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Rationale: The efficiency of lubricants strongly depends on the content of functional
additives. In order to assess the chemical and structural changes taking place in the
lubricating oil and its additives during operation, it is essential to develop a method
for simple and prompt analysis.

Methods: Two single additives as well as a fully formulated engine oil were analysed
using an atmospheric pressure matrix-assisted laser desorption/ionization
(AP-MALDI) source coupled to a linear trap quadrupole Orbitrap XL hybrid tandem
mass spectrometer and compared with results obtained by means of electrospray
ionization (ESI) including additional low-energy collision-induced dissociation
(LE-CID). The identification of additives directly from technical surfaces was
simulated by using steel substrates as AP-MALDI targets with varying roughness.
Results: After assessment and selection of the most suited AP-MALDI matrix it was
found that pure additives such as calcium sulfonate and zinc dialkyldithiophosphates
(ZDDPs) could well be identified with abundant signal intensity based on their
elemental composition. Molecular identification was corroborated by LE-CID in ESI
mode. Additionally, additives present in the fully formulated commercial oil such as
ZDDPs and salicylates could be reliably identified based on the elemental
composition of the deprotonated molecules by means of the Orbitrap unit on
different substrates including steel surfaces with high roughness.

Conclusions: AP-MALDI is an efficient technique for determination of lubricant
additives directly from commercial oil blends. Identification of additive components
was also achieved on steel surfaces with high roughness as applied in tribological
systems and thus it is expected that it will be possible to assess additive degradation

in real applications, enabling more effective and timely maintenance measures.
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1 | INTRODUCTION

Liquid lubricants consist of one or more base oils and up to around
25% v/v of functional additives. Their main tasks, among others,
involve: improving the friction and wear performance between
interacting surfaces; enabling the control of friction; serving as a
coolant or heat transfer medium; increasing resistance against
corrosion, oxidation and degradation by acids®? and to keep surfaces
clean.®*

There is a wide range of additives such as zinc
dialkyldithiophosphates (ZDDPs), which are known for their
anti-wear, anti-corrosion and anti-oxidant functionality. Therefore,
ZDDPs are often applied in engine lubricants as well as hydraulic and
transmission oils.®> Other relevant additives include overbased calcium
sulfonates and salicylates which are widely used as broad-spectrum
detergents and anti-wear additives. In addition, calcium sulfonates are
known for their rust-inhibiting and acid-binding properties. In
particular, overbased detergents are used as additives in engine oils to
prevent the development of varnish and other deposits on hot metal
surfaces and to neutralize the acid products formed during
combustion.®™?

During sliding, a thin tribofilm can form on the rubbing surfaces,
and this can reduce friction and wear in numerous cases. The
composition of these tribofilms has been extensively investigated by
various measurement techniques, such as X-ray photoelectron

14-16 and

spectroscopy (XPS),%10-1% X-ray absorption spectroscopy,
transmission electron microscopy (TEM) combined with focused ion

beam (FIB) cutting.t” Other available techniques include X-ray

absorption near edge structure  (XANES)'*'®  RAMAN

spectroscopy,'’  scanning electron microscopy (SEM)  with

energy-dispersive X-ray spectroscopy (EDS),22°~22 Fourier-transform
23,24

infrared (FTIR) spectroscopy, electrospray ionization mass
spectrometry (ESI-MS),2>2¢  high-field asymmetric waveform ion
mobility  spectrometry  coupled with mass  spectrometry
(FAIMS-MS),?” or dynamic time-of-flight secondary ion mass
spectrometry (TOF-SIMS).28

Direct

electrospray ionization (DESI-MS)?° oil analysis and direct analysis in

surface analysis techniques such as desorption
real time coupled with mass spectrometry (DART-MS)C have been
applied for quantitative analysis of a commercial lubricant antioxidant
additive in a base oil, while mass spectrometric imaging (MSI) by
means of laser desorption/ionization reflectron time-of-flight mass
spectrometry (LDI-RTOF-MS) was used to analyse ex situ oil
components applied as lubricant additives in a tribological layer of a
tribologically stressed surface.®' Another analytical technique
employed for direct analysis of base oils and additives is the
atmospheric solids analysis probe in conjunction with ion mobility
mass spectrometry (ASAP-IM-MS) 3233

Atmospheric pressure matrix-assisted laser desorption/ionization
(AP-MALDI) is complimentary to the previously mentioned analytical
methods and already a powerful tool to analyse proteomes and
lipidomes.>*3> Moreover, this technique has also been already

successfully adopted for characterization of lubricant oils to detect

additives such as anti-oxidants®® and frictions modifiers®” directly
from base oil solutions as well as from tribologically stressed steel
surfaces.®® In addition, previous studies have used different surface
materials as AP-MALDI targets, with the gold-coated steel target
showing superior desorption/ionization yield.3>3¢3?

