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f unsaturated fatty acids as friction
modifiers in (bio)diesel fuel

Maria Isabel De Barros Bouchet, *a Jean Michel Martin, a Cyrielle Forest,a

Thierry le Mogne, a Michaël Mazarin,b José Avila,c Maria C. Asensioc

and Gregory L. Fisher d

The impact of fatty acids on the lubricity of diesel and biodiesel fuels was investigated in steel/steel contacts

at two different temperatures of 40 �C and 100 �C. The addition of 7% v/v Fatty AcidMethyl Esters (FAMEs) to

fuels, to form biodiesel, lubricates the steel–steel contact and the friction coefficient is reduced by about

30%. Further addition of fatty acids leads to a significant reduction in friction by a factor of 2 at the

highest temperature of 100 �C. Some unsaturated fatty acid additives boost the friction reduction by

a synergistic effect with the biofuel. The analysis of worn surfaces by XPS revealed the formation of an

insulating film mainly located at the center of the tracks and the disappearance of carboxylic groups.

PM-IRRAS analysis demonstrated the lack of carbon double bonds in the tribofilm and the presence of

some esters (iron and/or organic soaps). By combining high-resolution photoemission soft X-ray

absorption and SIMS studies, we found that the extreme surface of the tribofilm is formed by planar

arrangements of sp2-rich molecules such as quinones and/or graphene oxides. It is thought that under

the effects of shearing, temperature and possibly oxygen from air or fuel, complex chemical reactions

between FAME and unsaturated additives occur in the diesel matrix generating a new tribofilm material

on the steel surface. As double bonds are involved in the process, the basic tribochemistry mechanism is

thought to be related to a reticulation process catalyzed by the formation of oxide particles in the sliding

interfacial contact zone accompanied by an aromatization of the fatty acids at the extreme surface.
I. Introduction

Over recent decades, fuel economy and the long-term impact of
exhaust greenhouse gas emissions on the environment have
become major issues of concern, especially in the automotive
industry. The development of new fuels directly from renewable
natural raw materials and the design of new mechanical
components for ever more efficient combustion engines (light-
weight body structures, direct-injection systems for engines)1–3

are crucial steps in order to address current economical and
environmental concerns in transportation. As an example, new
low cost biodiesels such as BTL which is already implemented
need the presence of lubricity additives to enhance their own
natural lubricating properties and optimize fuel economy.4,5

The lubricating properties of biodiesel formulated for fuel
injection systems are now mainly evaluated using a High-
Frequency Reciprocating Rig (HFRR) according to interna-
tional standards.6,7 However, it would also be interesting to
n, LTDS, 69380, Ecully, France. E-mail:
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evaluate the friction properties of biofuels under different stress
conditions in order to investigate their impact on other
mechanical parts of the engine where they may be present,
together with the lubricant oil, and have a long term action.
This is the case of the piston ring/cylinder liner contact where
the sliding speed in relative motion varies over a broad range
and the contact pressure is moderate leading to the existence of
mixed and boundary lubrication regimes.

This paper investigates the effects of fatty acid additives on
the lubricating properties of biodiesel fuels containing Fatty
Acid Methyl Esters (FAMEs). FAMEs which constitute the major
components of so-called biodiesel are produced by a trans-
esterication process where the glycerol in triglycerides is
replaced by methanol.8–10 They can be used directly as a substi-
tute for diesel fuels, or in a blend “BX” (where X is percentage by
volume of FAME in the nal blend) with a conventional diesel
fuel matrix.8 FAMEs are molecules composed of a polar head
and a long fatty acid chain and therefore provide good mixed
and boundary lubrication effects even when blended at very low
concentrations.8 However, some authors have pointed out that
fuel quality is highly dependent on oil source and, in particular,
that the chain length of FAMEmolecules has a strong impact on
fuel properties.9,11 Moreover, the lubricating capability is also
governed by the contaminants present in the FAME mixtures12
This journal is © The Royal Society of Chemistry 2017
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or is linked to the residual acidity of the biodiesel.13 Fuel quality
and efficiency therefore need to be continuously improved for
reliable usage in automotive technical systems.

In this paper, the improvement in the lubricating properties
of biodiesel by fatty acid additives was investigated at 100 �C.
Special attention was paid to the formation of the protective
lubricating tribolm on steel contact surfaces and the mecha-
nism by which friction and wear are reduced. The commercial
friction modier (FM) additive used in this study was composed
of a mixture of fatty acids containing both saturated (stearic
acid) and unsaturated acids (including oleic acid). To obtain
a better understanding of the reaction mechanism of this
commercial additive in the B7 matrix, some pure fatty acids
(nonanoic, stearic, oleic and linoleic) were also studied as
reference compounds.

