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Abstract: Ascorbyl palmitate (AP), known as a nutrition pill, and an antioxidant agent in food, has
demonstrated excellent lubricity as an additive in PAO4. Adding one wt% AP in PAO4 drastically
decreases friction Coefficient (CoF) up to 66% and protects the steel surface from wear. Meanwhile, it
shows a more vital friction reduction ability than conventional Mo-based additives and fatty acids,
especially palmitic acid. Ascorbic acid core on AP optimises palmitic acid lubricity by forming robust
chemical C-O-Fe bond on steel, increasing surface coverage rate. Masked by AP self-assembled
layers, steel surfaces can also handle extreme pressure (up to 2.34 GPa) and temperature (150 ◦C) with
unmeasurable wear. This work broadens human-friendly AP vitamin C application for industrial use
and introduces a new pathway for optimizing fatty acids lubricity.

Keywords: ascorbyl palmitate; friction modifier; wear inhibitor; self-assembly layer

1. Introduction

As a natural component of vegetable oil and animal fats, fatty acids are eco-friendly,
disposable, and, most importantly, they are a vital branch of organic friction modifier [1,2]
since fatty acids can improve the tribological performance of mineral oil [3] and diesel
fuels [4].

Its good lubricity originates from surface separation enabled by alkyl chains as self-
assembly fatty acid film possesses a nature thickness. For instance, an alkyl chain with
18 carbon owns a thickness of about 2.2 nm [5]. Meanwhile, alkyl chain length plays a
crucial role in tribological performance. Lubricity of fatty acids starts to manifest when the
alkyl chain owns more than four carbon atoms and becomes independent of chain length
when carbon atoms are above 17 [6]. In between them, lubricity optimises with length
increase. To explain how fatty acids lubricate, F. P. Bowden [7] proposed a model where
the polar group of fatty acids attaches to substrate surfaces. The alkyl group of fatty acids
stretches perpendicularly to substrates; it was later found that fatty acids’ stretch direction
is on the function of fatty acids’ type [8], and the tilt angle is related to the distance between
the acid group and its neighbours [9]. Moreover, the linear structure of fatty acid can be
modified by unsaturation; this will lead to a deterioration of fatty acid lubricity at boundary
lubrication [10] since it impacts the formation of a close-packed layer on substrates [8].

To realise surface separation by fatty acids, the prerequisite condition is the presence
of fatty acid molecules in the contact; it has been fulfilled by the chemical adsorption of
their acid groups on steel surfaces by forming iron carboxylate [11]. Furthermore, the acid
end group shows a stronger adsorption free energy than OH, SH, and Br end-group [12] on
ferrous surfaces. Regarding friction reduction, possessing the acid end group is also more
efficient than NH2 and non-polar end groups [13].

Other than fatty acids, fatty acid glycerol ester and fatty amines can also firmly attach
to steel surfaces because their carbonyl and hydroxide groups serve as multiple active sites,
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leading to salt bridges and hydrogen bond formation between molecules and steel [14].
Molecule attachment can also be achieved by replacing the glycerol end group with the
sorbitan function. For example, comparing glycerol monooleate (GMO) and sorbitan
monooleate (SMO), SMO owns a superior adsorption rate and a lower friction coefficient
(CoF) than GMO in terms of their nanotribological performance [15].

This work proposes a new pathway to facilitate the lubricity of fatty acids and related
additives by replacing the carboxylic group of fatty acids with a bigger ascorbic acid core;
this vitamin C ester is also called ascorbyl palmitate; its booster effect as an additive in
PAO4 has been investigated by performing friction tests under various loads. Afterwards,
its lubricity was compared with conventional oil additives and the lubricity mechanism was
unveiled byatomic force microscopy (AFM), andX-ray photoelectron spectroscopy (XPS).