AP-MALDI is an efficient analytical method because the
time-consuming and costly sample preparation necessary for other
techniques is significantly reduced. Furthermore, for this method
atmospheric pressure is present, thus avoiding excessive vaporization
of volatile compounds. However, no comprehensive analysis has yet
been carried out in a fully formulated engine oil by means of
AP-MALDI, neither on gold-coated steel targets nor on other material
surfaces of industrial interest, which would be a major step towards
direct chemical analysis of tribofilms in wear tracks. In this study, a
fully formulated SAE OW-20 engine oil and two pure additives,
calcium sulfonate and ZDDP, were analysed with AP-MALDI on
gold-coated steel targets and on AISI 52100 steel discs, a typical
bearing material, with different roughnesses.3¢ The AP-MALDI target
materials were varied to investigate differences in desorption/
ionization abundances in order to simulate realistic surface conditions

of industrial component samples.

2 | EXPERIMENTAL

21 | Chemicals and materials

In this study an engine oil and two separate additive components
were used for AP-MALDI measurements. The engine oil was a
commercially available fully formulated SAE OW-20 engine oil with
viscosity index 172 (dynamic viscosity 48 mm?/s (40°C) and 9 mm?/s
(100°C)). A detailed overview and additional properties of the
selected engine oil were provided by Besser et al?® The two
additives, commercial zinc dialkyldithiophosphate (ZDDP, liquid,
received pre-dissolved in diluent oil and used as received) and calcium
sulfonate (55% v/v mixture in mineral oil), were purchased from
LLK-Naftan (Vienna, Austria) and Rhein Chemie (Vienna, Austria),
respectively. For AP-MALDI-MS experiments the following
AP-MALDI matrices were applied: sinapic acid (SA, 299,0%),
(DHBA, 299,0% HPLC
a-cyano-4-hydroxycinnamic acid (CHCA, ultra-pure), purchased from
Sigma-Aldrich (Vienna, Austria), as well as dithranol (DTH, = 98,0%,
for MALDI), purchased from Fisher Scientific (Vienna, Austria). LC/MS
grade solvents chloroform (=2 99,9%, HPLC gradient grade), purchased
from Honeywell (Vienna, Austria), and methanol (> 99,9%, HPLC
gradient grade), purchased from Sigma-Aldrich, were additionally used

2,5-dihydroxybenzoic  acid grade),

for sample preparation.

A standard AP-MALDI gold-coated steel target (hereafter
referred to as “gold target”) was used as surface reference material
provided by MassTech (Columbia, MD, USA). AISI 52100 steel discs
(hereafter referred to as “steel disc”) with a diameter of 2.5 cm were
chosen as complementary AP-MALDI target materials, in order to
behavior on technical surfaces (e.g. in

simulate realistic
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triboexperiments) as well as to investigate the influence of surface
roughness on additive desorption/ionization abundances. The steel
sample targets were surface ground to varying roughness values using
metallographic methods (see Figure 1). The average surface roughness
R, of the samples was measured using a Leica DCM 3D-confocal
microscopy instrument (Leica Microsystems, Wetzlar, Germany). The
resulting roughness values of applied target specimens are given in

Figure 1.

22 | AP-MALDI-MS experiments

The AP-MALDI PDF+ ion source (MassTech, Columbia, MD, USA) on
the LTQ Orbitrap XL hybrid tandem mass spectrometer was utilized
for all AP-MALDI-MS experiments in the present study. All
AP-MALDI-MS results were obtained with reduced mass resolution of
m/Am 30,000 at FWHM (full width at half maximum) to reduce
analysis time of molecules within the mass analyser and increase the
number of scan events due to the limited volume of available sample
compared with ESI experiments and with mass accuracy better than
7 ppm. This allowed detection of the protonated and deprotonated
molecules with chemical structures already known from ESI
measurements. Detailed experimental parameters and results of
ESI-MS
supporting information. The lubricant specimens were deposited on
the surface of the selected AP-MALDI target and irradiated with UV
laser light pulses of the solid-state Nd:YAG laser at a wavelength of

correlating measurements are  given in  the

355 nm. The laser was operated in spiral motion mode (screened area
~2 mm?) at a repetition rate of 10 Hz. The pulse width was at 3-5 ns
(FWHM). In this study a pulse energy of 40 uJ was used and, to
optimize the signal intensity, the pulsed dynamic focusing (PDF) was
set to 25 ps. For all AP-MALDI-MS experiments the automatic gain