II. Methodology
Materials and methods for tribometry

The lubricating properties of diesel fuel B0 and biodiesel fuel B7
(7% v/v FAMEs in conventional diesel fuel) were investigated. The
FAMEs used to form the biodiesel were derived from rapeseed oil
and the 7% level by volume corresponds to the maximum value
marketed in gas stations in France. We rst studied the action of
a commercial additive package used as a friction modier (FM)
containing a mixture of saturated and unsaturated fatty acids at
a concentration of 800 mg kg�1. We then studied three pure fatty
acids with a chain length composed of 18 carbon atoms : stearic
acid (C18 : 0), oleic acid (C18 : 1) and linoleic acid (C18 : 2),
alone or in a mixture at the same concentration. All chemicals
were from Sigma-Aldrich. To improve understanding, we used
methyl mono-oleate compound (Sigma-Aldrich) to model the
FAME additive. Considering the very low viscosity of diesel fuel
compared with engine oils, the calculation of the lambda ratio
using the classical EHL equations showed that lubrication
mainly operated in the boundary and mixed regimes.

For tribological tests, a reciprocating cylinder-on-at trib-
ometer was used in order to simulate the piston ring/cylinder
liner contact geometry and dynamics in thermal engines. Fric-
tion pairs weremade of AISI 52100 steel and both sliding surfaces
had amirror surface nish (Ra equal to 2 nm). The wear track was
5 mm long and the sinusoidal sliding speed was 120 mm s�1 at
its maximum value (corresponding to a frequency of 7 Hz). A
normal load of 50 N was applied ensuring an initial maximum
contact pressure of 270 MPa, which is in good agreement with
practical values in the target application. In a previous study, we
investigated the effect of temperature and showed that friction
reduction does not occur at ambient temperature.14 The
temperature in this study was therefore xed at 100 �C. Using
diesel fuels as lubricants in the tribometer, higher temperatures
cannot be used because of strong evaporation. The test duration
was 2000 cycles and all tests were reproduced three times in
order to have a good repeatability. The diesel fuel solution was
deposited in a small reservoir surrounding the contact area and
the two surfaces (cylinder and at) were completely immersed in
the solution prior to the test. The temperature of the whole
system was controlled by a thermocouple. At 100 �C, as there is
This journal is © The Royal Society of Chemistry 2017
little evaporation of diesel fuel during the friction test there was
no need to replenish the reservoir during the test.
Surface characterization

Aer friction tests with blended (bio)diesels, the at samples
were rst washed with pure diesel (B0) in an ultrasonic bath to
remove excess fatty acid additives from the surface. However,
a thin layer of B0 was found to remain on the surface and did
not evaporate easily so that the tribolm was optically invisible.
The surface was therefore further washed in n-heptane to
remove the excess fuel layer and the tribolm islands could
then be clearly revealed by optical imaging. We noticed that
gently rubbing of the worn surface with paper partially removed
the tribolm and concluded that the tribolm was not strongly
attached to the surface. X-Ray Photoelectron Spectroscopy
(XPS), IR spectroscopy and Atomic Force Microscopy (AFM)
surface analyses were carried out to characterize the tribolm
and also the adsorbed layers outside the wear track.

XPS surface analysis was carried out using an ULVAC-PHI
Versa Probe II spectrometer equipped with a mono-
chromatized AlKa X-ray source at 1486.6 eV on neat additives
and tribolms, respectively. The size of the X-ray spot was set to
50 mm and the energy scale was calibrated with reference to the
C 1s peak at a binding energy (BE) of 284.8 eV (C–C, C–H). The
chemical elements present in the tribolm were rst identied
on a survey spectrum over a wide binding energy range of 0–
1200 eV. Aerwards, a detailed scan of the individual elements
identied was acquired over a smaller range of 15–25 eV to
establish their different chemical states and to perform quan-
titative analysis using PHI multipack soware. The chemical
species corresponding to each binding energy were attributed
using standard materials and the XPS handbook and online
database. XPS photo-peaks were tted with a Shirley back-
ground, and quantication was done using Scoeld's sensitivity
factors. All parameters needed for tting such as the peak area
ratio, the difference between doublet binding energies and the
Full-Width at Half-Maximum (FWHM) were xed to obtain the
most appropriate chemical meaning. To determine the chem-
istry of the additives and binary mixtures, a drop of liquid was
deposited on the relevant sample-holder mounted on a heat
exchanger system provided with a thermocouple. The “sample
holder + lubricant droplet” system was then cooled to
a temperature of �120 �C under an argon gas pressure of about
105 Pa by the circulation of liquid nitrogen. This cooling
procedure takes a few minutes (around 10 min) before the solid
state is obtained. A pumping system providing a primary and
secondary vacuum in the inlet chamber was then run until the
desired pressure below 10�8 hPa was obtained, and the sample
holder was transferred from the inlet chamber into the ultra-
high vacuum XPS analysis chamber. Although the liquid
freezing procedure was relatively fast, some molecular re-
organization at the surface may occur.

