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Effect of Graphene as a Lubricant Additive for Diesel Engines
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Abstract: Two engine oil additives with graphene were tested in diesel engines. The
first was a graphene oxide (GO)-based, commercially available additive that the supplier
recommends using at a 3% v/v concentration in engine oil. The second was a graphene
nanoplatelet (GNP)-based additive that is under development, which is more concentrated
and allows for the addition of a much smaller amount of additive. Using the GO additive
results in a reduction of brake-specific fuel consumption from 0.2% to 0.7%, depending on
the engine load, and a 2% reduction in fuel consumption when the engine is run without
load. The use of 0.1% wt of GNPs led to 0.4% of fuel savings on an ESC emission cycle.
Increasing the GNP concentration to 0.2% did not further reduce fuel consumption.

Keywords: energy efficiency; engine oil; graphene oxide; graphene nanoplatelets; fuel
consumption

1. Introduction

Lower viscosity oils are being introduced to diesel engines to reduce engine-dominant
hydrodynamic friction losses, but this comes with the risk of increasing the boundary
friction [1,2]. Lubricant friction-modifier additives used on spark ignition (SI) engines—for
example, MoDTC—are not used in diesel engines due to issues of metal and ash poisoning
caused by the post-treatment diesel particulate filter (DPF). Graphene-based materials have
great potential for tribological applications as part of attempts to reduce friction and fuel
consumption [3-5]. Graphene is part of a broad family of carbon nanoallotropes; graphene
itself is part of a family primarily comprising sp? carbon atoms arranged in a hexagonal
network, as represented in Figure 1. In particular, graphene nanoplatelets (GNPs) consist
of more than six graphene layers, with a combined thickness between 1 and 3 nm and
lateral dimensions ranging from approximately 100 nm to 100 pm. Graphene oxides
(GOs) are chemically modified graphene that is prepared by oxidizing and exfoliating
graphite. Graphene oxide is a single-layer material with a high oxygen content, typically
characterized by C/O atomic ratios of approximately two. Reducing the oxygen content of
graphene oxide creates reduced graphene oxide (rGO). Different reducing agents will lead
to reduced graphene oxide having different carbon-to-oxygen ratios and different chemical
compositions. It can take the form of several morphological variations, such as platelets
and worm-like structures. Another carbon nano-variant is the carbon nanotube (CNT),
which is a carbon with a diameter in nanometers and a length in micrometers (where the
length-to-diameter ratio exceeds 1000).
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Figure 1. Classification of carbon allotropes according to their dimensionality and types of graphene.
Reproduced from [6].

Graphene exhibits many important advantages over traditional lubricating materi-

als [6]:

- Very high strength and both mechanical and chemical stability;

- A low coefficient of friction;

- Self-lubricating properties;

- High thermal conductivity, which helps to dissipate the heat generated by friction;

- Susceptibility to chemical modification, which helps with adapting its properties to
different applications.

The effects of 2D materials, in particular graphene, on tribological or other phenomena
that are responsible for reducing friction and other losses remain unclear (see further
discussion in [6]). The more probable effects are (a) the creation of a protective, low-friction
tribofilm; (b) the filling and mending of surface roughness; (c) hydrodynamic effects; and
(d) thermal effects. However, there is some speculation that graphene can also serve as
a combustion improver, even when a small quantity of lubricant is burned (see Section 7
in [6]).

Graphene’s unique properties, such as low shear resistance, high stiffness, and thermal
conductivity, make it an attractive material for improving the properties of lubricants in
a wide range of industrial applications, including vehicles, domestic refrigerators, and
industrial machinery such as gearboxes, large compressors, etc. [6-11]. There is much
research literature on the tribological, anti-wear, and other physical and chemical properties
of graphene when it is used as an additive to engine oil. However, relatively few papers
present the results of tests on working engines [7,8,11-13]. Some of the reported fuel
savings from using graphene-based additives are much larger than their potential friction
reduction (Table 1). Therefore, while it is necessary to investigate the effect of graphene
additives on engine efficiency, it is also important to consider other significant parameters,
such as emissions or the service life of both the oil itself and the engine it lubricates.
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Table 1. Effect of using a graphene-based engine oil additive on engine performance.

