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Friction refers to the resistive forces generated between surfaces in relative motion.
In engines, the primary sources of frictional losses are sliding and rotating
components. The addition of nanoparticles to lubricating oils at an optimal
concentration can effectively reduce the coefficient of friction and enhance overall
lubrication performance. This research aims to synthesize hematite (a-Fe.Os)
nanoparticles using the co-precipitation method and evaluate their tribological and
rheological performance as additives in 40-stock base oil to enhance its lubricating
properties. Ferric chloride (FeCls) and ammonia solution were used as precursor
and precipitating agents, respectively. The effect of the cationic surfactant CTAB
on particle size and distribution was also studied. The synthesized samples were
characterized using X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), atomic force microscopy (AFM), nitrogen adsorption (BET),
and the Timken tester for load-carrying capacity.

The results confirmed the successful formation of uniform nanoparticles with sizes
25 nm. The use of CTAB increased the surface area and reduced the particle size.
Vibrating sample magnetometer (VSM) analysis revealed that the nanoparticles
exhibited ferromagnetic behavior. When added at an optimal concentration of 0.01
wt.%, the nano-hematite significantly improved the base oil’s load-carrying
capacity by 92% and reduced wear. However, at higher concentrations, particle
agglomeration negatively affected the performance. The findings demonstrate the
potential of nano-hematite as an efficient and sustainable additive for lubricating
oils, contributing to improved mechanical performance and energy efficiency.

Keywords: Nano hematite, Base Oil, Nano-Lubricating oil, Surface Modification, Tribology and Rheology.
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1. Introduction
1.1. Overview
The term "tribology" originates from the Greek words "tribos," which translates to "rubbing,"” and
"logos,” meaning "study" or "science.” Tribology involves studying the movement of surfaces
that interact with each other, particularly focusing on aspects such as friction, wear, and
lubrication Wear represents a primary factor contributing to the failure of engineering
components such as gears, piston rings, engines, undercarriages, bearings, and camshafts. These
components play essential roles in ensuring the smooth and efficient operation of industries such
as automotive, aerospace, mining, and machining[1-4] The base oil, whether natural or synthetic,
typically cannot achieve the properties of high-performance lubricating oil without the support
of advanced additive technology. Lubricant additives, present in a few weight percent, are added
to the base oil to significantly enhance lubricative properties. They are critical for the lubricant's
overall performance and can affect particular lubricants and can influence specific features such
as friction and wear, oxidation, foaming, and corrosion tendency[5]. The increasing severity of
operations conditions, developments in equipment technology, higher lubrication demands, and
stricter regulatory requirements across various markets are the key factors behind the search for
novel types of additives and the optimization of their concentrations. Researchers have focused
on enhancing base oil additives to address issues such as friction, oxidation, corrosion, and
abrasion. The advancement of nanotechnology has led to the development of nano-additives for
lubricating oil. Adding these nano-additives to base lubricants has resulted in substantial
performance enhancements [6-8]. The main advantages to utilizing nano lubricants are their
relative insensitivity to temperature, excellent tribological properties, and small-scale effects as
compared to traditional additives. Nanoparticle additives can perform a variety of roles. Powder
lubricants, made up of cohesive and soft particles, act as a third body between two surfaces,
reducing friction and wear. Magnetic nanoparticles have unique magnetic properties, including

superparamagnetic, high coercivity, low Curie temperature, and high susceptibility [9-11].
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Researchers have discovered that nanoparticles, with their varied compositions and sizes, can
significantly improve a lubricant's ability to reduce friction and wear and load-bearing capacity,
resulting in energy savings, improved dynamic transmission efficiency, vibration dampening, and
noise reduction. In particular, adding nanoparticles to the boundary lubrication regime has shown
impressive results, with reductions in friction coefficient of up to 70% and wear volume of up to
75%][12]. Nanoparticulate additives can function through various mechanisms. In lubricants,
nano-additives reduce friction and wear by employing processes such as colloidal stabilization,
rolling, small-size effects, formation of protective layers, and acting as a third body during
boundary lubrication[13]. Amorphous Fe203 particles was synthesized in sized 20-50 nm.
investigation revealed that adding ferric oxide to base oil SN500 enhanced wear resistance,
increased load-carrying capacity, and reduced the friction coefficient [14].