In addition to standard laboratory XPS, a tunable X-ray
energy beam was used from a synchrotron radiation source
(ANTARES line in SOLEIL synchrotron in Paris). High resolution
photoemission spectra (PES) and X-ray Absorption Near-Edge
RSC Adv., 2017, 7, 33120–33131 | 33121
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Fig. 1 Change in average friction coefficient as a function of cycle
number for AISI 52100 steel couple lubricated by diesel matrix B0 (red
curve), additivated diesel matrix B0 + FM (purple curve), biodiesel
matrix B7 (green curve) and additivated biodiesel B7 + FM (blue curve)
at 100 �C.
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Structure (XANES) were recorded on carbon and oxygen 1s levels
using 350 eV and 700 eV X-ray energies, respectively. The
advantage of using low energy X-rays for XPS analysis is the
reduction of the effective attenuation length (EAL) that was
calculated to be 0.65 nm for the carbon C 1s peak under our
conditions compared with around 4 nm for the laboratory
equipment with an X-ray energy of 1486.6 eV. The beam diam-
eter was set to 100 microns allowing accurate analysis of the
inside and outside wear scar. The photo-peaks were tted using
a Shirley background, and quantication was done using Sco-
eld's sensitivity factors. Photoelectron emission microscopy
(PEEM) was successfully performed inside the wear scar using
a 0.1 mmdiameter X-ray beam and retrospective analysis made it
possible to obtain chemical maps at specic energies corre-
sponding to the different chemical states present in the C 1s
and O 1s photo-peaks.

The IR technique used in this study was Polarization
Modulation-Infrared Reection-Adsorption Spectroscopy (PM-
IRRAS). This is used for the characterization of thin lms or
monolayers onmetal substrates, because it has the advantage of
high surface sensitivity, and because of the surface selection
rule. In addition, it has the advantage over the conventional
IRRAS mode in that the modulated reectivity is independent of
the isotropic adsorption from gas or bulk water. Consequently
the interfering effect of water vapor and carbon oxide can be
more or less eliminated. PM-IRRAS spectra were recorded from
4 different regions of the tribolm to check the reproducibility
of the measurements.

AFM observations andmeasurements were made to estimate
the lm aspect and thickness. A VEECO® CP-II atomic force
microscope was used in tapping mode with a sharp silicon
probe. The AFM was also equipped to measure the electrical
contact resistance between the tip and the surface.

TOF-SIMS analysis was performed using a PHI nanoTOF II
(Physical Electronics, Chanhassen, Minnesota, USA) equipped
with a 30 kV cluster liquid metal ion gun (LMIG). The cluster
LMIG column was oriented at 40� from surface normal and was
operated so that the sample was interrogated by a mass-pure
Bi3

++ analytical ion beam. The DC current of the Bi3
++ analyt-

ical ion beam was 1 nA, and the analytical eld-of-view (FOV)
was 300 mm � 300 mm for each mosaic tile. A primary ion dose
density (PIDD) of 1.53 � 1010 Bi3

++ per cm2, averaged over 256�
256 image pixels, was delivered to each mosaic tile in a 6.0 mm
� 2.4 mm image area. Data in both positive and negative
secondary ion polarities was collected from the same 6.0 mm �
2.4 mm image area, and this area contained both worn and
unworn regions about the tribo-test wear-track. Charge
compensation was achieved using 10 eV electrons, and the
sample was nominally maintained at room temperature
throughout each analysis. The total time to obtain each large
area image was approximately 3 hours 50 minutes. The result-
ing mass resolution (m/Dm) over the entire image area was
>4000 (FWHM) and the average mass accuracy (W) was <20 ppm
over the mass calibration range. In the course of each acquisi-
tion, mass spectral information at each image pixel was
collected in the mass-to-charge (m/z) range of 0–1850 and saved
in a raw data stream le. Saving the complete mass spectrum at
33122 | RSC Adv., 2017, 7, 33120–33131
each image pixel allowed off-line data reduction (i.e. retro-
spective analysis and data mining) for post-acquisition gener-
ation of 2D chemical and molecular maps. All spectral and
image data was produced using TOF-DR soware (Physical
Electronics, Chanhassen, Minnesota, USA). No data pre-
conditioning was employed, and the only enhancements used
were image addition and image intensity scaling for
visualization.
III. Results
Friction results

Fig. 1 shows the lubricated friction tests at 100 �C carried out in
the presence of B0 and B7 matrixes. The effect of the commer-
cial friction modier (FM) is also shown for both matrixes. It
can be clearly seen that the presence of FM in the fuel led to
a drastic decrease in the friction coefficient by a factor 2 aer
only 200 cycles and it then stabilized at about 0.1. Moreover,
adding both FAME and the friction modier FM to B0 (B7 FM)
further decreased the friction down to 0.07, a low value under
the boundary lubrication regime. Clearly the addition of both
FAME and FM to the diesel matrix had a synergistic effect.