Effect on Engine Oil

Graphene Type Engine Viscosity Benefit Ref.
4ovl 16 L 3% power increase in a
Low-cost graphene . 10-12% increase in wide speed range
. TDI 115HP T : [7]
related material in a car dynamic viscosity (tests on chassis

dynamometer)

Commercially
available
nano-graphene
lubricating oil

1-cyl. 0.5 L Diesel
7.6 kW @ 3000 rpm

1.82-5.53% reduction in
towing torque
2.31-6.01% decrease in

A few percent BSFC on external
decrease in 18]

kinematic viscosit characteristic
y 0.23% to 6.61% decrease in

BSFC depending on load
and speed,

Graphene
nanosheets

85 kW @ 5600 rpm

6% reduction in friction
power in motoring test
7-10% higher power and
torque and 4.43-5.61%
lower BSFC at 50% and 75%

throttle position [11]
and different speeds
17% lower FC in the NEDC
test
(reproduced on the engine
test bench)

4-cyl. 1.6 L SI Slight increase in

kinematic viscosity

GO

DI-Diesel, air-cooled,
5.4 kW @ 3000 rpm

6% reduction in motored
Around 6% drop in torque
dynamic viscosity 2.6% lower BSFC at full
load

1-cyl, 04 L,
[12]

Nanographite

1-cyl., 0.32 L Diesel,

4.8 HP @ 1500 rpm

15.2% reduction in FC
18% reduction in BSFC
at 1500 rpm and wide range
of load

air-cooled, No effect on viscosity [13]

This study investigated the effect of two graphene-based lubricant additives on the
fuel consumption of diesel engines. One additive with graphene oxide was commercially
available, while the other with graphene nanoplatelets was an in-house development. The
tests were carried out on an engine dynamometer.

2. Graphene Additives
2.1. GO Additive

A commercially available additive was supplied by a partner without further details.
The additive was analyzed using thermogravimetric analysis (TGA) and Raman spec-
troscopy. TGA is a thermal analysis method for measuring mass changes as temperature
increases at a constant rate. The first derivative of the TGA curve—known as the DTG
curve—may be plotted to determine inflection points useful for in-depth interpretations
and differential thermal analysis. The additive was analyzed in Mettle Toledo, Columus-
USA, on TDG/DSC 1 equipment using the STARe SW v12.10 software. This showed a TGA
Tmax = 544 °C and a curve of the mass derivative typical of graphene oxide (GO) as per
the method proposed by [14] (see Figure 2).
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Figure 2. (a) TGA and DTG graphs from different graphene types shown in (b) with characteristic
DTG peaks and peak positions (T max); (¢) Graph presenting Tmax ranges used for the qualitative
identification (reproduced with authorization from [14]); (d) TGA and DTG from the additive used in
the tests.
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When added to a 15W-40 fully formulated oil, the GO additive caused a slight kine-
matic viscosity drop by 2.0% and 3.35% on KV40 and KV100, respectively, for 1.5% and
3.0% v/v concentrations. Dynamic viscosity was measured using a rotational rheometer,
Brookfield R/S Plus, at shear rates from 432 to 1019 s~ and the addition of 3% v/v of the
tested additive demonstrated a viscosity reduction of up to 10% at 80 °C (Figure 3).

—Ref

3% v/v

100

Viscosity [mPa.s]

10
20 30 40 50 60 70 80

Temperature [°C]

Figure 3. Oil dynamic viscosity under shear rates from 432 to 1012 s .

In addition to the additive’s effect on viscosity, its effect on lubrication properties was
also tested using a universal four-ball tribotester in accordance with standard PN-76/C-
04147 [15]. The limiting pressure of seizure (Poz) was over 30% higher and the seizure load
(Pt) was over 20% higher for oil with the GO additive in comparison with oil without the
additive (Figure 4).

3000

B Poz [N/mm2] ™ Pt[N]
2500
2000
1500

1000

L L
0

Ref 3%v/v

Figure 4. The limiting pressure of seizure (Poz) and seizure load (Pt) for oil without additive and
with 3% v/v additive.

2.2. In-House GNP Additive

The second additive used in this investigation was an in-house graphene additive
based on graphene nanoplatelets (GNP) with a higher graphene concentration. The GNP
powder was characterized using the Raman imaging system, WITec Alpha 3000, WITec,
Ulm, Germany, with a 532 nm excitation laser source with a superficial power density of
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105 W/cm?. An improved version of the protocol described in [16] was used to quantify
a number of layers and other graphene properties (see Figures 5 and 6 and Table 2).
Higher magnification SEM reveals that its sheets are aggregated in a spherical manner. A
higher graphene concentration reduced the additive volume, leading to a lower impact on
kinematic viscosity of less than 1%. Despite the lower volume, viscosity under shear rate
exhibited a similar reduction as the GO additive. It can be speculated that the graphene’s
presence causes the viscosity reduction under shear rate (see the discussion in [6]). As the
engine oil already contains a complete additive package (anti-oxidant, anti-foam, etc.), the
lower the volume of graphene additive, the less the “dilution” of the other oil additives.
Previous versions of the in-house additive were tested with successful tribological results.
Details of these tests are presented in [9].
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Figure 5. Characteristic Raman spectrum of the GNP used in the MDD engine test.
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Figure 6. GNP (a) DTG (b) SEM photo.
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Table 2. GNP characterization.

