethanol solution was first ultrasonicated for 30 min to ensure complete SDS dis-
solution. Then, 0.78 g of GO powder was added to the SDS—ethanol mixture to obtain a
GO-to-solvent ratio of 1 wt%. This excess SDS condition was maintained to avoid surfactant
deficiency during functionalization. The resulting mixture was ultrasonicated for 2 h, followed by
continuous magnetic stirring for 12 h at a temperature of 60°C. The low-temperature constraint
was imposed to prevent GO sheet agglomeration, which can occur at elevated temperatures due
to ethanol evaporation and van der Waals attractions.
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After the functionalization step, the mixture was filtered using Whatman filter paper No.
42 with a pore size of 2.5um. The solid residue retained on the filter was then dried in a low-
temperature oven at 50°C to allow gradual ethanol evaporation without inducing aggregation.
This was feasible due to the low boiling point of ethanol (78°C), which permitted solvent removal
at sub-boiling temperatures. The dried product was collected as functionalized graphene oxide
and stored in a desiccator before incorporation into the lubricant matrix.

2.4 Characterization and tribological analysis

To confirm the successful oxidation of graphite to GO, the GO samples were subjected
to a series of physicochemical characterizations. The synthesized GO was analyzed using the
following techniques. Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy
(SEM-EDS: This technique is used to observe morphological changes due to oxidation and
to qualitatively assess the elemental composition, particularly the increase in oxygen content.
Fourier transform infrared spectroscopy (FTIR), this technique is used to identify functional
groups associated with oxygen-containing bonds (e.g., hydroxyl, epoxy, and carboxyl), indicating
successful chemical modification. X-ray diffraction (XRD), XRD was used to analyze interlayer
spacing changes and crystallinity, differentiating between the ordered structure of graphite and
the more amorphous structure of GO. Ultraviolet—Visible Spectroscopy (UV—Vis): Performed
to detect m—7* and n—7* transitions associated with C=C and C=0 bonds, further confirming
oxidation and partial delocalization of electronic states.

The tribological performance of the f-GO-PAQO nanolubricants was evaluated using the
High-Frequency Reciprocating Rig (HFRR) method, a widely accepted standard for bound-
ary lubrication assessment. The test followed conditions adapted from ASTM D6079 and was
used to measure the following parameters: Coefficient of friction (CoF): continuously recorded
throughout the test duration. Wear track diameter (scar width): Measured on the steel ball
using optical microscopy to assess material protection. Film formation characteristics: The lu-
bricant’s load-carrying and film-forming ability was evaluated based on frictional behavior and
post-test surface observations. To ensure reproducibility and comparability across samples, all
tests were conducted under consistent environmental and load conditions.

3. Results and Discussion

Figure 1 provides a schematic overview of the fabrication process of GO derived from battery
waste, specifically for its application as a friction modifier in lubricants. The process began
with the recovery of graphite rods from spent battery materials, which were then purified to
remove residual contaminants. This purified graphite undergoes chemical oxidation—typically
using a modified Hummers method—to introduce oxygen-containing functional groups, forming
GO with an expanded interlayer structure. The synthesized GO is then dispersed into a base
lubricant of PAO through mechanical stirring and ultrasonication to produce a homogeneous
GO-lubricant formulation.

3.1 Graphene oxide analysis

After chemical oxidation, a series of characterizations were conducted to confirm that GO
was successfully synthesized. Figure 2 shows the X-ray diffraction patterns of graphite and GO.
The graphite recovered from dry cell battery waste, inset shows a prominent diffraction peak
at 20 ~ 26.6°, which corresponds to the (002) plane of crystalline graphite (Popova, 2017).
Upon oxidation, a significant peak shift is observed at 20 ~ 11.07° in the GO sample, which is
characteristic of the (001) plane of GO (Stobinski et al., 2014; Krishnamoorthy et al., 2013). This
shift indicates the successful oxidation of graphite and the intercalation of oxygen-containing
functional groups and water molecules between the graphene layers. Additionally, a secondary
peak at 20 ~ 17.45°, which may be attributed to intermediate oxidation states, partial restacking,
or structural disorder within the GO layers (Gascho et al., 2019). Table 1 lists some XRD
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parameters from graphite and GO, such as the d-spacing, crystallite size (t), and the number of
layers of each crystallite (N).
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Figure 1 Schematic of the GO fabrication process as a friction modifier synthesized from
battery waste. The process involves the extraction of graphite from spent battery materials,
followed by chemical oxidation to produce GO, which is subsequently incorporated into base

oil for tribological applications
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Figure 2 X-ray diﬂ’ractia(\)n patterns of graphite (left) and GO (righlt)). The inset highlights a
strong diffraction peak at 260 ~ 26.5°, which is characteristic of the crystalline graphite (002)
plane, whereas the typical peak at 20 ~ 11.07°, which is characteristic of the (001) plane of
GO, indicates successful oxidation and interlayer spacing due to oxygen-containing functional
groups. A secondary peak appears at 260 ~ 17.45°, which may be attributed to partially
oxidized regions or residual graphitic domains