A more detailed examination of the shape of the friction
curves recorded for selected cycles is shown in Fig. 2 in the case
of the B7 + FM test. Starting at 100 friction cycles, the topo-
graphic image did not show a signicant tribolm on the pol-
ished steel substrate and the corresponding CoF was about 0.12.
At 200 cycles, some patchy areas were formed and seem to be
oriented in the sliding direction leading to the reduction of CoF
to 0.09. At 1900 friction cycles, large areas of tribolm were
present in the track and were therefore responsible for the low
friction coefficient obtained, around 0.06, and wear resistance.
The change in speed from 0 to 120 mm s�1 had a sinusoid
shape.

A detailed analysis of the friction curve on one cycle shows
that the friction became lower and lower in the center of the
track where the sliding speed was maximum (120 mm s�1).
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Average friction coefficient as a function of the number of cycles. AISI 52100 steel couple lubricated by B7 + FM at 100 �C (the
minimum, maximum and average CoFs are calculated from the detailed signal as shown in the insert) and (b) optical image of the tribofilm
formed in the presence of B7 + FM (debris accumulated at the extremities of the track).
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However, the friction was also reduced at the site of change of
sliding direction where the speed is zero (boundary regime) as
the tribolm grows. Based on these ndings, different CoF
values were evaluated for one reciprocating sliding test to better
interpret the friction behavior as a function of kinematic
conditions. An average CoF value was calculated taking into
account the whole sliding cycle, a minimum CoF value was
calculated taking into account the center of the track alone and
a maximum CoF value was calculated taking into account only
the edges of the track corresponding to severer lubrication
conditions. The friction coefficient reported on Fig. 2 corre-
sponds to the average values.
Fig. 3 Friction coefficients vs. lubricant mixture in B7 biodiesel. 52 100 ste
AS: stearic acid, AO: oleic acid; AL: linoleic acid. The different values of

This journal is © The Royal Society of Chemistry 2017
Because FM additive is composed of a mixture of several fatty
acids, complementary friction experiments were carried out in
order to investigate the respective role of each FM additive
component (both saturated and unsaturated C18 fatty acids).
Firstly, each fatty acid was tested as a friction modier in a B7
diesel fuel matrix. The different acids tested were nonanoic acid
(C9 : 0), (AN), stearic acid (C18 : 0), (AS), oleic acid (C18 : 1),
(AO) and linoleic acid (C18 : 2), (AL).

Fig. 3 summarizes the results obtained at 100 �C for B7 and
B7 blended with the different additives. FM is the commercial
package of fatty acids already tested in Fig. 1 and its perfor-
mance was compared to those of pure fatty acids added at
el friction pairs at 100 �C. FM: commercial additive, AN: nonanoic acid;
CoF were calculated over the last 500 test cycles at steady state.

RSC Adv., 2017, 7, 33120–33131 | 33123
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Fig. 4 IR spectra of pure FM, FAME and tribofilm formed with FM in B7 biodiesel at 100 �C.

Fig. 5 (a) XPS carbon (C 1s) spectra recorded on pure FAME and FM liquid compounds and (b) table reporting the XPS quantitative analyses for
the different chemical states of C and O elements.
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a concentration of 800mg kg�1 to the B7 diesel fuel. The friction
coefficients reported were determined over the last 500 test
cycles at steady state. Firstly, the results show that the addition
of a fatty acid to B7 tends to reduce the friction during the test.
Highly unsaturated long chain linoleic acid (AL) gave the best
performance in terms of friction reduction whereas saturated
chain acids such as nonanoic acid (AN) and stearic acid (AS) led
to higher friction.
Characterization of the B7 + FM derived tribolm

We rst performed chemical analyses by IR spectroscopy. This
is not a surface sensitive technique and the whole tribolm was
therefore probed by the technique. Fig. 4 shows an IR spectrum
33124 | RSC Adv., 2017, 7, 33120–33131
recorded on the pure FM additive. It displays the characteristic
signatures of unsaturated fatty acids: carbon double bonds (C]
C) at 3009 cm�1 and an OH peak at 936 cm�1. The methyl and
carbonyl groups of the acid functional groups are also present
on the spectrum. The analysis of the FAME compound shows
the signature of esters at 1742 cm�1 and also the presence of
oleic acid double bonds at 3009 cm�1. By comparison, the IR
spectrum of the tribolm was signicantly different. First the
unsaturation at 3009 cm�1 and the OH peak at 936 cm�1 dis-
appeared and there was an increase in the large band near 1600
cm�1. According to the literature, this large peak corresponds to
the presence of functional ester groups and/or carboxylate
compounds (O]C–O–X) where X can be iron or an organic
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 XPS C 1s and O 1s spectra recorded in tribofilm formed with FM in B7 biodiesel at 100 �C.
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chain. These results show that signicant tribochemical reac-
tions took place, involving saponication of acid groups and
addition on the double bond of the unsaturated fatty acids.