The incorporation of exfoliated nanographene (XG Np) and Fe:0s into paraffin base oil was
investigated to evaluate its effects on viscosity and tribological performance [15]. The study
revealed a wear scar diameter (WSD) reduction of approximately 24.45% with the addition of
0.4 wt.% and a reduction of 38.60% with the addition of 0.8 wt.% [15]. The nano-lubricant
demonstrated optimal anti-friction and anti-wear properties when the nanoparticles had a
diameter of 20 nm and the additive concentration was maintained at 8 wt%. This study indicates
that Fe3O4 nanoparticles enhance the adsorption stability of lubricants on metal surfaces. This
effect is more pronounced on metals with higher relative atomic mass, resulting in better surface
quality of rolled metal samples. Thus, incorporating FesOs nanoparticles into lubricants can
significantly improve their performance, especially on heavier metals [6]. FesO4 nanoparticles
modified with oleylamine and formulated lubricants synthesized with different mass
concentrations of nanoparticles. Oleylamine-modified FesOs4 nanoparticles were effectively
dispersed in lubricating oil, maintaining stability at concentrations up to 20 wt.% for 12 months.
Initially, increasing the nano-FesO4 content decreased the lubricants' dynamic and kinematic
viscosity, which then increased at higher concentrations. The tensile curve test indicated that the
lubricants' tackiness and stickiness followed a similar pattern. Notably, at a 5 wt% concentration
of Fe30O4 nanoparticles, the FezOs/mineral oil composite nano lubricants exhibited significantly
enhanced tribological properties, achieving a wear volume reduction of up to 93.8% compared to
base oils [16].

1.2. Role of nanoparticles in lubricating oil

Nanoparticles play a crucial role in friction zones, particularly in the limit lubrication regime
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where wear and friction margins are at their highest. The mechanism of nano-lubrication can be

regarded as having four major effects ball bearing/ rolling mechanism, protective film, repair

effects, and polishing, as shown in Figure (1).[17]
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Fig. (1): Nano-lubrication mechanism (a) Rolling/ball bearing mechanism; (b) protective film/tribo-film
formation; (c) mending effect; and (d) polishing/smoothing effect.[18]

Nano lubrication mechanism can be classified into two parts indirect and direct effect, Examples
of direct lubrication mechanisms involving nanoparticles suspended in lubricating fluid include
rolling ball bearings and protective film mechanisms, where nanoparticles act as ball bearings
between frictional surfaces, forming a coating that shields these surfaces. Indirect lubrication
methods encompass polishing and mending effects. The mending effect reduces abrasion by
accumulating nanoparticles on friction surfaces, forming protective layers. The polishing effect,
also known as surface smoothing, involves nanoparticles filling gaps on rough surfaces to reduce
friction and wear.[19], [20]

2. Material and methods

2.1. Materials:
Ferric chloride (FeCls) 98.0% Assay (Thomas Baker Chemicals PVT. LTD. Co.) was used as a
precursor of iron, Ammonia solution (NH4OH) 25 % (Central drug hous LTD.) as a source of
hydroxide ions, Ethanol absolute 99.8% (Romil LTD), Cetyl tri methyl ammonium bromide
(CTAB) 99% assay (HiMedia Laboratories PVT. LTD. Co.), deionized water, The 40-stock base
oil was provided by Al-Dura Refinery, Middle Refineries Company, Baghdad, Irag, and oleic acid,
required for the surface modification of the hematite nanoparticles, was purchased from Alpha

Chemika, India. The properties of the Base oil are presented in Table (1).
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Table (1): Properties of base oil 40 stock

SPECIFICATION BASE OIL (40 STOCK)
KINEMATIC VISCOSITY @ 40 °C(CST) 20.55
KINEMATIC VISCOSITY @ 100 °C (CST) 4.225
VISCOSITY INDEX 109
DENSITY @15 (G/CM?) 0.863

2.2. Experimental Procedure of Preparation:
2.2.1. Synthesis of nano hematite

Nano hematite (a-Fe203) was synthesized as seen in equations 1,2 and 3:

FeCls + 3NaOH — Fe(OH); + 3NH,CL ... .... (1)
2FeOOH — Fe,03+ 3H20 I <))

A separating funnel was filled with 1 molar of ferric chloride, and another was filled with 5 molars
of ammonia solution. Both solutions were permitted to dropwise in (0.02 M) CTAB (which used as
a surfactant) solutions as the reaction medium referred as (H2). A second reaction was conducted
without surfactant, referred to as (H1) as seen in Table (2). These reactions were continuously
stirred with a magnetic stirrer for two hours at room temperature. PH value was adjusted to 8-9 by
adding a nitric acid solution. Consequently, a Fe(OH)z3 precipitate would form, leaving it for aging
overnight. Filtration and washing with deionized water and ethanol were used to wash the
precipitate. Filtration was then repeated and dried for 12 hours at 60 C°. After calcining powder

for two hours at 500 C° at a rate of 10 C°/min, nano hematite was produced. [21-23].

Table (2): Experimental Procedure

FeCls; Molarity NH,OH CTAB Molarity
H1 0.1 5
H2 0.1 5 0.02

2.2.2. Surface Modification of Nanoparticles
To modify the surface of nanoparticles (NPs), 2 grams of oleic acid (OA) were dissolved in 100
mL of anhydrous ethanol. Hematite nanoparticles were then added to the solution. The mixture was
heated to 75°C and stirred magnetically for two hours to ensure a complete reaction. The resulting

product was filtered to remove ethanol and any unreacted oleic acid. It was then placed in an oven
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for four hours to completely eliminate any residual ethanol. This procedure was repeated once to
obtain oleic acid surface-modified hematite nanoparticles, designated as H/OA as seen in Figure
(2). [24-28]. The modified samples were added to base oil and mixing for 4 hour using magnetic

stirrer with 700 rpm.
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Fig. (2): Surface modification of nano hematite. [28]
2.2.3. Measuring and Analyzing Apparatus

BET (Brunauer, Emmet, and Teller), AFM (atomic force microscope), and Fourier transform
infrared spectroscopy (FTIR-8400S, Shimadzu, Japan) were used to characterize the synthesized
materials. It appears that spherical nano-sized particles with a mean diameter of 30 nm were
obtained. Contact pressure (load-carrying capacity) of nano-lubricating oil were measured using
portable Timken machine (Chongging top oil Purifier Co., Ltd, china).

3. Results and Discussions

3.1. Surface area and Pore volume
The surface area and pore volume of the synthesized hematite were evaluated through nitrogen
adsorption—desorption measurements at 77 K. Prior to analysis, the samples were degassed at 523
K (250 °C) to remove adsorbed species. Subsequently, liquid nitrogen was used to cool the samples
to 77 K, and nitrogen gas was gradually introduced. The partial pressure of nitrogen was increased
incrementally up to near saturation, followed by a gradual decrease to low pressure to complete the
adsorption-desorption cycle.
As shown in Table (3), the use of a cationic surfactant during synthesis significantly enhanced both

the surface area and pore volume of the hematite. This improvement is attributed to the ability of
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surfactants to reduce surface tension by decreasing intermolecular attraction. Consequently, particle
aggregation is minimized, leading to a more porous structure with increased surface accessibility.

Table (3): Hematite Surface Morphology

Surface area (m?/g) pore volume (cm3/g)
H1 29 0.0358
H2 42 0.0415

3.2. Atomic Force Characterization
AFM is a powerful and versatile microscopy technology used to study the samples at a nanoscale.
AFM can generate images at an atomic resolution. In metal oxide, AFM can measure the roughness
and other properties of the surface. From Figure (3) we saw that the mean particle size reduced by

24% from 33 nm to 25 nm according to using CTAB surfactant.

Histogram Histogram
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Fig. (3): AFM particle size distribution of synthesized hematite (H1 without surfactant and H2 with
surfactant).

