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Abstract 
Molybdenum sulfide nanoparticles have been successfully obtained, for lubricant 
applications. A set of full-scale tests was performed on a real Diesel engine 
equipped with a state-of-the-art after-treatment line: several engine and cooling 
water temperatures were investigated for both a reference oil and a MoS2-
additivated one. The emissions in terms of pollutant gases and particulate were 
monitored at the engine outlet, at the DOC outlet and at the DPF outlet. The most 
important findings were that a slight increase of particulates emission with an 
MoS2-containing oil occurred, especially in the range of ultrafine particles (<50 
µm): these are mainly ascribed to SOF nuclei formation, which are easily oxidized 
in the DOC. The same trend is observed for the gas-phase CO and HC emissions, 
which are higher in the presence of MoS2. The emission abetment efficiency of the 
DOC and DPF reduces the gas and solid pollutants obtained with the MoS2-
additivated oil to levels equivalent to the ones reached with the reference oil. An 
endurance test of 100 h (equivalent to 10,000 km) proved the stability of the 
catalytic system and the suitability of commercial after-treatment catalysts to cope 
with the emission modifications induced by the inclusion of nano-additives in the 
oil matrix.  
 
Introduction 
Fluid lubricants are used in almost every field of human technological activity and 
their purpose is multi-fold: they reduce frictional resistance, protect the contacting 
surfaces of engines against wear, remove wear debris, reduce heat and contribute to 
cooling, improve fuel economy and reduce emissions. 
Advanced nanomaterials have shown some promise because of their contribution to 
reducing friction and enhancing protection against wear [1]. When incorporated in 
full lubricant formulations in a stable way, and if their performance benefits can be 
sustained under those circumstances, they offer the possibility of some 
performance breakthroughs which have not witnessed since the development of the 
now ubiquitous anti-wear additives, Zinc Dialkyl Dithiophosphates (ZDDP’s), 
about 70 years ago. These developments can contribute to a substantial energy 
saving, reduce equipment maintenance and lengthen the life of the machines. In the 
case of engine oil (crankcase) applications, these nanomaterials can help increase 
the durability and performance of exhaust-treatments and reduce harmful 
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emissions: in fact, exhaust catalysts tend to become poisoned by the sulphur and 
phosphorous that are present in conventional lubricant additives.  
Transition metal dichalcogenides, with the generic formula MX2 (M = W, Mo; X = 
S, Se), whose synthesis was first demonstrated at the Weizmann institute by Tenne 
and co-workers [2], seem to be very promising materials to be dispersed as 
nanoparticles in the oil matrix. The specific lubrication mechanism ascribed to 
these metal sulfides, often called inorganic fullerenes due to their peculiar structure 
of spherical concentric layers, is currently debated; however, several studies clearly 
indicate that an exfoliation process of these layers, and the consequent  liberation 
of nanosheets directly inside the surface contact area, is the prevalent lubricating 
mechanism for these systems [3].  
The present study focuses the emissions in terms of pollutant gases and particulate 
were monitored at the engine outlet, at the DOC outlet and at the DPF outlet when  
MoS2 nanoparticles[ 4] incorporated in engine lubricant oils is used. This analysis 
is crucial for the introduction of such nano-sized additives for lubricant oils on the 
market, and in this work was applied to EURO V compliant after-treatment line. 
 
Experimental procedure 
The experimental campaign at full-scale conditions was carried out on a real diesel 
engine bench, compliant with Euro V regulations (OPEL Z13DTH 1248cm3 
90HP), connected to a dynamometer (AVL  Alpha 240KW) with a maximum 
rpm/torque of 10000rpm/600Nm. 
The experimental campaign was carried out in different steps: initially, the engine 
was conditioned with a commercial oil (ARL-1 provided by Fuchs Lubricants) 
exhibiting a zinc free and sulphur free formulation, through a standardized 
procedure for internal oil circulation before the test was started. Then, five different 
engine points were tested in order to reproduce the different operation conditions of 
the car (engine frequency in rpm and bpme in bar: 1500x1, 2000x2, 2500x3, 
3000x4 and 3500x5, all with 0% EGR), and for each engine point four different 
cooling water temperatures of the engine were fixed (40, 60, 80 and 95°C). The 
exhaust gas recirculation was fixed to zero in all operating conditions.  
The same procedure was adopted for the MoS2 nanoparticle-additivated oil, whose 
concentration was 0.5wt%. 
The tests consisted in monitoring and measuring the gas composition, particle size 
distribution, the temperature and pressure, at each engine point and in each cooling 
water temperature in the engine on steady state. In particular, the gas composition 
was continuously monitored before and after both the Diesel Oxidation Catalyst 
converter (DOC) and the Diesel Particulate Filter (DPF), with an ABB gas 
analyzer, equipped with two Uras26 analyzers for N2O, NO, CO2, CO and SO2, and 
a Magnos206 analyzer to measure O2. The HCs were measured with a Multifid14 
analyzer Hartmann&Braun. The smoke number was measured with Variable 
Sampling Smoke Meter AVL 415S G002. The soot particle size distribution was 
recorded using Scanning Mobility Particle Sizer 3080 (SMPS), which consists of 
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an impactor (type 0,0508 cm), a neutralizer, a differential mobility analyzer, and a 
condensation particle counter, with the sheath and aerosol flows set to 6 and 0.6 
l/min, respectively, this system covered the 9,6-422 nm particle diameter range, 
each scan lasted 75 s (scanning time of 60 s plus retrace of time 15 s). The engine 
exhaust was sampled using a heated pipe (1m long, 6mm diameter, T∼150°C), 
followed by two ejector pump diluters in series (Dekati Ltd.): each stage provided a 
dilution factor of ∼8, resulting a 64 fold overall dilution, which was calibrated 
measuring the carbon dioxide concentrations in the exhaust and in the sample flow, 
and then the exiting gas was transported to the SMPS system through a 4m long 
tube (OD=6 mm). 
Finally, a long term endurance test was performed, in which the oil additivated 
with MoS2 nanoparticles was subjected to 100 hours of engine operation at 2000x2 
(with a cooling water temperature of 95°C and an EGR opening of 22% to 
accelerate soot accumulation in the DPF), corresponding to a total distance of 
10,000 km, with start-stop intervals and regeneration periods necessary to clean the 
DPF each time the pressure drop across the filter attained 80 mbar, which roughly 
indicated that a 6 g/l soot loading was reached. The regeneration was carried at 
2750x7.5. The start-stop intervals were important to expose the oil to repeated 
temperature changes, which simulate the continuous start-stop of the car. Similarly, 
the regeneration is one of the most intensive conditions occurring in engine 
operation, during which the oil containing nanoparticles is exposed to several over-
injections of diesel in the combustion chamber, to reach suitable temperatures in 
the DPF for soot oxidation. This long term test was meant to see if any ash 
accumulation or catalyst deactivation was observed due to, among others, the 
possible emissions of sulfates ascribable to the MoS2 content in the engine oil. 
 