The tribolm was then analyzed by XPS and PES surface
analyses. We rst analyzed the pure liquid compounds by XPS
using the cold stage holder to obtain reference data for chem-
ical shis of carbon and oxygen elements. Fig. 5 shows the main
chemical contributions of carbon and oxygen 1s photo-peaks
for B0, FAME and FM compounds. The spectrum of B0 only
presented the C–C peak at 284.8 eV as expected (not shown
here). The spectrum of FM (a mixture of fatty acids) was
distinguished by other peaks characteristic of carboxylic
Fig. 7 PES carbon C 1s and oxygen O 1s spectra recorded outside and
spectra of C K-edge and O K-edge in the same areas. The analysis of w

This journal is © The Royal Society of Chemistry 2017
groups: HO–C]O at 289.5 eV, O]C– at 532.5 eV and HO–C–
peaking at 533.7 eV. In addition to the peaks present in FM
additive, the spectrum of the FAME (a methyl ester) had the
characteristic –O–CH3 peak at 287.1 eV. The XPS data were in
good agreement with the theoretical molecular composition of
these organic species. Unfortunately, the double bonds in the
fatty acid chain were not detectable by XPS.

Regarding the tribolm analysis, we observed a signicant
charge effect in the XPS spectrum, indicating that the worn steel
surface was coated by a thin electrically insulating layer. Fig. 6
shows the high resolution XPS spectra of carbon (C 1s) and
oxygen (O 1s) recorded inside the tribolm using X-rays with an
inside the tribofilm formed with FM in B7 biodiesel at 100 �C. XANES
ear debris and virgin steel surface is also shown for comparison.

RSC Adv., 2017, 7, 33120–33131 | 33125

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02926h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 9
:1

8:
25

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
energy of 1486.6 eV and corresponding to a calculated EAL of
about 4 nm. The tribolm XPS spectra had two major differ-
ences in comparison with reference data in Fig. 5. Firstly, there
was a new peak in the C 1s spectrum at 286.4 eV which was
attributed to –C–O chemical bonds. In the literature such
a chemical shi is generally attributed to ether (–C–O–C) or
alcohol (–C–OH) chemical bonding. Secondly, a (C]O) contri-
bution was visible at 287.4 eV characteristic of the carbonyl
group, not present in the C 1s spectra in Fig. 5. The O 1s
spectrum clearly showed the contribution of iron oxides peak-
ing at 529.9 eV. The other peaks in the oxygen XPS spectrum
were more difficult to accurately assign. However, the peak at
531.5 eV was not present in reference compounds (Table in
Fig. 5) and could be associated with the C 1s contribution at
286.4 eV (ether/alcohol).

Extreme surface sensitive PES and XANES analyses were used
to accurately probe the electronic and chemical composition of
the tribolm generated with FM in biofuel matrix. The coupling
of the two techniques reveals the degree of carbon hybridization
with a very high depth resolution (less than 1 nm) and the
distribution of the species on the surface using the mesoscopic
lateral spatial resolution. Spectra recorded on similar samples
using the same cleaning procedure are shown in Fig. 7. Data
recorded inside and outside the wear scar, on the debris located
at the end of the track (see Fig. 1(b)) and on the virgin steel
surface just aer the polishing step were compared. In this
particular case (synchrotron radiation) the thickness probed
was much smaller than in the previous case and the calculated
EAL was typically 0.65 nm for the carbon spectrum recorded for
an X-ray energy of 350 eV.

Examination of the carbon spectra (PES and XANES)
provided new insights into the chemical composition of the
extreme surface of the tribolm. Firstly, there was a slight shi
in the C 1s peak near 285 eV which depended on the sample
analyzed. In this case, the maximum peak energies were
determined by positioning the Fermi vacuum level at the same
energy for all the spectra. The sp3 hybridization state peaking at
285.6 eV was observed on the virgin steel surface contaminated
Fig. 8 Photoemission Electron Microscopy (PPEM) carried out on tribofil
and oxygen in different oxidation states.