2. Materials and Methods
2.1. Materials & Tribometer

Polyalphaolefin 4 (PAO4) was obtained from TotalEnergies (Courbevoie, France).
Ascorbyl palmitate-AP (purity ≥ 95%), palmitic acid-PA (purity ≥ 99%), and stearic acid-
SA (purity ≥ 95%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Molybdenum
dialkyl dithiocarbamate (MoDTC), Zinc dialkyl dithiophosphate (ZDDP) were received
from TotalEnergies. AP molecular structure is in Figure 1a. Solutions of 1 wt% of the addi-
tives in PAO4 were prepared by heating their mixtures to 150 ◦C for 5 min with magnetic
stirring. All mixtures are transparent and colourless at 150 ◦C except the combination of
PAO with MoDTC showing a typical yellow-green colour (Figure 1b). AISI 52100 steel balls
and disks with a hardness of 8 GPa were bought from PCS Instruments (London, UK). The
diameter of the steel balls is 12.7 mm. The roughness of balls and disks are 19.7 nm and
4.4 nm, respectively.
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Figure 1. (a) Molecular structure of AP. (b) Optical pictures of mixtures of PAO4 with one wt% of
each additive at 150 ◦C.

A homemade reciprocating tribometer with a ball-on-flat configuration was used in
this study. Details of this tribometer can be found in Guibert’s work [16]. A wide range of
normal loads from 3 N to 200 N were studied for experimental conditions, corresponding
to maximum Hertzian contact pressures (Pmax) from 0.58 GPa to 2.34 GPa. Sliding speeds
from 0.1 mm/s to 10 mm/s were studied, and each test was conducted three times.

2.2. Surface Analysis

After lubricated tests at 150 ◦C, both steel counterfaces were first rinsed with hot
PAO4 (around 150 ◦C) and then with heptane at ambient temperature to remove AP
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and PAO4 residuals. Next, steel surfaces were imaged by digital microscopy (VHX-6000,
Keyence, Osaka, Japan), and their roughness and depth profiles were acquired using an
interferometer (ContourGT-X, Bruker, Tucson, AZ, USA).

A scanning electron microscope (Microscope SEM MIRA, Tescan GmbH, Gumpold-
skirchen, Austria) equipped with an X-ray spectroscopy (EDS) detector was employed to
identify topographical and elemental information of wear surfaces.

An atomic force microscope (Park NX10, Park systems, Suwon, South Korea) was used
to investigate samples’ topographic information and quantify the adhesion force between
silicon tips and surfaces by adopting Pinpoint mode.

X-ray photoelectron spectroscopy XPS (ULVAC-PHI Versa Probe II spectrometer where
Al Kα (1486.6 eV) serves as X-ray source) was used to analyse steel top surfaces. A take-off
angle of 45◦ was chosen for analysis by adopting corresponding sensitivity factors from [17].
To be sure that probed area does not exceed wear diameter, a 50 × 50 µm2 area was analysed
with a pass energy of 23.5 eV to collect high-resolution O1s spectra.

Wear steel surfaces were also analysed by Raman spectroscopy (InviaTM confocal
Raman spectroscopy, Renishaw, Gloucestershire, UK) using a laser of 633 nm wavelength.

3. Results
3.1. Friction and Wear Results

Systematic friction tests have been performed at 150 ◦C for steel/steel pairs to study the
effect of normal force on the tribological behaviour of AP and PAO4. When the steel/steel
pair is lubricated by PAO4 alone (Figure 2a) with a normal force of 150 N (Pmax = 2.12 GPa),
the steady-state friction coefficient (CoF) is around 0.15. However, when the normal force
is above 150 N, CoF increases to about 0.13. The lowest CoF of 0.125 is obtained when
the normal force is 200 N (Pmax = 2.34 GPa); this trend is completely changed when AP
is added to PAO4. When the normal force is below 150 N, the mixture (PAO4 + 1 wt%
AP) gives a CoF between 0.05 and 0.06 (Figure 2b). Friction starts to increase when the
normal force is above or equal to 150 N. Interestingly, even at 200 N, the steady CoF of steel
tribopairs lubricated by PAO4 + AP is still 0.12, less than the case of PAO4 alone.
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Figure 2. Friction curves under different normal loads at 150 ◦C lubricated by (a) PAO4, (b) PAO4 + 1
wt% AP.