(A) m*l;TT ! (B)
o
T
— |

(C) (D)

FIGURE 1 Target specimens with varied surfaces roughness: (A),
standard AP-MALDI Au-covered steel target (reference)

R, = 0.02 um; and AISI 52100 steel discs (B) mirror-polished,

Ra < 0.01 um; (C) low roughness, R, = 0.06 pm; (D) high roughness,
R, = 0.130 pm [Color figure can be viewed at wileyonlinelibrary.com]
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control of the LTQ Orbitrap XL was turned off in order to achieve an
equal number of laser shots for all single scan events.***! The
injection time was set to 500 ms and total acquisition time per scan
was set to 0.5 min.3® Operating conditions were applied according to
tuning optimization of parameters: (a) for negative ion mode:
AP-MALDI plate voltage, —2.6 kV; capillary temperature, 200°C;
capillary voltage, —15 V; tube lens voltage-120 V and (b) for positive
ion mode: AP-MALDI plate voltage, 3.5 kV; capillary temperature,
275°C; capillary voltage, 10 V; tube lens voltage 80 V.

The AP-MALDI matrices were each dissolved in a solution of 7:3
(v/v) chloroform/methanol at a concentration of 10 mg/mL. The pure
additives and the engine oil were separately diluted in the same
solvent to obtain a volume ratio of 1:10 (v/v). For all the
AP-MALDI-MS measurements the ratio of sample to matrix*® was
1:10 (v/v). Additional studies of the engine oil were performed at
ratios of 1:30 and 1:50 (v/v) with DTH matrix only to assess whether
the dilution factor of the matrix acts differently, e.g. increased ratio of
analyte to matrix ions and signal-to-noise ratio. Droplets of 1.5 L of
the resulting solutions were deposited on the different targets and let
dry at room temperature resulting in spot areas of ~12.5 mm?2. Before
each AP-MALDI-MS experiment, the target surfaces were thoroughly

cleaned using methanol.

2.3 | Microscopy analyses

Prior to and after AP-MALDI-MS measurements, optical microscopy
was performed on the dried sample spots of fully formulated SAE
OW-20 engine oil with DTH matrix deposited on gold and steel
targets, making use of a AXIO Imager M2m reflected light microscope
(Carl Zeiss Microscopy, Jena, Germany) in bright field mode. Selected
AP-MALDI spots from the above sample were analysed further with
environmental scanning electron microscopy (ESEM) using a JSM
IT300 microscope (JEOL, Tokyo, Japan) with an accelerating voltage
of 15kV in back-scattered electrons (BSE) mode. To avoid
evaporation or decomposition and charging effects of the analysed
compounds, they were analysed in low vacuum and the pressure

during ESEM measurements was set to 50 Pa.

3 | RESULTS AND DISCUSSION
3.1 | Evaluation of peak abundances depending on
matrix/analyte crystal structure and distribution

For AP-MALDI-MS measurements, the analyte/matrix solutions of
fully formulated SAE OW-20 engine oil and DTH matrix were spotted
on the gold target. For all samples, it was obvious that the
evaporation of chloroform and methanol occurred asynchronously,
resulting in an inhomogeneous distribution of the matrix and thus
inhomogeneous crystal formation, density and sizes (see Figure 2A).
Hence, the signal response from areas with differently shaped matrix/

analyte crystals was examined performing six AP-MALDI-MS scan
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FIGURE 2 Overview of a matrix/analyte
solution spotted on a gold target (fully
formulated SAE OW-20 engine oil and DTH
matrix): (A), light microscope overview and (B),
detail as well as (C), ESEM overview and (D),
enlarged detail [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 AP-MALDI mass spectra in negative ion mode of pure additive samples with DTH matrix applied: (A), calcium sulfonates and (B),
ZDDP (dashed line: dithiophosphates; solid line: O,0-phosphorothioates). For demonstration of the AP-MALDI mass spectra, results obtained
with DTH matrix were selected due to most abundant signal response

events on each spot. The light microscopic images compared with the crystals. Only at these positions could the desired peaks be detected
AP-MALDI-MS results indicate that measurements are to be with sufficient signal intensity. Comparable results were obtained on
performed at areas where the crystals were visibly larger (see all investigated AP-MALDI target surfaces used for this study.