33126 | RSC Adv., 2017, 7, 33120–33131
by saturated carbonaceous material. The pure sp2-rich contri-
bution is known to give a peak at 284.5 eV for graphite. The C 1s
spectra recorded inside the wear scar and in the wear debris
showed a similar shi of the C 1s peak energy at a lower energy
of 285.2 eV, intermediate between sp3 and sp2 carbon species.
Outside the track, the peak energy was intermediate, probably
because of the signature of adsorbed unsaturated fatty acids.
The PES results therefore suggest an excess of sp2 carbon on the
very top surface of the tribolm and in the debris. Another
relevant result was the presence of a strong peak inside the
tribolm and debris at 288.5 eV and other peaks at higher
energies. Outside the wear scar and on the virgin steel, these
peaks attributed to oxygenated species were negligible.

Examination of the XANES C K-edge spectra conrmed the
increase in C]C bonds at the extreme surface. The character-
istic 1s–p* transition at 284.9 eV was only present in the tri-
bolm and debris. It was not present outside the wear scar and
on virgin steel substrate. The two peaks at 284.9 eV (C]C) and
286 eV (C]O) were correlated and were characteristic of the
tribolm material. These two peaks were generally attributed to
a planar quinone structure that is known to occur in graphene
oxide, for example.15 Other peaks lying between 287 eV and
290 eV were more difficult to accurately assign. The two peaks at
287 eV and 288 eV were attributed to alcohol and carboxylic acid
groups. The strong peak at 289.8 eV was only seen outside the
wear scar and on polished steel. It can be attributed to
contamination by solvents containing alcohols. We checked
that this peak disappears aer heating the steel sample in the
vacuum (not shown here).

The oxygen spectra (PES and XANES) also showed interesting
features. Firstly, the strong peak in the O 1s PES spectrum near
531.2 eV was always present in particular in the polished steel
sample, covering the oxide layers. This peak is not therefore
related to a tribo-chemical reaction between additives. The
contribution of iron oxides at 529.5 eV dominates the spectra in
the tribolm and in wear debris, conrming the importance of
iron oxides in the tribolm composition. Peaks present near
535 eV in the O 1s spectrum are characteristic of the tribolm
mobtained with FM in B7 biodiesel at 100 �C. Chemical maps of carbon

This journal is © The Royal Society of Chemistry 2017
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composition and perhaps correspond to esters groups. The
small peak at 532.8 eV on the O K-edge spectrum and mainly
present outside the wear track and on the polished steel sample
is correlated with the strong peak at 289.8 eV on the C K-edge
spectrum and is not associated with tribolm chemistry.

Finally, PEEM imaging of carbon and oxygen was then
carried out using the different peaks visible in PES analysis in
Fig. 7. The probe size was xed at about 0.5 micron with a step
of 2 microns between each spectrum. The chemical maps are
shown in Fig. 8. It can be seen that the surface composition is
not homogeneous at a level of one micron. The tribolm is
patchy and the iron oxide (O chemical image at 530 eV) is not
located at the same place as in the organic material (C chemical
maps at 287.5 eV). Moreover the image at 290 eV (esters) is
different from the one at 287 eV (carbonyl) suggesting that the
tribolm is composed of different oxygenated chemical species.

Samples for TOF-SIMS analysis were rst cleaned with B0
and heptane in an ultrasonic bath, then stored in glass vials
with B0 and nominally maintained at room temperature prior to
analysis. TOF-SIMS analysis was conducted on samples “as
received” without any treatment such as sputter cleaning of the
surface. The TOF-SIMS spectra are given in Fig. 9 revealing the
mass range m/z ¼ 200–700 in each ion polarity. These spectral
Fig. 9 TOF-SIMS mass spectra, m/z ¼ 200–700, of the 6.0 mm � 2.
tribological wear track. (A) Positive ion polarity spectrum. The peaks high
ammonium molecule. Other prominent and distinct features at high m/
575. (B) Negative ion polarity spectrum. The peak highlighted in blue text a
observed in the positive ion polarity. Prominent features representative of
features at high m/z include benzyl sulfonate, m/z 325, naphthalene sul

Fig. 10 TOF-SIMSmosaic large areamaps of a 6.0mm� 2.4mm area en
outside the wear track. The top row are images with positive ion polarity, a
on the left indicate the low and high wear regions in the tribological test a
mm, but the images have been binned for high contrast visualization. (A) Fe
(m/z 505). (E) Glyceryl monostearate (m/z 551). (F) Naphthalene sulfona

This journal is © The Royal Society of Chemistry 2017
regions contained several salient features representative of the
total mass spectra. It should be noted at the outset that no
intact fatty acid additives were detected, either inside or outside
the wear track. The TOF-SIMS analysis area is shown in
Fig. 10(A) and (B) with the areas inside and outside the wear
track identied in each ion polarity.