Wear has been observed for all steel pairs lubricated by PAO4 alone (Figure 3a).
Increasing normal load leads to wear scar diameters larger than Hertzian diameter (Table 1),
indicating plastic deformations occur in the wear scar. For example, at 200 N, the wear
volume on a steel ball is 3.5 × 104 µm3, and this worn area is partially covered by a blue
substance (Figure 3a) while keeping a nearly spherical shape (Figure 3c). The rest of the
area is covered by black substances, suffering a strong material missing, and partially loses
its spherical shape.
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Figure 3. Optical images of wear on balls and flats lubricated by: (a) PAO4, (b) PAO4 + 1 wt% AP,
with ball wear scars images located above disks ones. Here, the scale bar (in blue) is 100 µm. Depth
profiles of steel balls at 200 N are lubricated by: (c) PAO4, (d) PAO4 + 1 wt% AP. Those depth profiles
correspond to the yellow line in the left image.

Table 1. Wear diameters of steel balls (Dball) and Hertzian diameter (DHertzian) under different
lubrication conditions. Pmax refers to the maximum Hertzian contact pressure.

Load (N) 3 10 50 100 150 200

Pmax (GPa) 0.58 0.86 1.47 1.86 2.12 2.34

DHertzian (µm) 100 174 260 320 360 400

PAO4 + 1 wt% AP

Dball (µm) - - - - 195 363

Dball/DHertzian - - - - 0.54 0.91

PAO4

Dball (µm) 126 183 400 412 494 516

Dball/DHertzian 1.26 1.05 1.54 1.28 1.37 1.29

On the opposite, when PAO4 + 1 wt% AP mixture is used, wear completely vanishes
for all tests performed for normal loads from 3 to 100 N. Steel surfaces are identical to the
ones before friction tests. The spherical shape is perfectly conserved without measurable
material missing (Figure 3d) and without any coloured areas (Figure 3b); this indicates that
only elastic deformation occurred during friction tests.

3.2. Antioxidant Properties of AP under Pmax ≥ 2.12 GPa

Coloured substances inside the wear scar (friction test under 150 N load) are studied
by SEM/EDS. As shown in Figure 4a, these substances are not homogenously distributed
inside the wear track but accumulate at its center. Colourful zones in optical images appear
black in SEM imaging, indicating that their material has a lower atomic number than iron.
Moreover, layered-like structures are visible inside this zone (Figure 4b), and EDS analysis
shows that this zone is masked by a carbon signal (≈85 At%) (Figure 4c). Meanwhile,
the iron signal (<5 At%) becomes negligible in carbon-rich zones (Figure 4e). The oxygen
content in this carbon-rich zone is around 10 at%, although the oxygen signal covers the
whole wear surface of steel (Figure 4d).
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Figure 4. Ball wear scars after lubricated tests by (PAO4 + 1 wt% AP) under 150 N load: (a) SEM
image (b) SEM image of Figure 4a center zone under high magnification. (c–e) EDS elemental
maps of (c) carbon, (d) oxygen, (e) iron. (f) Raman spectrum of steel wear lubricated by PAO4 or
PAO4 + 1 wt% AP. The spectrum of graphene oxide is also shown for comparison.

Raman analysis of this carbon-rich zone shows D and G peaks of amorphous carbon
at 1323 cm−1 and 1604 cm−1 (Figure 4f). D, G peaks are well known to represent the
disordered structure of sp2 networks of carbon materials. Their locations are different
from the D (1330 cm−1) and G (1575 cm−1) peaks of graphene oxide, and no clear 2D
peak (2660 cm−1) is present inside wear lubricated by PAO4 + AP; this indicates that this
carbon-rich zone does not have the same structure as graphene oxide. It is noteworthy
to mention that when steel is lubricated with PAO4 alone, amorphous carbon signals of
D (1323 cm−1) and G (1592 cm−1) peaks slightly appear in the wear scar, but a strong
magnetite peak [18] at 669 cm−1 is also detected.