Characteristic Unit Mean Q90
Number of layers—<N>2D (nm) - 9 11
Surface density of point defects—nD 1010 cm—2 2.8 4.3
Lateral size—L, nm 71.1 994
D to G peak intensity ratio (Ip/Ig) - 0.28 0.44
Percentile of volume-based particle size distribution [%] 9.6 (Dsp) 19.3 (Dgp)

3. Engine Tests of GO Additive

For the engine test, the GO additive was added in a concentration of 3% v/v to a
fully synthetic, ACEA C2, Low SAPS, SAE 5W-30 engine oil. The dynamometer tests were
carried out first using the baseline oil without the additive and then with the additive.

3.1. HSD Engine

The engine used for the tests was an automotive four-cylinder, turbocharged direct
fuel injection diesel engine with intake air cooling and exhaust gas recirculation. The engine
had four valves per cylinder and a common rail injection system. The engine had a cast
iron block and aluminum pistons with typical ring sets. The technical specifications of the
test engine are presented in Table 3.

Table 3. Engine specifications.

Parameter Value
Displacement 1250 cm?
Bore diameter 66.9 mm

Stroke 82 mm
Connecting rod length 215 mm
Compression ratio 11.7:1
No. of valves 4

Max power 66 kW

Speed of max power 4000 rpm
Max torque 190 Nm
Speed of max torque 2000 rpm

3.2. Test Stand

The tests were carried out on a dynamometer test stand equipped with a Schenck
W130 eddy current brake (Darmstadt, Germany), which allowed for precise rotational
speed control and the measurement of engine speed and torque. The AVL 733S Dynamic
Fuel Balance, Graz, Austria, was used to measure fuel consumption. The test stand was
equipped with a precise system for maintaining the set temperature of the engine coolant.
To precisely maintain the temperature of the engine oil, an additional external oil cooling
system was used. The most important parameters of the dynamometer test stand are
presented in Table 4.

Table 4. Technical specifications of the test stand equipment.

Parameter Value

Schenck W130 eddy current dynamometer
Max torque 400 Nm from 1000 to 3100 rpm
Max power 130 kW from 3100 to 10,000 rpm
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Table 4. Cont.

Parameter Value
Moment of inertia 0.14 kg-m?
Torque measurement accuracy 0.2% ES.
Speed measurement accuracy 1rpm
Testing mode steady state testing
AVL 733S Dynamic Fuel Balance
Measuring range 0...150kg/h
Systematic measurement uncertainty Us =0.12%
Maximum measurement frequency 10 Hz

3.3. Procedure

The dynamometer test was conducted at two accelerator pedal positions—100% and
30%—and five engine rotational speeds—2000, 2500, 3000, 3500, and 4000 rpm. Each test
was repeated three times for both the baseline oil and the oil with the graphene-based
additive. It is important to note that the tests were repeated on different days after the
engine had completely cooled down to maintain accuracy and consistency. First, tests were
performed on the baseline oil (BL). Then, the tests were performed on oil containing 3% of
the graphene-based additive (GO). Before pouring the additive, the same oil volume was
removed from the crankcase to maintain a constant engine oil volume. After pouring the
additive, the engine was operated for approx. 20 h in various conditions for the oil to mix
and the additive to work. Then, the tests were conducted on the oil containing the additive.

In addjition to the above-described tests under load, fuel consumption measurements
were taken for the engine operating without load. In such conditions, the influence of
mechanical resistance on fuel consumption, and therefore the effect of the additive, should
be greater. When operating at increased rotational speeds without load, the engine control
unit (ECU) sometimes started the regeneration of the particulate filter (DPF), even if its
filling level was small. To prevent this, the exhaust gas temperature sensor behind the
DPF was disconnected during measurements without load. The lack of a signal from this
sensor caused the failure of the ECU to start the DPF regeneration procedure. Another
problem was the difficulty in precisely setting the rotational speed. Under load, the
dynamometer controller maintained the set speed very accurately —the speed remained
practically unchanged. However, without load, even the smallest change in the accelerator
pedal settings could cause a change in speed by even a dozen or more rpms. Furthermore,
sometimes the ECU itself (the accelerator settings were not changed) changed this speed
and these changes were sometimes very large, even greater than 50 rpm. Therefore, in
conditions without load, it was not possible to carry out measurements at the predetermined
rotational speeds during particular repetitions of the test. The measurements were taken
at speeds at which the engine was running at a constant speed (changes no greater than
10 rpm) for long enough to perform the measurements. During this interval, which spanned
several minutes, the temperature stabilization period and the time of operation in steady-
state conditions were accounted for. It was within this timeframe that the measurements
for fuel consumption were taken. The fuel consumption at a given measurement point,
during tests both with and without load, were determined by taking the average of four
subsequent readings from the meter. Each measurement took 20 seconds, as specified in
the meter settings. Additionally, the no-load test was repeated three times for each oil to
ensure accuracy and consistency of the results.
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3.4. Results of Dynamometer Tests