Table 1 presents the XRD parameters for graphite and GO, highlighting the structural
changes induced by the oxidation process. The pristine graphite sample shows a sharp diffraction
peak at 20 = 26.6°, which corresponds to an interlayer spacing (d) of 3.35 A, typical of the (002)
plane in well-crystallized graphite. In contrast, the first prominent GO peak appears at 20 =
11.07°, indicating a substantial increase in the interlayer spacing to 7.95 A. This expansion
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is attributed to the successful intercalation of oxygen-containing functional groups and water
molecules between the graphene layers during chemical oxidation. Secondary peak at 20 =
17.45° with a d-spacing of 5.07 A shows the presence of partially oxidized or restacked GO
structures.

Table 1 Summary of the XRD parameters of graphite and graphene oxide
Parameter Graphite 1% peak GO 2" peak GO

260 (°) 26.6 11.07 17.45
d (A) 3.35 7.95 5.07
t (nm) 155.77 92.86 120.25
N 465.90 116.81 237.31

The crystallite thickness (t), calculated using the Scherrer equation, decreases from 155.77
nm for graphite to 92.86 nm for the first GO peak, implying a reduction in stacking order
due to oxidation. Interestingly, the second GO peak corresponds to a slightly larger crystallite
size of 120.25 nm, possibly reflecting more ordered or less oxidized domains. The number of
resulting layers (N value) can be calculated by dividing t by d. The estimated N-value decreased
significantly from 465.90 in graphite to 116.81 in GO, confirming that oxidation exfoliates and
disrupts the original graphitic stacking. This showed that exfoliation due to oxidation had
occurred.

Figure 3 presents the SEM characterization of graphite (a and c¢) and graphene oxide (GO)
(b and d) synthesized from dry cell battery waste. The graphite samples exhibited a morphology
dominated by densely stacked flake-like structures, indicating tightly packed graphite layers. In
contrast, the GO samples displayed a more delaminated morphology, characterized by sheet-like
structures with fewer stacked layers and increased transparency. This transformation demon-
strates that exfoliation occurred following the oxidation process. Such morphological evolution
is consistent with previous reports, which describe that oxidative treatment introduces oxygen-
containing functional groups (e.g., hydroxyl, epoxy, and carboxyl groups) into the graphite
lattice, weakening interlayer van der Waals interactions and promoting layer separation (Chiang
et al., 2023; Amir Faiz et al., 2020; Kusrini et al., 2019; Nasir et al., 2019). These morpholog-
ical changes are consistent with the elemental composition obtained from EDS analysis (Table
2), which shows that GO contains 86% carbon and 11.25% oxygen, confirming the successful
incorporation of oxygen functional groups during oxidation.

The UV—Vis absorption spectrum provides further evidence supporting the successful oxi-
dation of graphite to GO, as shown in Figure 4. The spectrum displays a prominent peak at 233
nm, corresponding to the 7 — 7* transition of aromatic C=C bonds, and a shoulder around 298
nm, attributed to the n—7* transition of C=0 bonds, which has also been reported in many
works (Thangavel et al., 2015; Lim et al., 2013; Rattana et al., 2012). These characteristic tran-
sitions indicate conjugated m-systems and oxygen-containing functional groups. Such spectral
features confirm that the oxidation process altered the electronic structure of graphite, intro-
ducing oxygen functionalities and disrupting the sp?-hybridized carbon framework, consistent
with the formation of GO.

Figure 5 shows the FTIR spectra of GO. Several distinct peaks corresponding to oxygen-
containing functional groups introduced during oxidation are observed. A broad peak at 3159
cm ™! corresponds to O-H stretching vibrations, indicating the presence of hydroxyl groups and
possibly water molecules intercalated within the layered structure. The peak at 2807 cm™! is
attributed to C—H stretching. The sharp peak at 1709 cm™! corresponds to C=0 stretching,
indicating carboxyl or carbonyl groups, whereas the peak at 1627 cm™! is assigned to C=C
skeletal vibrations of unoxidized sp? carbon domains. The peak at 1196 cm™' is associated
with C-O stretching, corresponding to the epoxy groups. Collectively, these functional groups
confirm the successful oxidation and partial exfoliation of graphite. Moreover, the presence of
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C=C and C=0 bonds is consistent with the UV—Vis spectroscopy results, thereby reinforcing
the structural and chemical transformation of graphite to GO.