3.3. Low Friction Properties of AP under Pmax ≤ 2.12 GPa

To understand how AP can lubricate steel surfaces when Pmax ≤ 2.12 GPa, a 2.5 h-long
test has been performed to generate an optically visible wear track, and AFM experiments
have been carried out inside the worn area. Results show that measured CoF is below 0.06
(Figure 5a) and a slight colour change from brown to white in wear is observed on the steel
disk. Materials removal in wear scar is less than 30 nm in depth.

The steel disk was later analysed by AFM. Scratches are observed on virgin steel
surfaces due to polishing (Figure 5f) with a mean roughness Sa of 0.8 nm (scanned area
of 2.75 × 2.75 µm2). The same AFM imaging has also been performed on virgin steel,
which was only immersed in PAO4, and similar results were obtained. As expected, PAO4
molecules do not modify the topography of steel. However, after the sliding test in PAO4 +
AP, the topography of areas outside wear has changed, and polishing scratches become less
visible. Meanwhile, quasi-circular areas with heights around 3 nm lower than other parts
are recorded on the steel surface (Figure 6). Those quasi-circular areas have a diameter of
around 700 nm (Figure 5d). The topographic change of steel derives from the formation of
an inhomogeneous molecular film upon it. Interestingly, the adhesion force in quasi-circular
areas is on the same scale (around 25 nN) as in the other parts (Figure 5e), indicating that
some molecular film is also presented in quasi-circular areas as the steel surface without
molecular film shows an average adhesion force of 65 nN (Figure 5g). As mentioned
before, immersing steel in PAO4 does not change its topography. Therefore, this molecular
film on the steel surface can only derive from AP. Sa has been altered to 1.2 nm with this
inhomogeneous AP film upon steel. Concerning the worn surface, polishing scratches
have completely disappeared (Figure 5b), and particles cover the surface with a maximum
height of 25 nm regarding the basal plane of steel which doesn’t raise the adhesion force
between the AFM tip and steel surface. On the contrary, they correspond to the minor
adhesion force parts (in the range from 10 to 20 nN) inside wear. The adhesion force in
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other areas of steel wear scar is around 33 nN (Figure 5c), significantly smaller than 65 nN,
corresponding to the adhesion force between AFM tip and virgin steel (Figure 5g).
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To conclude, AP can form an inhomogeneous self-assembly film on steel surfaces
and reduce adhesion between AFM tip and steel surface. As shearing would cause a
redistribution of AP film, a further confirmation of AP presence inside steel wear is still
needed despite the low adhesion in the image (Figure 5c) is highly likely associated with
AP existence in wear. Therefore, XPS is performed in the following section.

XPS analysis also helps understand how AP interacts with steel surfaces (Figure 7). For
all spectra, the O1s FeOx peak locates at around 530.0 eV binding energy (BE) regardless of
the calibration methods, in good agreement with the literature [19]. For virgin steel, another
critical peak is FeOOH and C-O-Fe peak because both FeOOH [20] and C-O-Fe [21,22]
peaks locate at around 531.5 eV. Since the FeOOH/C-O-Fe peak is a mixture of 2 peaks, its
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full width at half maximum (FWHM) is 1.6 eV, while FeOx is 1.3 eV (Table 2). Interestingly,
the ratio between FeOOH/C-O-Fe peak and FeOx of virgin steel is 0.4 (Figure 7e), but for
steel after friction, this ratio is 2.6 regardless of location (Figure 7a,b).
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Figure 7. High-resolution O1s peak of (a) steel wear after friction test of 2.5 h (b) parts outside of
steel wear, (c) AP powder, (d) parts outside steel wear after 15 s sputtering (e) virgin steel. Here,
(d,e) are calibrated by indexing the iron oxide peak to 530.0 eV [19]. (a–c) is calibrated by indexing
C1s prominent peak to 284.8 eV.