3.3. ldentification Results from XRD
XRD observations on hematite samples are depicted in Figure (4). Data obtained from X-ray
diffraction (XRD) involves the analysis of phase distinction by measuring the angle 20 and intensity
(University of Kashan/Iran). This identification is referenced in the ICDD (International Center for
Diffraction Data) The analysis was performed by comparing the experimental results with the ICDD
database. The findings from the XRD analysis indicate that the predominant phase present is
crystalline hematite (Fe2O3) as in ICDD card No. 01-084-0308 and 01-084-0310 with identical
scores of 81% and 76% respectively. The peaks appear in the 20 range 24.26°, 33.33°, 35.78°,
41.05°, 49.70°, 54.36°, 57.93°, 62.74°, 64.30°, 72.40°, and 75.83° for H1 sample was matched by
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+ 0.006° while the 20 range 24.42, 33.38, 35.82, 41.13, 49.71, 54.32, 57.85, 62.74, 64.22, 72.17,
and 75.66 for H2 sample was identical by + 0.02. The average crystalline size of the synthesized
hematite nanoparticles has been calculated from the full width at half maximum (FWHM) and

Debye-Sherrer formula from HighScore software of Malvern Panalytical company:

0.891
== (5)

Where;

0.89 is the shape factor.

A is the x-ray wavelength.

B is the line broadening at half the maximum intensity (FWHM).

0 is the Bragg angle.

The mean crystalline size of a-Fe203 nanoparticles was around 29 nm and 23 nm for H1 and

H2 samples respectively.
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Fig. (4): H1 and H2 samples XRD patterns of synthesized hematite compared with blank XRD patterns.

3.4. FTIR analysis
The FT-IR spectra of the a-Fe>O3 nanoparticles were analyzed using a Thermo Fisher Nicolet 380
instrument. The wave numbers of vibrational infrared extended from 400 to 4000 cm™!. The bands
at 3438, 1070, and 1629 cm™ in Figure (4 H1) aligned with the stretching and bending vibration of
hydroxyl groups (O-H), while two sharp peaks at 541.8 and 463.8 cm—1 contributed to the
stretching and bending vibration of (Fe-O) vibrations. A similar observation is seen in Figure (5
H2).[29]
120



Journal of Petroleum Research and Studies Vol. 16. No. 02, June 2026, pp. 113-128

In decorated hematite in Figure (4 H1/OA and 4 H2/OA) three additional peaks were also
investigated, four peaks were observed due to surface modification with oleic acid around 2500 cm’

! corresponding to the asymmetric and symmetric (CH2) stretch, 2000 cm refer to (CH) group, and

about 1400 cm™ for carboxyl group. [22]
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Fig. (5): FTIR for H1, H2, H1/OA, and H2/OA patterns of synthesized hematite

3.5. Effect of a-Fe:Os NPs on the contact pressure (load carrying capacity) of base oil:
The most significant rheological parameter for lubricants is viscosity, which has a direct impact on
tribological properties such as friction between surfaces and wear. The kinematic viscosity is
calculated at 40 °C and 100 °C using Viscometer (Anton Paar SVM 3000), There is a slight increase
in viscosity with an increase in nano hematite concentrations added for both samples. A commercial
portable Timken tester (procured from Chongqing TOP Oil Purifier CO., LTD, China), as illustrated
in Figure (6) was employed to compare the contact pressure of the formulated nano-lubricating oil

with that of the base oil. The contact pressure was measured following the Timken method specified

by ASTM D-2782, and the corresponding equation was utilized for its calculation.[30]

C,PSI =

Where;

[L(X+G)]

2 (6)

C = contact pressure (load-carrying capacity) psi

L = mechanical advantage of the load-lever arm, 1

X = mass (weight) placed on the weight, Ib

G = load-lever constant, (weight of the long arm and short arm)
Y = length of test scar, inch

Z = average width of test scar, inch
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Load weight

Long arm lever /

Drive motor

Oil cup

Rotating bearing

A stationary block was pressed against a rotating roller operating at a speed of 800 rpm. The test
cup held 25 ml of lubricating oil, maintained at a temperature of 40°C. The load was applied using
a lever system with a 1:10 mechanical advantage by adding weights. Each test, conducted by the
ASTM D2782 standard, lasted for 10 minutes, followed by an inspection for scars. If no scar was

detected (Figure 7) the load was increased, and the test was repeated for another 10 minutes until a

Fig. (6): Portable Timken tester

scar was observed as seen in Table (4).