The mean values obtained from the results of the three repeated tests for baseline oil
(BL) and for oil with the additive (GO) are presented in Figures 7 and 8. On average, the
torque at the part load of the engine increased by 0.57% after the additive was added. Fuel
consumption remained nearly the same when using the oil without and with the additive
(exactly, on average, FC was 0.09% lower for the oil with the additive). The specific fuel
consumption (SFC) also decreased by 0.66% when using the additive.

4.1 500
—0.55% o
3.9 blue line - BL 4
37 450 red line - GO
352 3 400
™ X
33X
Qo
o 350
3.1 5
29
blue lines - BL 300
. 2.7 -1.27%
red lines - GO > ¥ 0.49%
25 250
2500 3000 3500 4000 2000 2500 3000 3500 4000

Engine speed [rpm] Engine speed [rpm]

Figure 7. Fuel consumption (FC), torque (M), and specific fuel consumption (SFC) for baseline oil (BL)
and oil with graphene-oxide based additive (GO) at 30% position of acceleration pedal (percentage
changes that are not statistically significant at the confidence level of 0.95 are marked in red).

17 255
6 —0.44%
1 250 blue line - BL P
25 245 red line - GO "
14 .
-
13 = 240
R Y
12 X E 235
11 E 8 230
(%]
) 18 225
blue lines - BL
red lines - GO 220
0.01%
7 215
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Engine speed [rpm] Engine speed [rpm]

Figure 8. Fuel consumption (FC), torque (M), and specific fuel consumption (SFC) for baseline oil (BL)
and oil with graphene-oxide based additive (GO) at 100% position of acceleration pedal (percentage
changes that are not statistically significant at the confidence level of 0.95 are marked in red).

Under full-load conditions, the torque for the engine working on oil with the additive
increased by an average of 0.51%. However, as fuel consumption also showed a small
increase of 0.27%, SFC for oil with the additive decreased on average by only 0.23%.

Since the differences in SFC for oil with and without the additive are relatively small,
statistical tests of their significance were performed using Student’s t-test. This analysis
used SFC values calculated based on all M and FC readings taken during the measurements
(sample size 12). The test results indicate that for a confidence level of 0.95, the differences
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between the averages in SFC are statistically insignificant in three cases: at partial load
and 3000 rpm, and full load and 3000 and 3500 rpm (marked in red in Figures 7 and 8).
In the remaining cases, the differences in SFC between oil without and with the additive
are significant at the assumed confidence level of 0.95. Figures 9 and 10 show the SFC
values obtained during the three tests performed on oil without additive and with the 3%

GO-based additive.
2000rpm 2500rpm 3000rpm 3500rpm 4000 rpm
265 282 315 402 o 500
@
4 ®
264 @ 281 e 314 401 % e
- - ° P 496
263 o 280 313 — 400 494 e
o <} it
262 e 279 ° 312 —g—® 399 ° 492 -
. ¢ 490
261 278 ® 311 398 ®
. 488 o
260 277 310 397 486
BL GO BL GO BL GO BL GO BL GO
Figure 9. Specific fuel consumptions (g/kWh) for baseline oil (BL) and oil with graphene-oxide based
additive (GO) at 30% position of acceleration pedal obtained at particular test repetition.
2000 rpm 2500rpm 3000rpm 3500rpm 4000 rpm
221.5 219 233 ° 243 2535
2185 ¢ 232 ° e
221 —g ' 2425 ¢ 253 o
218 231 242 2525
2205 @ @ 0 o @ °
° 2175 230 @ 2415 252
220
217 2@ 229 —q 241 $ 2515 ..
o] °
219.5 216.5 228 240.5 251
219 216 227 240 250.5
BL GO BL GO BL GO BL GO BL GO

Figure 10. Specific fuel consumptions (g/kWh) for baseline oil (BL) and oil with graphene-oxide
based additive (GO) at 100% position of acceleration pedal obtained at particular test repetition.