Figure 3 SEM images of (a and c¢) graphite and (b and d) GO at different magnifications.
Graphite morphology predominantly comprises compact, stacked flakes, whereas graphene
oxide (GO) exhibits thicker, more separated sheet-like structures. This morphological
transition indicates the successful oxidation and exfoliation of graphite during the synthesis
process, resulting in the expansion and delamination of layers in the GO structure

Table 2 Composition of GO synthesized from the carbon of battery waste
C% 0% Si% Al%

GO 86% 11.25% 00.57% 00.49%

3.2 Tribological performance of the GO-PAO system

After a series of characterization techniques confirmed that the obtained carbon material
was GO, the GO was incorporated into a polyalphaolefin (PAO) base oil as a friction-modifying
additive. The tribological performance of the lubricant formulations was investigated using a
High-Frequency Reciprocating Rig (HFRR) by the ASTM D6079 standard (ASTM Interna-
tional, 2024). Figure 6 shows a schematic representation of the HFRR setup. The HFRR test
was conducted under the following conditions: the lubricant temperature was maintained at 60
°C, with a normal load of 2 N, a reciprocating frequency of 50 Hz, a stroke length of 1000 pm,
and a lubricant volume of 2 mL. The testing configuration comprised two interacting specimens.
The upper specimen was a steel ball made of AISI E-52100 bearing steel, with hardness 60—67
HRC (Rockwell C scale), whereas the lower specimen was a flat disc, also made of AISI E-52100
steel, machined from an annealed rod and exhibiting a Vickers hardness of approximately 30
HV. The upper steel ball underwent a reciprocating motion against the stationary lower disc,
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which was partially submerged in the lubricant during the operation. The upper ball was the
primary surface analyzed for friction coefficient and wear scar diameter, whereas the lower disc
functioned as both the counterface and a lubricant reservoir.
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Figure 4 UV—Vis absorption spectrum of GO synthesized from dry cell battery waste. The
spectrum exhibited a strong absorption peak at 233 nm, corresponding to the 7 — 7*
transition of aromatic C=C bonds, and a shoulder at approximately 298 nm, attributed to the
n—7* transition of C=0 functional groups. These features confirm the presence of conjugated
structures and oxygen-containing groups, indicating successful GO oxidation
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Figure 5 FTIR spectra of GO synthesized from dry cell battery waste. The spectrum reveals

characteristic absorption bands indicating oxygen-containing functional groups, confirming the
successful oxidation of GO

3.2.1 Coefficient of friction (CoF)

Figure 7 shows that incorporating GO into PAO significantly reduces the CoF. The pure
PAO lubricant exhibited an average CoF of 0.148. When GO was added at concentrations of
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1%, 3%, and 5%, the average CoF values decreased to 0.082, 0.129, and 0.131, respectively.
These values correspond to a CoF reduction of approximately 44.6%, 12.8%, and 11.5%, re-
spectively, compared to pure PAO. The 1% GO-PAO formulation significantly reduced friction.
The addition of a higher concentration of GO will increase the CoF again, indicating that a
lower concentration of GO may be more effective in forming a uniform tribofilm and enhancing
lubricity under the given test conditions.

Applied Load
(200 g)

Frequency 50 HZ

Temperature 60 °C

Steel Ball

Figure 6 Schematic of the HFRR test apparatus used to investigate the tribological
performance of the lubricant. The setup replicates sliding contact under controlled conditions,
enabling the quantitative measurement of critical parameters, such as friction coefficient and
wear scar diameter. This standardized test method provides insight into the lubricating
effectiveness and anti-wear properties of the formulated samples

Furthermore, the CoF analysis over time revealed distinct fluctuation patterns across all
lubricant formulations. The CoF exhibited notable variability for pure PAO, ranging from
0.120 to 0.178 throughout the testing duration, indicating limited film stability under dynamic
loading. In contrast, the GO 1%-PAO blend exhibited a narrower fluctuation, ranging from
0.090 to 0.115 in the early phase of the test. Notably, after approximately 17 minutes, the CoF
of this formulation exhibited a pronounced decrease to approximately 0.070 after approximately
17 min, after which it stabilized, indicating the formation of a robust and continuous tribofilm.
The CoF of the GO 3% PAO blend remained relatively stable, fluctuating between 0.110 and
0.147, whereas that of the GO 5%-PAO blend showed a similar trend, ranging between 0.114
and 0.147. These observations indicate that the addition of GO improves the stability of the
lubricating film, particularly at low concentrations. GO 1% demonstrated superior performance
in suppressing friction and enhancing long-term consistency under sliding conditions. Overall,
the observed reduction in friction upon GO addition is in good agreement with earlier studies,
which reported that graphene oxide nanosheets act as an additive in the lubricant system (Liu
et al., 2019; Mungse and Khatri, 2014).