Figure 2B), compared with other areas with denser but very small Additionally, ESEM was applied (see Figure 2C) to compare crystal
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manifestations and shapes. The larger crystal accumulations have
been observed to form perpendicularly to the considered target

surface and to form a pronounced 3D-contour (see Figure 2D).

3.2 | Identification of additive components from
reference target

In this study, pure commercial ZDDP and calcium sulfonate in base oil

were diluted separately to obtain concentrations of 1:10 (v/v) and

TABLE 1 Maximum AP-MALDI-MS ion abundances of
representative deprotonated molecules of calcium sulfonate (m/z
493.3694) and dithiophosphate (m/z 353.1719) in negative ion mode

TWiass Spectrometry

were measured in negative ion AP-MALDI mode. Since the maximum
ion abundances of the detected protonated and deprotonated
molecule peaks with AP-MALDI-MS was 10 it was difficult to
perform LE-CID fragmentation of the precursor ions. Therefore, to
confirm the types of molecules of the additive components the
elemental compositions obtained by means of AP-MALDI were
Four different matrices (DTH, CHCA,
2,5-DHBA and SA) were separately mixed with the above-mentioned

correlated to ESI results.

pure additive components as well as the fully formulated engine oil in
a sample/matrix ratio of 1:10 (v/v) and applied on a standard
gold-coated steel AP-MALDI target for MS examinations in negative
and positive ion mode.

In addition to the peaks observed in ESI-MS in negative ion

mode, abundant peaks of matrix [Ma-H]~ (Ma, matrix molecule) and

matrix cluster ions [2Ma—H]~

were detected as well. [Ma—H]~ and

Applied matrix Ca-sulfonate m/z  Dithiophosphate m/z .
component 493.3694 353.1719 [2Ma—H]~ ions were observed for DTH at m/z 225.0542 and
DTH 37 % 10° 50 % 10° 449.1004, for CHCA at m/z 188.0343 and 377.0757, for 2,5-DHBA
3 3 at m/z 152.0108 and 307.0440, and for SA at m/z 223.0597 and
CHCA 2.6 x 10 3.7 x 10
447.1270, respectively. Moreover, matrix ions [Ma+H]" and matrix
2,5-DHBA 1.0 x 10° 6.9 x 10? . . . .
cluster ions [2Ma+H]* were also determined in AP-MALDI positive
SA 1.9 x 10° 3.4 x 10° . .
ion mode for matrix compounds DTH (m/z 227.0708 and 451.1188),
100 (A)
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FIGURE 4 Mass spectra obtained by AP-MALDI-MS of engine oil SAE OW-20 obtained (A), in negative ion mode with DTH matrix applied
(dashed line: dithiophosphates; solid line: salicylates) and (B), in positive ion mode with CHCA matrix applied (dashed line: diphenylamines; solid

line: amine ethyl esters)
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CHCA (m/z 190.0502 and 379.0932), 2,5-DHBA (m/z 155.0329), as
well as SA (m/z 225.0743 and 449.1416).

AP-MALDI-MS was applied in negative ion mode for calcium
sulfonates. All deprotonated molecules of the calcium sulfonate
additive found in ESI-MS were also detected in AP-MALDI-MS for all
four applied matrix compounds. However, with DTH as matrix, ion
abundances at least a factor of 10 higher were found for the desired
deprotonated molecules. Measurements of the sulfonate ions
detected by AP-MALDI at m/z 451.3225 (C21), 465.3381 (C22),
479.3537 (C23), 493.3694 (C24), 507.3850 (C25), 521.4004 (C26),
and 535.4161 (C27) yielded the same m/z values within the
instrument accuracy compared with ESI results (see Figure 3A and
supporting information).