Maximum engine torque and power increased by 0.8% and 0.4% with the oil additive.
These differences are statistically significant at the 0.95 confidence level.

The fuel consumption of the engine running without load is shown in Figure 11. As
mentioned earlier, unlike the characteristics measured under load, it was not possible
to repeat the measurements at exactly the same rotational speeds. Therefore, the results
obtained cannot be directly compared as was the case for the load conditions where
repetitions were made at exactly the same speed. To reduce the effect of speed, the fuel
consumption per revolution of the crankshaft was calculated (Figure 12). The effect of
small differences in rotational speed on the consumption per revolution is much smaller
than on the fuel consumption expressed in kg/h. For similar rotational speeds, the fuel
consumption per revolution of the engine operating on oil both without and with the
graphene additive was compared. The relative changes are shown in Figure 12. On average,
the fuel consumption per revolution decreased by 1.8%.
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Figure 11. Fuel consumption during no-load operation. The polynomial and power regression
functions for measurements without (BL) and with graphene additive (GO) are presented.
11
A test #1 y=2.56x10"7x?+3.36 x 10™*x + 4.82
R2 =0.9959 —2.33% o\
4
10 | ¢ lesti2 0.000219 ‘/f g
=4.23 xe" * —1.87%.% "
® test #3 e nogin s
' -1.43% / g5
Y S
9 y;“’,’
-1.01% _75¥
blue - BL Lacs ¢ g
—1.45%;~ > 1
red —GO P
8 /.'/.
-1.11%,25_/
P
-1.43% .74 |
—2.19% />, _an® N _7
7 vy 0.;._;'.“
T 6
) L??Ef ;
-221% _age™o/ T y=2.10x107x*+5.65x 10~ +4.44
-2.58% g armet R2 =0.9955
6 o) /"I""
! ——
s ¥ ji’}"’t y = 4.12 x €0.000222
5 R2 =0.9949
| 87 9945
&
5
1000 1500 2000 2500 3000 3500 4000

Engine speed [rpm]

Figure 12. Fuel consumption per revolution during no-load operation. The polynomial and ex-
ponential regression functions for measurements without (BL) and with graphene additive (GO)
are presented.
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The Student’s t-test results showed that all percentage differences shown in Figure 12
are statistically significant at the 0.95 confidence level. Additionally, in order to assess
the effect of the additive on fuel consumption, regression lines were also determined. For
both FC and FC/rev, the best fit was obtained for the polynomial order 2 function. Good
fit and very high values of the determination coefficient (R?) were also obtained for the
power function in the case of FC and the exponential function in the case of FC/rev (see
Figures 11 and 12).

The relative changes in fuel consumption and fuel consumption per revolution calcu-
lated from the regression lines shown in Figures 11 and 12 are presented in Tables 5 and 6.
The average reduction in fuel consumption determined from both regression lines was
1.9%, while fuel consumption per revolution decreased by 2.2% for the polynomial function
and by 1.8% for the exponential function.

Table 5. Effect of GO additive on fuel consumption determined based on regression curves.

Rotational Speed [rpm] Polynomial Power
1250 —4.00% —2.07%

2000 —1.33% —1.93%

2500 —1.13% —1.86%

3000 —1.35% —1.81%

3500 —1.71% —1.77%

4000 —2.10% —1.72%

Mean —1.94% —1.73%

Table 6. Effect of GO additive on fuel consumption per revolution determined based on regres-
sion curves.

Rotational Speed [rpm] Polynomial Exponential
1250 —3.45% —2.23%
2000 —2.08% —2.01%
2500 —-1.71% —1.88%
3000 —1.68% —1.72%
3500 —1.88% —1.57%
4000 —2.24% —1.42%
Mean —2.17% —1.81%

4. Engine Tests of GNP Additive

The in-house GNP-based additive was tested on a different engine and in different
conditions. The dynamometer tests with this additive were carried out in the following
sequence: (a) baseline oil, (b) addition of the equivalent of 0.1% graphene, and (c) another
0.1%, reaching a total of 0.2% of graphene.

4.1. MDD Engine

The engine was a Euro V 4-cylinder inline, turbocharged, aftercooled Medium-Duty
Diesel (MDD) engine. The technical specifications of the engine are presented in Table 7.
ACEA E6, SAE 15W-40 engine oil was used as the baseline oil. The exhaust gas after-
treatment system was disconnected from the engine, taking into account that the purpose
of the tests was fuel consumption.
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Table 7. MDD engine specifications.