3.2.2 Tribofilm formation

The addition of GO enhances the film-forming stability and capability of the lubricant,
as illustrated in Figure 8. The average film formation percentages observed for pure PAO,
GO 1 wt%PAO, GO 3 wt%PAO, and GO 5 wt% PAO were 87%, 95%, 99%, and 99%,
respectively. These results indicate that GO improves the lubricant’s ability to form a consistent
tribofilm. However, the improvement plateaus beyond the 3 wt% loading, as the film formation
percentage remains unchanged at 99% for both 3% and 5% GO concentrations. Furthermore,
the temporal trend of film formation during the test shows that increasing the f-GO content
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reduces fluctuations, demonstrating a more stable and continuous boundary lubrication regime.
This behavior is attributed to the formation of a protective GO-based tribolayer that reduces
asperity contact and enhances the load-carrying capacity under reciprocating motion.
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Figure 7 Coefficient of friction (CoF) results obtained from HFRR testing of PAO base oil
and GO-PAO lubricants with varying GO concentrations (1 wt%, 3 wt%, and 5 wt%). The
results demonstrate the influence of GO content on friction reduction under reciprocating
sliding conditions over a 75-min test duration.

For pure PAO oil, the film formation exhibited noticeable fluctuations, ranging between
65% and 90% throughout the testing period, indicating limited stability in the boundary lu-
brication regime. In contrast, the GO 1 wt%-PAO formulation significantly improved the film
formation behavior. Initially, film formation gradually increased from 35% to 95%, and after
approximately 19 min, the value stabilized, maintaining a consistent range between 99% and
100% for the remainder of the test. This indicates the successful establishment of a robust
and continuous tribolayer. The 3 wt% and 5 wt% GO-PAO blends exhibited similar behavior,
with film formation fluctuating narrowly within the 95%-100% range and remaining largely sta-
ble throughout the test duration. These findings confirm that GO incorporation enhances the
maximum film formation capability and temporal stability, particularly at 1 wt% and above.

A clear correlation was observed between film formation and CoF, particularly in the case of
the GO 1 wt%-PAO formulation. As shown in the results, a noticeable reduction in CoF began
around the 17-min mark, coinciding with a significant increase in film formation, which stabilized
at 99%-100% by approximately 19 min. This temporal alignment confirms that the development
of a stable lubricating film directly reduces friction by minimizing direct surface-to-surface con-
tact. Furthermore, a consistent trend was evident across all GO-PAQO samples: higher average
film formation percentages are associated with lower average CoF values. Compared to pure
PAO, which exhibited both lower film formation and higher friction, the GO-enriched formu-
lations demonstrate superior tribological performance, confirming the role of GO in enhancing
lubricating film stability and effectiveness. The present findings are consistent with previous
reports demonstrating that a protective layered carbon tribofilm contributes to the inherent low
shear strength, reducing the CoF (Samanta et al., 2024; Wen et al., 2020).
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Figure 8 Tribofilm percentage results for three different concentrations of GO-PAO lubricant
formulations (1 wt%, 3 wt%, and 5 wt% GO) compared to pure PAO as a reference. The data

illustrate the influence of GO concentration on tribo-film stability and coverage over a 75-min
sliding duration

3.2.3 Wear Analysis

Figure 9 (supplementary) shows the wear tracks and their corresponding widths. The
measured WSD for pure PAO, GO 1wt%PAO, GO 3wt%PAO, and GO 5wt%PAO were 432
pm, 201 pm, 145 pm, and 150 um, respectively. These results indicate significant reductions in
wear with the addition of GO. Specifically, the WSD decreased by 53.47% for the 1% formulation,
66.43% for the 3% formulation, and 65.27% for the 5% formulations, respectively, compared to
pure PAO. All values are well below the ASTM D6079 standard limit of 520 pm for acceptable
wear performance, confirming that the GO-enhanced lubricants not only comply with industrial
standards but also exhibit superior antiwear properties. The formation of a protective tribolayer
by GO, which minimizes direct metal-to-metal contact and enhances surface protection under
reciprocating sliding conditions, is attributed to the substantial reduction in the size of the wear
scar. The significant decrease in wear scar diameter after GO incorporation is in good agreement
with earlier studies reporting that graphene oxide nanosheets improve antiwear behavior by
forming a protective tribofilm and acting as a load-bearing layer at the sliding interface (Wang
et al., 2019; Kinoshita et al., 2014).