For ZDDP, similar results were observed compared with calcium
sulfonate, where the DTH matrix yielded higher ion abundances, too.
The deprotonated ZDDP fragment ions dithiophosphates with m/z
values of 241.0488 (C4-C4), 297.1096 (C4-C8), and 353.1719
(C8-C8) and the O,0-phosphorothioates with m/z 281.1325 (C4-C8)
and 337.1948 (C8-C8), observed already in ESI-MS measurements
(see supporting information), were also detected with AP-MALDI (see
Figure 3B).

The detected matrix ions and matrix cluster ions exceeded the

abundances of the additive peaks. Using DTH matrix solution, for

both additives the ion abundances of representative additive peaks
were increased by a factor of 10 compared with the other matrices
applied. The results were comparable for all detected additive peaks.
Maximum ion abundances of representative peaks selected for both
additives are given in Table 1. The total ion count (TIC) for ESI
experiments exceeded AP-MALDI values and usually was in the range
of 107 to 10® ions and, thus, at least 10° times higher. Measurements
performed with AP-MALDI-MS could lead to complex mass spectra
due to the presence of matrix peaks. However, the high resolving
power of the Orbitrap mass analyser allowed the detection of additive
peaks with known m/z values with the drawback of lower ion
abundances in comparison with ESI-MS.

The calcium sulfonate additive sample was analysed in positive
ion mode with AP-MALDI using all four matrices. However, due to
very low ion abundances no additive or adduct peaks could be
detected.

3.3 | Identification of commercial engine oil
components from reference target

Further analyses were performed for the fully formulated SAE OW-20

engine oil in negative and positive ion mode with all four matrices

TABLE 2 Measured m/z values and chemical structures of components identified in the engine oil SAE OW-20 obtained by means of ESI-MS
and AP-MALDI-MS in negative ion mode including deviations of the measured m/z values

Molecular Chemical
Name formula structure
Dialkyl CgH1802PS,™ Q- O—Cato
dithiophosphates < No—cyHy
Ci12H260,PS,™ Q- O—Ceths
" N0—CgHys
C16H340,PS,™ QO Catr
" N0o—CgHyy
Salicylates C21H33037 OH 0O~
o
CiqHzg
Ca3H3703™ UGN
o
CigHs2
Ca5H4103™ G
o

CigHag

Nominal value AM/M AP-MALDI AM/M
(m/2) ESI (m/2) (ppm) (m/2) (ppm)
241.0491 241.0483 33 241.0487 17
297.1117 297.1104 44 297.1098 6.4
353.1743 353.1728 4.2 353.1723 5.7
333.2435 333.2421 4.2 333.2414 6.3
361.2748 361.2733 4.2 361.2727 5.8
389.3061 389.3045 41 389.3040 54
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DTH, SA, CHCA and 2,5-DHBA. Analysis of the engine oil SAE
OW-20 by means of AP-MALDI in negative ion mode with DTH
matrix applied exhibited the additive ZDDP including the variety of
alkyl chain lengths: dibutyl dithiophosphate (m/z 241.0487), dihexyl
dithiophosphate (m/z 297.1098), dioctyl dithiophosphate (m/z
353.1723), as well as the salicylate detergents (m/z 333.2414 (C14);
m/z 361.2727 (C16); m/z 389.3040 (C18)) (see Figure 4A). The m/z
values and chemical structures of components identified are listed in
Table 2. Similar to the previous analysis of the single additive
components, the ion abundances of the investigated signals in the
AP-MALDI-MS spectra were 10° to 10* times lower than the
corresponding peaks detected by ESI-MS (cf. Table 3). The obtained
AP-MALDI-MS results allowed determination of the elemental

TABLE 3 Maximum AP-MALDI ion abundances of representative
ZDDP (m/z 241.0487) and salicylate (m/z 361.2727) additive
deprotonated molecules detected in SAE OW-20 samples in negative
ion mode

Matrix component ZDDP m/z Salicylate m/z
applied 241.0487 361.2727
DTH 6.1 x 10° 3.6 x 10°
CHCA - -

2,5-DHBA 4.8 x 10! 3.5 x 10!

SA 1.1 x 10? 3.7 x 10?

= Viass Spectrometry

composition and corresponded to the ions detected in ESI mode.
Furthermore, it was observed in both methods (ESI and AP-MALDI)
that ZDDP fragment ions of residual impurities with shorter alkyl
chain length showed higher ion abundances.