Parameter Value
Displacement 48L
No. of valves 4

Max power 140 kW

Speed of max power 2200 rpm
Max torque 720 Nm
Speed of max torque 1300 rpm

4.2. Test Stand and Procedure

Based on the tested engine’s emissions level, the research utilized the European
Stationary Cycle (ESC) as the selected test procedure. This procedure is a steady-state
process comprising 13 predefined modes (see Figure 13). Three engine speeds for the ESC
(referred to as A, B, and C) were calculated based on the declared maximum net power
and engine speed in accordance with the ESC procedure. Fuel consumption was measured
during these 13 modes. The combined value for the test was calculated as a weighted
average. The weights for the individual modes are presented in Figure 13.

Emission Test Cycles: ESC
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Figure 13. European Stationary Cycle (ESC).

The test bench utilized in the research was suitable for both Euro V medium and
heavy-duty diesel engines, with test system automation supported by fuel mass flow
and temperature control systems, etc. The stand was equipped with a Schenck W400
eddy current brake and AVL 733S Dynamic Fuel Balance with fuel temperature control, in
compliance with all strict Euro V legislation requirements.

The ESC procedure was carried out using test system automation, ensuring accurate
measurements and repeatability. Tests were repeated nine, eight, and six times for BL oil
and oil with 0.1% and 0.2% additive, respectively.
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4.3. Results of ESC Tests

The combined fuel consumption obtained in the individual ESC tests on engine oil
without additive and with 0.1% and 0.2% graphene additive are presented in Figure 14.
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Figure 14. Combined fuel consumption achieved in particular test repetition.

Student’s t-test was used to assess the statistical significance of the differences in
fuel consumption between oil without additives and oils with 0.1% and 0.2% additives.
The results indicate that, at a confidence level of 0.95, there is a statistically significant
difference between the average values. The application of the 0.1% GNP additive resulted
in a 0.4% reduction in fuel consumption compared to the oil without additive (BL), while
the application of the 0.2% additive led to a 0.3% reduction in fuel consumption compared
to the BL. The difference in fuel consumption between the oils with 0.1% and 0.2% additive
is statistically insignificant.

5. Discussion

This study of using GO and GNP additives in high-speed automotive diesel (HSD)
and medium-duty diesel (MDD) engines revealed some promising results. The use of the
GO additive increased the maximum power of the HSD engine by 0.4% and the maximum
torque by 0.8%. It reduced the brake-specific fuel consumption (BSFC) by 0.2% at high
engine load and by 0.7% at medium load. The greatest relative benefits of using the GO
additive were observed when the engine was running without load; fuel consumption in
such conditions was 2% lower. In turn, the use of the GNP additive caused an average
reduction in fuel consumption of the MDD in the ESC by 0.4%. The increase in torque and
engine efficiency for both additives and on both engines tested was probably caused by the
reduction in oil viscosity after adding the additives, which reduces resistance to motion
under fluid friction conditions and increases the mechanical efficiency of the engine.

It is important to note that the benefits revealed in the tests conducted on both the
HSD and MDD engine are smaller than those reported in the literature—see Table 1. In
the research presented in [12], an average improvement of 2.6% in the BSFC of a diesel
engine was achieved after using the GO additive in engine oil. The GO additive used in [12]
caused a similar decrease in oil viscosity as in the present study. In [8], it was reported that
the use of the additive increased the engine efficiency from 0.23% to 6.61%, depending on
the engine operating conditions. Here, too, the decrease in oil viscosity due to the additive
was similar to the decrease in the present study. However, in contrast with the results
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obtained in this study, the effect of the additive in [8] is greater the higher the engine load.
In [7], it was reported that the use of the graphene additive caused around a 3% increase
in power over a wide range of speeds, including maximum engine power. It should be
noted, however, that in this case, the engine performance increased despite the increase in
oil viscosity caused by the additive.

The results presented in [11] showed that the use of graphene additive increased
engine power and torque by 7-10% and decreased BSFC at full engine load by 4.43-5.61%,
depending on the engine speed. Furthermore, the use of the graphene additive allowed
for a 17% reduction in fuel consumed during the New European Driving Cycle (NEDC).
It should be noted that such large increases in engine performance and efficiency were
achieved despite the increase in engine oil viscosity caused by the use of the additive.

The study in [13] showcased even more significant advantages of utilizing a
nanographite-based nanolubricant, with an average 18% reduction in BSFC. The most
substantial BSFC reductions exceeding 20% were observed at medium loads, while substan-
tial reductions of nearly 15% were also achieved at full and low loads. It is noteworthy that
the additive employed in these tests did not impact the viscosity of the engine oil. These
findings underscore the potential of nanographite-based nanolubricants in significantly
improving engine efficiency across various load conditions. The literature has reported
significant benefits from the use of graphene additives in engine oil, particularly under
full engine load conditions. These benefits were observed despite the fact that, in some
cases, the viscosity of the oil with the additive was even higher than without it. At medium
and high engine speeds, hydrodynamic friction dominates; in such conditions, oil viscosity
mainly affects mechanical losses [2]. This means that there must have been other phenom-
ena, like graphene acting as a combustion improver, that affected not only the mechanical
efficiency but also the thermal efficiency (see the discussion in [6]).