On the other hand, C-O and C=O peaks located at 532.4 and 533.7 eV BE become more
intense after friction on steel flat (Figure 7a,b), where C-O shows a stronger contribution
than C=O; this is contrary to the C-O/C=O ratio of AP powder (Figure 7c); this indicates that
AP molecules interact with steel and probably iron oxides; this C-O/C=O ratio discrepancy
between AP powder and steel flat can be explained by the C-O-H functions of AP converting
into C-O-Fe; this also explains why the FeOOH/C-O-Fe peak is more remarkable than FeOx
after friction compared with virgin steel. Once steel flat outside wear scar is ion-sputtered
for 15 s, carbon content decreases from 61.4% to 5.9% (Table 2). At the same time, FeOx
becomes the significant contribution of O1s (Figure 7d), giving evidence that the carbon
layer locates on the iron oxide layer; this is consistent with AFM results showing that AP
covers steel surfaces.

In summary, AFM and XPS results demonstrate that AP molecules firmly attach to
steel surfaces by forming both strong bidentate and monodentate C-O-Fe bonds between
AP molecules and the iron oxide layer; this self-assembly molecular layer of AP is robust
and survives severe shearing conditions as detected after friction.
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Table 2. Elemental contents of different areas were analysed by XPS and XPS fitting details of O1s.

Inside Steel Wear O1s C1s Fe2p3/2

Percentage (%) 36.6 59.2 4.2

FeOx FeOH, C-O-Fe C=O C-O - -

Position (eV) 529.9 531.4 532.4 533.7 - -
FHWM (eV) 1.3 1.6 1.6 1.6

Percentage (%) 3.8 10.9 15.5 6.4

AP powder O1s C1s Fe2p3/2

Percentage (%) 23.0 77.0 -

FeOx FeOH, C-O-Fe C=O C-O - -

Position (eV) - - 532.3 533.7 - -
FHWM (eV) - - 1.9 1.9

Percentage (%) - - 9.7 13.3

Outside steel wear O1s C1s Fe2p3/2

Percentage (%) 35.4 61.4 3.2

FeOx FeOH, C-O-Fe C=O C-O - -

Position (eV) 529.9 531.4 532.4 533.7 - -
FHWM (eV) 1.3 1.6 1.6 1.6

Percentage (%) 3.4 8.9 16.6 6.5

Outside steel wear after
sputtering O1s C1s Fe2p3/2

Percentage (%) 62.1 5.9 32.0

FeOx FeOH, C-O-Fe C=O C-O - -

Position (eV) 530.0 531.4 532.4 533.6 - -
FHWM (eV) 1.3 1.6 1.6 1.6

Percentage (%) 37.0 18.7 5.3 1.1

Virgin steel O1s C1s Fe2p3/2

Percentage (%) 57.2 22.8 20.0

FeOx FeOH, C-O-Fe C=O C-O - -

Position (eV) 530.0 531.5 532.5 -
FHWM (eV) 1.3 1.6 1.6 -

Percentage (%) 36.5 14.9 5.8 -

3.4. Comparison of AP with Conventional Oil Additives

The lubricity of AP as an additive is further compared with well-known conventional
oil additives: PA, SA, MoDTC, and ZDDP under 150 ◦C, 3 N normal load, and sliding
speed of 3 mm/s (Figure 8). Adding organic friction modifiers like AP, PA, and SA in PAO4
can efficiently limit the running-in period and initial CoF. At the same time, MoDTC in
PAO4 requires ~6 min to decrease the initial CoF from 0.13 to 0.06 (Figure 8a). Regarding
ZDDP in PAO4, CoF is always above 0.12. Among those five additives, AP is the most
efficient for friction reduction, and it stabilises CoF at around 0.055. Regarding wear, SA,
PA (Figure 8c,d) in PAO4 leaves steel disks with minor scratches, with depth below 40 nm,
while the scratches of steel wear after lubricated with PAO4 + 1% MoDTC reach 150 nm in
depth (Figure 8e). Concerning ZDDP in PAO4, steel wear is covered by colourful tribo-film
with a width of 95 µm (Figure 8f). Wear is invisible only when the steel pair is lubricated
by PAO4 + 1% AP (Figure 8b). Therefore, compared with conventional oil additives, AP is
much more efficient for friction and wear reduction.
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4. Discussion

AP is a well-known antioxidant additive in the food industry [23]. Being an ester
of ascorbic acid, it is the active component for quenching singlet oxygen [24]; it can also
reduce iron from a ferric to a ferrous state and form ferrous ascorbate chelates [25,26]; this
could explain why steel pairs lubricated by PAO4 + 1% AP show no iron oxide on steel
wear scar by Raman spectroscopy (Figure 4f). Because AP has scavenged active singlet
oxygen, steel wear scar shows a stronger C=O signal than C-O one since C-OH of AP
becomes C-O-Fe (Figure 7) by forming ferrous ascorbate.