When SA matrix was applied, only the detergent (salicylate)
molecules could be detected. lon abundances were observed a factor
of 10 lower, compared with the use of DTH matrix. The desired peaks
were not detected with CHCA nor with 2,5-DHBA matrix. However,
peaks of all matrices [Ma—H]~ and matrix cluster ions [2Ma—H]~
were observed. The sample/matrix ratio was set to 1:10 (v/v) for all
AP-MALDI-MS measurements, as it was shown that for ratios 1:30
and 1:50 (v/v) with higher matrix concentrations, the molecular peaks
investigated were suppressed and yielded lower signal intensities or
could not be detected at all. For further investigations in the negative
ion mode on steel targets, only DTH was used as matrix with the
above-mentioned sample/matrix ratio.

Using AP-MALDI-MS in positive ion mode with CHCA and DTH
as matrices for the engine oil the corresponding aminic anti-oxidants
nonyldiphenylamine (m/z 296.2381), dinonyldiphenylamine (m/z
422.3786) and nonadecyldiphenylamine (m/z 436.3951) as well as the
fatty amine friction modifier 2-[bis(2-hydroxyethyl)amino] ethyl esters
at m/z 388.3429 (C16:0) and 414.3585 (C18:1) were detected. The
obtained mass spectra of the additive ions are given in Figure 4B. The
structures of found additive molecules are shown in Table 4. For both
applied matrices the ion abundances of similar peaks had the same

TABLE 4 Measured m/z values of and chemical structures of components identified in the engine oil SAE OW-20 obtained by means of
ESI-MS and AP-MALDI-MS in positive ion mode including deviations of the measured m/z values

Molecular
Name formula Chemical structure
Diphenylamines ~ Cy1H3zoN™ n;
CgHy3 : : C3Hy
CaoHagN™ :z
Co H19/©/ \©\Cg Hig
Ca1HsoN™

H
/©/ N;\O\
CioHa1 CoH1g

Aminic ethyl CooHagOuN™ OH;

esters
16:0 § H

N
CysHsy O/\/ \/\O H

Co4H4504N* H;
o

CnH;;JLO/\/ N\/\o H
18:1

Nominal value AM/M AP-MALDI AM/M
(m/z) ESI(m/z)  (ppm) (m/z) (ppm)
296.2373 296.2367 2.0 296.2381 2.7
422.3781 4223772 21 422.3786 1.2
436.3938 436.3929 21 436.3951 3.0
388.3421 388.3413 2.1 388.3429 2.1
414.3578 414.3571 1.7 414.3585 1.7
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order of magnitude. As previously observed, compared with ESI
experiments, the ion abundances of obtained peaks in the AP-MALDI
mass spectra again were around 102 times lower. lon abundances are
given in Table 5.

In the case of the matrices SA and 2,5-DHBA, the AP-MALDI
analysis of the engine oil did not enable the detection of the
anti-oxidant and friction modifier additives. DTH and CHCA could be
used for the analysis of the fully formulated commercial oil samples in
AP-MALDI-MS in positive ion mode. The peak abundances of the ions
corresponding to the CHCA matrix applied were lower and more
suppressed compared with the DTH matrix peaks. In addition, the
analyte ions seem to be better desorbed/ionized with CHCA as a
higher ion abundance was observed. This facilitated the observation
of the expected peaks of the oil additives and CHCA was used as the

preferred matrix for this analysis.

3.4 | Identification of additive components from
steel targets

AP-MALDI-MS measurements of the single ZDDP additive
component were performed on the gold-coated steel target. The
resulting mass spectra were used as a reference due to their good
consistency with ESI results and the obtained high ion abundances.
Subsequently, three steel AP-MALDI targets with different surface
roughness (cf. Figure 1) were applied. In Figure 5A the abundances of
the main ZDDP peaks of the AP-MALDI-MS measurement in negative
ion mode on the four different target materials are given. Additional
representative images of spots on all four surface modifications are
given in the supporting information, including interpretations and
comparisons with other AP-MALDI studies.

Similar AP-MALDI-MS measurements were performed for
Ca-sulfonate additive components (see Figure 5B). In the diagrams, it
can be seen that the abundances measured on steel targets were
roughly 80% (ZDDP) and 90% (Ca-sulfonate) lower than the results
obtained with the reference gold target. However, since the measured
m/z values were retrieved by means of high accuracy Orbitrap mass
detection, it could be assumed that identification of deprotonated
additive molecules was successful for all considered surface
conditions of the different steel targets. Furthermore, both additives
were associated with higher ion abundances on the polished steel
target than on both steel targets with higher surface roughness.