However, the fuel consumption reductions obtained in this study are also noteworthy
from a practical standpoint. Considering that passenger car engines operate at low and
medium loads most of the time, this would mean a 0.5-1% reduction in fuel consumption.
The results obtained on the MDD engine indicate only slightly smaller benefits in the case
of commercial vehicles. Due to the larger benefit on part load, the graphene additives used
in the current work should provide higher fuel savings on SI passenger cars. An improved
version of the GNP additive was investigated with a vehicle emission test [17].

The use of a non-metal, sulfur-free material such as graphene and its derivatives can
be of special interest for use in diesel engines with future lower-viscosity oil. However,
graphene is a new nanomaterial and there are many unknowns about its properties, as
indicated by the significant differences in the results obtained in the studies discussed
above. Therefore, its use as a lubricant additive still requires further in-depth study.

6. Conclusions
The main conclusions from the research conducted are as follows:

e  The use of a graphene oxide (GO)-based additive in engine oil reduces fuel consump-
tion in an HSD engine. The relative benefits compared to oil without the additive are
greater the lower the engine load—from 0.2% at full load to 2% at idling. The potential
benefits in operation can therefore be significant given that car engines operate at low
loads most of the time.

e  The use of a graphene nanoplatelet (GNP)-based additive in engine oil also reduces
fuel consumption. The use of the GNP additive resulted in fuel savings of about 0.4%
in the MDD engine in the ESC. Such a reduction in fuel consumption by commercial
vehicles would be a significant achievement.
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e  Graphene-based additives have the potential to increase the efficiency of diesel engines,
leading to fuel savings and reducing CO, emissions.

Author Contributions: Conceptualization, G.K. and E.T.; methodology, G.K. and E.T.; investigation,
GK, ET, W.C, TM.M. and W.G,; resources, W.C.; writing—original draft preparation, G.K. and
E.T.; writing—review and editing, G.K., E.T. and T.M.M.; project administration, E.T. and G.K;;
partial funding acquisition, G.K. All authors have read and agreed to the published version of
the manuscript.

Funding: The research leading to these results has received funding from the commissioned task
entitled “VIA CARPATIA Universities of Technology Network named after the President of the
Republic of Poland Lech Kaczyriski” under the special purpose grant from the Minister of Education
and Science, contract no. MEiN /2022 /DP1/2575, as part of the action “In the neighborhood—inter-
university research internships and study visits.”

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to acknowledge the Laboratorio de Processos Quimicios
e Tecnologia de particlulas do Instituto de Pesquisas Tecnologicas do Estado de Sao Paulo, where
some of the additive characterizations were performed and Anna Orlova for English revising.

Conflicts of Interest: Authors Eduardo Tomanik and Wania Christinelli were employed by the
company Gerdau Graphene. Author Thiago Marinho Maria was employed by the company Kinix
Consulting Ltda. The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.  Tormos, B.; Pla, B.; Bastidas, S.; Ramirez, L.; Pérez, T. Fuel economy optimization from the interaction between engine oil and
driving conditions. Tribol. Int. 2019, 138, 263-270. [CrossRef]

2. Taylor, R.; Morgan, N.; Mainwaring, R.; Davenport, T. How much mixed/boundary friction is there in an engine—And where is
it? Proc. Inst. Mech. Eng. Part I ]. Eng. Tribol. 2020, 234, 1563-1579. [CrossRef]

3. Liu, Y; Ge, X,; Li, J. Graphene lubrication. Appl. Mater. Today 2020, 20, 100662. [CrossRef]

4 Nyholm, N.; Espallargas, N. Functionalized carbon nanostructures as lubricant additives—A review. Carbon 2023, 201, 1200-1228.
[CrossRef]

5. Ge, X,; Chai, Z.; Shi, Q.; Liu, Y.; Wang, W. Graphene superlubricity: A review. Friction 2023, 11, 1953-1973. [CrossRef]

6. Tomanik, E.; Christinelli, W.; Souza, R.M.; Oliveira, V.L.; Ferreira, F.; Zhmud, B. Review of Graphene-Based Materials for
Tribological Engineering Applications. Eng 2023, 4, 2764-2811. [CrossRef]