The positive ion polarity mass spectrum shown in Fig. 9(A)
contains an ion distribution, indicated in blue, arising from an
ammoniummolecule. A singular feature, also indicated in blue,
appears in the negative ion polarity mass spectrum shown in
Fig. 9(B) that, with the present mass accuracy, we can only
surmise to be a corresponding chlorine adduct. These spectral
features map to the high wear areas within the track shown in
Fig. 10(C), as does the glyceryl monostearate shown in
Fig. 10(E). These molecular moieties, which are fairly common
antistatic additives, may originate from the polymer cap of the
glass storage container.

Several other molecular species were identied by TOF-SIMS,
including benzyl sulfonate, naphthalene sulfonate and tricresyl
phosphate. These species are more abundant within the wear
track where the abundance of sulfate and phosphate from the
steel is greater following the removal of the surface oxide. We
directly observed that the abundance of sulfate, i.e. SO3

�, and
4 mm map area which includes regions both inside and outside the
lighted in blue text, each separated by m/z 28 (i.e. C2H4), arise from an
z include glyceryl monostearate, m/z 551, and quinones, m/z 505 and
tm/z 459 is thought to be chlorine adduct of the ammoniummolecule
carboxylate and phosphate adducts of iron are identified. Other distinct
fonate, m/z 373, tricresyl phosphate, m/z 375, and quinone, m/z 585.

compassing almost the whole tribological wear track as well as a region
nd the bottom row of images are with negative ion polarity. The images
rea as well as the region outside the test area. The pixel dimension is 1.2
+ (m/z 56). (B) Fe2O3H

� (m/z 161). (C) C26H56N
+ (m/z 382). (D) Quinone

te (m/z 373). (G) Quinone (m/z 473). (H) Quinone (m/z 585).
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phosphate, i.e. PO3
�, was greater within the wear track region of

the sample. It should be pointed out that benzyl sulfonate,
naphthalene sulfonate and tricresyl phosphate contain
aromatic rings bound to SOx and POx functional groups. In
addition, we observed mass spectral features that are consistent
with quinone and mellitate chemistry as determined by refer-
ence library matching. However, in the present analysis, we
lacked the required mass accuracy (W) to arrive at specic
compositions for these high m/z moieties. Sulfates and phos-
phates mapped, in general, to areas within the wear track as
indicated by Fig. 10(F). Quinones very specically mapped to
friction areas within the wear track as shown in Fig. 10(D), (G)
and (H). We consider the aromatic components to be products
of the FA additives, produced during the friction test, which
Fig. 11 (a) Topographical image and (b) electrical AFM image recorded on
AFM image showing the sliding direction (arrow) and the corresponding

33128 | RSC Adv., 2017, 7, 33120–33131
form part of the protective tribolm. This suggestion is sup-
ported by the PES and XANES data which indicate a greater C
sp2 content within the wear track. Both TOF-SIMS and PEEM
imaging demonstrated that the tribolm was patchy and
nonuniform.

Finally, we used AFM imaging to get topographical and
electrical images of the tribolm. Fig. 11 shows AFM images
generated inside the wear scar. They clearly show the presence
of pads of tribolm material inside the wear track. These pads
are composed of insulating material about 10 micrometers wide
and about 100 nm thick. No pads were detected outside the
wear track. The thickness prole conrmed that no wear has
occurred and that the tribolm was superimposed on the virgin
steel surface. Visible scratches aer imaging show that the
the tribofilm formed in the presence of FM in B7 biodiesel at 100 �C. (c)
profile across the wear track (d).

This journal is © The Royal Society of Chemistry 2017
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tribolm material was very so because it was removed by the
AFM tip during the scans.
IV. Discussion

Both PES and IR analyses clearly indicate that several complex
tribochemical reactions occurred with the formation of the bulk
of the tribolm material on the steel surface. The result
suggests a reticulation reaction involving unsaturated fatty
Fig. 12 HRTEM image of tribofilm material deposited on a carbon film m
the organic material.

Fig. 13 Comparison of XANES spectra performed on two different tribofi
presence of carbon double bonds was clearly found to be responsible f

This journal is © The Royal Society of Chemistry 2017
acids from the FM additive and FAME from B7 and possibly
oxygen, as several authors have reported that large amounts of
this molecule are dissolved in the fuel.16–18 The temperature is
therefore an important parameter governing the reaction. The
presence of a very thin top layer on the tribolm rich in sp2-
carbon may therefore be responsible for the low friction
observed in the case of the B7 + FM matrix. Indeed the surface
aromatization of unsaturated fatty acids is a mechanism also
envisaged in the literature.19
ounted on a copper grid. Small iron oxide crystallites are embedded in

lms, FM and FM2. FM gave friction reduction whereas FM2 did not. The
or the friction reduction.
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Our data show that the structure of the bulk 100 nm-thick
tribolm is very different from that of its extreme surface
(about 1 nm in depth). This is discussed in more detail below:

(a) IR analyses have shown that the disappearance of double
bonds present in the fatty acid and FAME is associated with the
formation of esters or iron salts. Moreover the presence of iron
oxide material suggests that a reticulation process is induced by
the combination of metal oxide, molecular oxygen in the air
and/or fuel and high temperature. This mechanism is similar to
a siccative process involved in the reticulation of linseed oil and
drying of paintings and lacquers.