Theoretically, the WSD in tribological testing is primarily influenced by the tribofilm per-
centage and CoF. Figure 10 (supplementary) shows that the PAO base oil sample exhibited a
relatively high CoF of 0.148 and a corresponding large wear scar of 432 pym. In contrast, adding
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1 wt% GO resulted in a substantial reduction in both CoF and WSD, with values dropping
to 0.082 and 201 pm, respectively. This can be attributed to the formation of a stable GO
tribo-film that acts as a protective barrier between the steel surfaces, effectively transitioning
the contact mode from steel-steel to GO-GO, thereby reducing interfacial shear and adhesive
wear.

Interestingly, further increases in GO concentration, as seen in the GO 3 wt%-PAO sample,
produced a nonlinear trend: while the CoF increased slightly to 0.129, the WSD decreased
significantly to 145 pym. A similar pattern was observed for the GO 5 wt%-PAO sample, which
showed a CoF of 0.131 and a WSD of 150 pm. These observations indicate that the relationship
between the CoF and WSD is not strictly proportional. The underlying mechanism can be
explained as follows: the well-dispersed GO nanosheets quickly form a uniform, thin protective
film that reduces both friction and wear at low GO concentration (1 wt%). However, with
increasing GO content (3% and 5%), although the CoF increases slightly, the thicker deposition
of GO results in a more robust antiwear layer, which continues to reduce the WSD (Wu et al.,
2022; Tian et al., 2020; Zhang et al., 2019b). This effect is attributed to the increased quantity
of GO available to fill surface asperities and maintain contact surface separation. However,
this increased deposition also contributed to shear-induced interactions between each GO layer,
which contributed to the slight increase in CoF. Nevertheless, the overall friction coefficient
values for the 3% and 5% GO-PAO samples remained significantly lower than those of the
PAO base oil, confirming the continued beneficial role of GO in lubrication. Thus, higher GO
concentrations enhanced wear resistance by forming a thicker tribo-film that acts as a mechanical
barrier rather than merely reducing friction. In summary, these findings reveal that friction
reduction and antiwear performance do not always scale linearly with each other and that the
optimal tribological behavior is governed by a balance between GO concentration, dispersion
uniformity, and film-forming ability under sliding conditions.

4. Conclusions

Graphene oxide (GO) synthesized from graphite recovered from spent dry cell batteries
has been demonstrated as a viable nano-additive for poly-alpha olefin (PAO). The recovered
graphite exhibited a flake-like morphology and high carbon purity, confirming its suitability as
a precursor. The successful oxidation via the modified Hummers method was verified through
comprehensive characterization. SEM-EDS analysis revealed partial exfoliation and increased
oxygen content, while XRD analysis confirmed the oxidation of graphite, as evidenced by the
emergence of a characteristic GO diffraction peak at 260 11.07°°, corresponding to an expanded
interlayer spacing from 3.35 A to 7.95 A. FTIR spectroscopy identified hydroxyl, carboxyl, and
epoxy functional groups, and UV—-Vis spectra displayed absorption peaks at 233 and 298 nm,
consistent with 7 — 7* (C=C) and n—— 7* (C=0) transitions. The tribological evaluation us-
ing HFRR demonstrated a concentration-dependent and nonlinear relationship between friction
and wear behavior. The 1 wt% GO-PAO formulation exhibited the lowest coefficient of friction,
achieving approximately 45% reduction relative to neat PAO, along with significant wear reduc-
tion and improved film stability. In contrast, the minimum wear scar diameter was obtained at 3
wt% GO, indicating enhanced load-bearing capacity associated with the formation of a thicker or
more compact protective tribolayer. Increasing the concentration to 5 wt% did not provide addi-
tional benefit, indicating that excessive loading may promote nanosheet aggregation and reduce
dispersion efficiency. Overall, 1 wt% GO demonstrated the most pronounced friction-reducing
performance, whereas moderate concentrations primarily enhanced wear resistance, revealing a
concentration-dependent friction—wear trade-off governed by tribofilm evolution. The nonlinear
behavior observed across formulations underscores the importance of optimizing additive load-
ing to balance shear stress reduction and load-bearing capacity in boundary lubrication regimes.
This study establishes a technically viable pathway for converting battery waste—derived graphite
into high-value graphene oxide nano-additives.
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