TABLE 5 Mainion abundances of representative aminic
anti-oxidant (m/z 388.3429) and fatty amine friction modifier (m/z
414.3585) protonated molecules detected in commercial engine oil
SAE OW-20 by means of AP-MALDI-MS in positive ion mode

Applied matrix Anti-oxidant m/z Friction modifier m/z

component 388.3429 414.3585
DTH 1.3 x 10* 1.8 x 10*
CHCA 6.2 x 10* 7.3 x 10*

3.5 | Identification of engine oil components from
steel targets

Following the AP-MALDI-MS analysis and successful identification of
single additive components, subsequently, the fully formulated SAE
OW-20 lubricant was analysed. This analysis was carried out in
negative ion mode with DTH as matrix in a similar way on all four
different target samples. Similar to previous measurements of the
single additive components, it could be observed that on the steel
targets the abundance of the main peaks was significantly lower
compared with measurements on the gold target. It was however
hardly possible to distinguish between the different qualities of the
steel target surfaces. The corresponding results can be seen in
Figure 6. The ion abundances of the desired molecules on the gold
target were at least a factor of 10 higher than the corresponding
peaks on the steel targets. However, this analysis of the commercial
engine oil shows that the additive components ZDDP and salicylates
identified through AP-MALDI-MS with
high-resolution detection also on steel target surfaces with higher

could be very well

roughness. This indicated a good applicability of this analytical
method also under realistic industrial surface conditions (e.g. quality

control laboratory).
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FIGURE 5 Comparison of AP-MALDI-MS ion abundances
obtained from various target surfaces in negative ion mode for (A),
ZDDP and (B), Ca-sulfonate additives' deprotonated molecule peaks.
The ion abundances obtained from the gold target are given on the
left y-axis, whereas results from all other target surfaces are given on
the right y-axis
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FIGURE 6 Comparison of AP-MALDI-MS ion abundances of SAE
OW-20 additive components obtained from various target surfaces in
negative ion mode. The ion abundances obtained from the gold target
are given on the left y-axis, whereas results from all other target
surfaces are given on the right y-axis (triangle, rhombus: ZDDP; circle,
square: salicylate)

4 | CONCLUSIONS

In this study AP-MALDI ion generation coupled with an Orbitrap mass
analyser was used to successfully perform a direct analysis of the
calcium sulfonate and ZDDP additives as well as of fully formulated
commercial SAE OW-20 engine oil lubricant (containing ZDDP) in
positive and negative ion mode. In order to confirm the detected
chemical structures, the elemental compositions of the ions of interest
from ESI-MS and
LE-CID-fragmentation technique, as provided in the supporting

were used combined with the results
information.

AP-MALDI-MS experiments were performed on a gold target to
evaluate the behavior and interactions of various matrix substances
with the analyte ions. Results showed that DTH was the most suitable
matrix for the assessment of the applied lubricant components in
negative ion mode and CHCA for analysis in positive ion mode.

Additionally, the fully formulated SAE OW-20 engine oil and the
additives calcium sulfonate and ZDDP were analysed on steel discs
with different surface roughness (as found in tribological experimental
setups) -resolution and
AP-MALDI-MS. All examined lubricant components could be detected

and identified on the more technical surfaces very well, which

by means of high high-accuracy

demonstrates a good applicability of this technique also for realistic
industrial surface conditions. However, it was found that increasing
surface roughness of the target material resulted in a decrease in the
measured peak abundance. In general, the measured peak abundance
of all detected analyte ions on all steel targets was significantly lower
compared with measurements on the reference AP-MALDI gold target.

Thus, it was shown that this method is very suitable for quick and
reliable detection and identification of lubricant components directly
from oil blends without the necessity for additional prior separation
steps. In the so-called “soft” ionization process of AP-MALDI a

substantially higher number of small molecules with varying polarity

= TWiass Spectrometry

becomes accessible for characterization compared with other
methods such as ESI (e.g. due to the high number of background ions
in the low m/z region, mainly molecules with high polarity are
generated). Additional elucidation of tribological processes and
characterization of degradation products and additive residues in used
lubricants will be the subject of further investigations.
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