To conrm this hypothesis, a small part of the tribolm jelly
was collected and placed on a copper grid covered by a carbon
lm for HRTEM observation. Fig. 12 shows images of the jelly
structure of the organic material that did not evaporate in the
vacuum of the microscope. Small iron oxide crystallites are
clearly visible embedded in the organic material and are clearly
observed by HRTEM. The presence of iron oxide particles is
therefore necessary to promote the formation of the tribolm.

(b) Extreme surface sensitive analyses of the tribolm show
the presence of aromatic structures (quinones, carbon rings)
similar to those present in graphene oxide for example.15 We
postulate that these lamellar compounds are very important for
the friction reduction in the lubricated test. To conrm this
hypothesis, we analyzed by XANES, under the same conditions,
a tribolm generated with a different commercial friction
modier additive FM2 (containing sorbitan tri-oleate instead of
fatty acids) that had poor friction reduction capabilities
compared to FM. As shown by the C K-edge ne structure pre-
sented in Fig. 13, there a much lower signal corresponding to
C]C bonding at 284.9 eV in the case of FM2 than with FM. On
the contrary, the surface of FM2 derived tribolm contains
many more carboxylic acid groups. This result strongly supports
the role of sp2 lamellar structures in friction reduction.

V. Conclusions

The impact of fatty acids on the lubricity of diesel and biodiesel
fuels was investigated in steel/steel contact. The tribological
conditions were chosen in order to simulate the mechanical
parameters of the piston ring/cylinder liner system. The
following conclusions can be drawn:

(1) B0 diesel fuel alone (with no FAMEs and no fatty acid
additives) does not lubricate well the steel contact, whatever the
temperature used. Friction is high and wear occurs.

(2) The presence of 7% v/v of FAMEs in B0 (so called B7)
lubricates the steel contact to a certain extent. The friction
coefficient is reduced by about 30%.

(3) The addition of fatty acids to B7 leads to further signi-
cant friction reduction. The FM commercial additive composed
of a mixture of different fatty acids added to B7 offers the best
performance (friction is reduced by 2 compared with B0 diesel).

(4) The effect of pure C18 fatty acids on friction reduction
was also investigated. This included a comparison of two
saturated species (nonanoic and stearic acids) with two unsat-
urated ones (oleic and linoleic acids). All these additives helped
reduce friction whatever the diesel fuel (B0 or B7). However, the
33130 | RSC Adv., 2017, 7, 33120–33131
mixture of B7 and FM provides a very low friction coefficient of
about 0.07 under a severe boundary lubrication regime. It
should be underlined that diesel fuel is not viscous compared to
engine oils and that EHL lubrication is not likely to occur in all
our cases.

(5) The analysis of worn surfaces by XPS rst reveals that an
insulating lm is present in the center of the tracks (where
friction is low). The XPS spectra of carbon show chemical
changes in the tribolm for the fatty acid composition. The
carboxylic group is no longer present.

(6) The analysis of tribolm by PM-IRRAS gives more insights
in its chemical composition. An important feature is the
disappearance of carbon double bonds in the tribolm and the
presence of some esters (iron soaps or/and organic). This is an
evidence of stress-induced reticulation process promoted by
temperature, oxygen and iron oxide nanoparticles.

(7) The analysis of the extreme surface (0.65 nm depth) of the
tribolm by PES, XAS and ToF-SIMS shows the presence of
planar sp2-carbon rich molecules such as quinone and/or gra-
phene oxides. This tribolm termination is involved in friction
reduction and these planar sp2-carbon rich species are not
present in the XAS features of another friction modier additive
giving less friction reduction.

(8) To conclude, under the effects of friction, temperature
and possibly oxygen from air and/or fuel, complex chemical
reactions of all additives are thought to occurs on the metal
oxide surface generating a new solid-like species. Some worn
metal oxide particles may have a catalyst effect on the formation
of these solid-like species. Because double bonds are involved in
the process, the basic mechanism of tribochemistry is a reticu-
lation process in the bulk and aromatization of unsaturated
fatty acids at the extreme surface.
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