Fig. (7): image of rolling element scar test.

Table (4): Scar dimensions observed.

. Length of scar Width of scar Viscosity
Nano hemgtlte (Y mm) (Z mm) @40 ¢ mm?/s
percent % H1 H2  HL  H2 H1&H?2
1 0.005 1.79 2.07 1.48 1.49 4.29
2 0.01 1.58 1.34 1.33 11 4.3
3 0.05 1.83 1.68 1.39 1.28 4.35
4 0.1 2.11 2.28 1.47 1.62 4.39
5 0.15 2.14 1.57 2.3 1.7 4.45
Rolling E. Zero 5.8 3.2 4.22
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The a-Fe.0s nano-lubricants exhibited a markedly improved load-carrying capacity compared to
the base oil. This improvement was evidenced by an increase with increase of nano a-Fe.Os
concentration and the highest value was obtained at 0.01 % attributed to the formation of a tribo-
film on the sliding surface. This tribo-film effectively minimized friction between the steel ball and
the roller bearing under a 1.1-pound load. Additionally, scar damage showed reduction with the
initial increase in a-Fe20s nano additives concentration. However, at higher concentrations, the
performance began to decline due to nanoparticle agglomeration. As the concentration rose, van
der Waals forces and magnetic interactions caused the nanoparticles to aggregate, reducing their
ability to form a stable and uniform protective coating on contact surfaces[7]. This phenomenon
led to diminished performance, as illustrated in Figure (8).

=] —fl—H2

30000
25000
20000
15000
10000

5000

CONTACT PRESSURE (PSI)

base oil 40 st 0.005 0.01 0.05 0.1 0.15
CONCENTRATION OF NPS WT.%

Fig. (8): Load-carrying capacity of modified 40-base oil

3.6. Vibrating Sample Magnetometer (VSM):
Many researchers used magnetite (FesO4) as lubricant additives due to their magnetic properties
while hematite (Fe>O3) was antimagnetic [30], [31]. We made a magnetism comparison between
the two samples of synthesized nano hematite and bulk commercial one (> 100 nm) by VSM. When
a ferromagnetic material is exposed to an alternating magnetic field, a characteristic relationship is
observed between (magnetic induction) and (magnetic field strength)[32]. The magnetic behavior
of nanoparticles influences their dispersion in base oil, alignment under magnetic fields, interaction
with metal surfaces, While Fe.Os is more abundant and less expensive. Figure (9) shows hysteretic

loop investigations of the magnetic characteristics of the samples.
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Fig. (9): Magnetic hysteresis loop for commercial and synthesized hematite.

4. Conclusions

This study successfully synthesized hematite (a-Fe20s) nanoparticles via the co-precipitation
method and demonstrated their effectiveness as nano-additives in lubricating oil. Detailed
characterization confirmed the formation of nanoparticles with reduced particle size and increased
surface area, particularly when synthesized with a cationic surfactant (CTAB). The incorporation
of these nanoparticles at an optimal concentration (0.01 wt.%) significantly enhanced the
rheological and tribological properties of the base oil most notably, improving the load-carrying
capacity by up to 92% and the kinematic viscosity is slightly increased by 1.6 %.

The performance enhancements were primarily attributed to the formation of a tribo-film, the ball-
bearing effect of nanoparticles, and their ability to fill surface asperities. However, performance
declined at higher concentrations due to particle agglomeration caused by van der Waals and

magnetic interactions, which hindered uniform dispersion and film formation.

Additionally, magnetic characterization showed that the synthesized hematite nanoparticles exhibit
ferromagnetic behavior, contributing further to their tribological performance by promoting better
adherence to metal surfaces under dynamic conditions.

For future research, it is recommended to optimize the synthesis parameters to achieve better control
over particle size, distribution, and stability of nano-hematite in lubricating oils. Further studies
should also explore the long-term performance of these additives under real engine or industrial
operating conditions and assess their compatibility with various base oil types such as base oil 60

stock to broaden their application potential in commercial lubricant formulations.
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