7. Lleo, M.G.; Sacchetti, V.; Cacciola, C.; Medri, E.; Ligi, S.; Liscio, A.; Minelli, M. Ready-to-use graphene-related material-added
multi-grade oils: Characterization and performance in car engine working conditions. RSC Adv. 2024, 14, 18730. [CrossRef]
[PubMed]

8. Kuang, X.; Yang, X.; Bian, H.; Kuang, R.; Hu, N.; Li, S. Performance evaluation of nanographene lubricating oil with high
dispersion and low viscosity used in diesel engines. PLoS ONE 2024, 19, 0307394. [CrossRef] [PubMed]

9.  Franzosi, D.; de Queiroz, ].C.; Tomanik, E.; Christinelli, W.; Profito, EJ.; Souza, R.M. Exploring the potential of graphene
nanoplatelets as a lubricant additive: Topography evolution and performance under boundary lubrication conditions. Tribol. Int.
2024, 192, 109282. [CrossRef]

10. Rasheed, A.K. Heat transfer and tribological performance of graphene nanolubricant in ICE. Tribol. Int. 2016, 103, 504-515.
[CrossRef]

11.  Ali, M,; Xianjun, H.; Abdelkareem, M.; Gulzar, M.; Elsheikh, A. Novel approach of the graphene nanolubricant for energy saving
via antifriction/wear in automobile engines. Tribol. Int. 2018, 124, 209-229. [CrossRef]

12.  Can, O,; Cetin, O. Potential use of graphene oxide as an engine oil additive for energy savings in a diesel engine. Eng. Sci. Technol.
Int. ]. 2023, 48, 101567. [CrossRef]

13.  Singh, ].P; Singh, S.; Nandi, T.; Ghosh, S.K. Development of graphitic lubricant nanoparticles based nanolubricant for automotive

applications: Thermophysical and tribological properties followed by IC engine performance. Powder Technol. 2021, 387, 31-47.
[CrossRef]


https://doi.org/10.1016/j.triboint.2019.05.042
https://doi.org/10.1177/1350650119875316
https://doi.org/10.1016/j.apmt.2020.100662
https://doi.org/10.1016/j.carbon.2022.10.035
https://doi.org/10.1007/s40544-022-0681-y
https://doi.org/10.3390/eng4040157
https://doi.org/10.1039/D4RA02406K
https://www.ncbi.nlm.nih.gov/pubmed/38863818
https://doi.org/10.1371/journal.pone.0307394
https://www.ncbi.nlm.nih.gov/pubmed/39150954
https://doi.org/10.1016/j.triboint.2024.109282
https://doi.org/10.1016/j.triboint.2016.08.007
https://doi.org/10.1016/j.triboint.2018.04.004
https://doi.org/10.1016/j.jestch.2023.101567
https://doi.org/10.1016/j.powtec.2021.04.010

Energies 2025, 18, 257 17 of 17

14.

15.

16.

17.

Farivar, F; Yap, P.L.; Hassan, K.; Tung, T.T.; Tran, D.N.H.; Pollard, A.J.; Losic, D. Unlocking thermogravimetric analysis (TGA) in
the fight against “Fake graphene” materials. Carbon 2021, 179, 505-513. [CrossRef]

PN-76/C-04147; Badanie Wtasnosci Smarnych Olejow I Smaréw. Standard for Testing the Lubricating Properties of Oils and
Greases. Wspotpraca SIMP: Warsaw, Poland, 2007. (In Polish)

Silva, D.L.; Campos, J.L.E.; Fernandes, T.E,; Rocha, ].N.; Machado, L.R; Soares, E.M.; Miquita, D.R.; Miranda, H.; Rabelo, C.; Neto,
O.P.V,; et al. Raman spectroscopy analysis of number of layers in mass-produced graphene flakes. Carbon 2020, 161, 181-189.
[CrossRef]

Tomanik, E.; Christinelli, W.; Garcia, P; Rajala, S.; Crepaldi, J.; Franzosi, D.; Souza, R.; Rova, F. Effect of Graphene nano-platelets
as lubricant additive on fuel consumption during vehicle emission tests. Preprints 2024, 2024120909. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.carbon.2021.04.064
https://doi.org/10.1016/j.carbon.2020.01.050
https://doi.org/10.20944/preprints202412.0909.v1

	Introduction 
	Graphene Additives 
	GO Additive 
	In-House GNP Additive 

	Engine Tests of GO Additive 
	HSD Engine 
	Test Stand 
	Procedure 
	Results of Dynamometer Tests 

	Engine Tests of GNP Additive 
	MDD Engine 
	Test Stand and Procedure 
	Results of ESC Tests 

	Discussion 
	Conclusions 
	References