On the other hand, AP shows better friction and wear reduction properties than PA in
PAO4 (Figure 8). Simic’s group has demonstrated that the steel surface coverage rate of
0.6 wt% palmitic acid PA in PAO 6 is only ~2.7% by AFM [27]. Both friction and wear are
strongly associated with PA steel surface coverage rate. However, from our AFM results
(Figure 5b–g), the steel coverage rate of AP is practically 100% regardless of the analysed
areas. Adding 1 wt% AP in PAO4 increases the surface coverage rate to a value near 100%,
driven by the chemical adsorption of AP through bidentate and monodentate bonds on
steel surfaces. Due to the robust chemical adsorption and surface protection of AP, wear is
beyond measurement when Pmax < 2.12 GPa. Even when Pmax ≥ 2.12 GPa, steel surfaces
are still protected by AP molecular layers until carbon-based materials accumulate on the
steel surface.

Another interesting result is that the lubricity of PAO4 + 1 wt% AP with steel tribopair
strongly depends on sliding speed (Figure 9a). Surprisingly, the lowest friction is obtained
at 0.1 mm/s at the change of speed direction in the test, and when sliding speed increases
from 0.1 mm/s to 5 mm/s, CoF increases to a plateau of 0.06; this CoF-sliding speed
correlation has also been found with stearic acid and elaidic acid in hexadecane [28]. In
this study, the calculated liquid film thickness using EHL theory [29] at 10 mm/s is about
1 nm, where the viscosity of PAO4 is taken as 3.8 cSt, and the viscosity change due to AP
addition is ignored. Because the roughness Sa of steel balls and disks are 19.7 nm and
4.4 nm, the lambda ratio (ratio between liquid film thickness and composite roughness)
is well below unity. Therefore, tests are performed from 0.1 to 10 mm/s under severe
boundary lubrication conditions.
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Comparing AP with saturated fatty acids, saturated fatty acids avoid steel-steel contact
by forming vertically planted close-packed alkyl chains on steel surfaces; this arrangement
allows a high surface coverage rate of 4.56 chains per nm2 [30]. However, in our case, the
area of AP’s polar head is about 0.46 nm2 [31] much bigger than for classical saturated
fatty acids leading to a steric hindrance increase. Even without considering the intervals
among AP molecules, the theoretical maximum surface coverage rate is 2.17 AP chains per
nm2, much less than in the case of classical saturated fatty acids. Thus, the chemisorbed
AP layer is less packed than the saturated fatty acid cases, giving a liquid character to the
lipophilic part of the monolayer. Due to the relatively large space among AP molecules in
the monolayer, PAO molecules may also participate in the formation of the AP monolayer
and produce an inter-digital network (Figure 9b). In general, the strong adhesion of AP
on iron oxide, its protection against oxidation, and the liquid character of the top of the
monolayer could explain the friction/speed correlation and the overall excellent tribological
properties of AP as an additive in PAO base oils.

5. Conclusions

This study reveals the excellent lubricity of vitamin C ester-AP as a friction modifier
and wear inhibitor in PAO4; its robust friction and wear reduction property survives very
high loads till Pmax of 2.11 GPa. And even when Pmax ≥ 2.11 GPa, though its friction
reduction property deteriorates, it still protects the steel surface from considerable wear
and surface oxidation. The lubricity of AP derives from its unique chemical function. With
the ascorbic acid core firmly attaching to the steel surface by forming bidentate C-O-Fe
bonds and a surface coverage near 100%, its flexible alkyl chain has a “liquid” character,
which favours low energy dissipation when associated with PAO molecules; this finding is
undoubtedly helpful in broadening the industrial choice of eco-friendly friction modifiers.
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