Results and discussion 
The particulate emissions measured with the SMPS, at five couples of rpm and 
bpme (1500x1, 2000x2, 2500x3, 3000x4 and 3500x5) have been recorded, in order 
to characterize the various operating conditions of the engine. In each 
measurement, four water cooling temperatures were tested (40°C, 60°C, 80°C, 
95°C), and particulate emissions were sampled at the engine outlet (i.e. the DOC 
inlet), at the DOC outlet (i.e. DPF inlet), and at the DPF outlet. 

The comparison between the emissions generated with the base oil, and the ones 
with the additivated one with MoS2 nanoparticles, shows the effect of nano-
lubricant inclusion in the oil matrix on the particulate in the exhaust gases.  

Starting from Figure 1 at rpm/bpme of 1500x1, which is a low load for the engine, 
one can notice that the particle size distribution at the DOC inlet follows a 
Gaussian curve, as described by Kittelson et al. [5], at all cooling water 
temperature conditions. Similar trends are found in the DOC inlet emissions 
obtained with the base oil and the NP-additivated one, especially at 40°C, 60°C and 
95°C; however, an evident increase of the ultrafine particle concentration 
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belonging to the nuclei mode (<50 nm) is observed for the oil containing MoS2. 
The nuclei mode usually includes, besides soot particles, also volatile organic (also 
called SOF) and sulphur compounds that may form during exhaust gases' dilution 
and cooling [6];  the latter fraction could represent 1-20% of the total mass 
concentration. The slight increase of the nuclei mode for the nano-lubricant case is 
presumably caused by the presence of such volatile organic and sulfuric 
compounds, which are precursors of the nucleation of the soot particles.  

 

Figure 7. Measured soot particle concentration with respect to the particle diameter 
before the DOC (blue squares), before the DPF (red circles), after the DPF during 
loading (green triangles), for the base oil (open symbols) and the NP-additivated 
oil (closed symbols). Engine point: 1500x1; cooling water temperature: (a) 40°C, 
(b) 60°C, (c) 80°C, (d) 95°C.  

If one focus on the DOC outlet (i.e. DPF inlet) emissions of Figure 1, a significant 
change in the particle size distribution can be noticed across the DOC itself, for all 
tested temperatures: the nuclei mode is mostly affected (<50nm), while the 
accumulation mode (>50 nm) remains quite constant due to the fact that the 
carbonaceous soot, which belongs to the latter class [5], is refractory to oxidation at 
the normal DOC operating temperatures. As far as the oil is concerned, the 
particulate emissions with the base oil exhibit almost the same profile at all 
investigated temperatures, this being quite similar to the ones with the NP-
additivated oil at 40°C and 60°C. Whereas, they strongly differ at higher 
temperatures (80°C and 95°C), where the emissions observed with the nano-
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lubricant are surprisingly lower than the ones with the base oil.  

Finally, the particle size distribution at the DPF outlet in Figure 1 shows a 
significant difference between the two lubricant oils: a much higher concentration 
of the particles are noticed in the nano-lubricant case for all investigated 
temperatures, although this concentration is reduced by two orders of magnitude 
with respect to the engine outlet. This behavior occurs only for this particular 
rpm/bmep couple, while for all other conditions the base and NP-additivated oils 
behave in the same way in terms of outlet DPF emissions; it could be caused by the 
low exhaust gas temperatures at this engine point, and in particular in the coolest 
part of the after-treatment line (no DPF regeneration was performed during 
sampling), which may be below the dew point of some heavy hydrocarbons that 
undergo nuclei condensation. 

In the case at 2000x2 (Figure not reported), the engine out emissions overlap for 
the two oils, except for the part of the curve at low particle diameters, whose 
concentration is higher for the nano-lubricant than for the blank. However, as for 
the above-mentioned lower engine load, the DOC flatters these profiles, and 
demonstrates to be more efficient in oxidizing the finest part of the curve obtained 
with the nano-lubricant, rather than with the base oil.  

At increasing load, it can be observed that the differences between the base oil and 
the NP-additivated oil still remain, but tend to decrease (Figures not reported). The 
greater engine outlet emissions of soot ascribable to the original MoS2 presence in 
the lubricant oil are limited to the finest particles, while in terms of total mass their 
concentration equals the one obtained with the base oil in most of the experiments . 
An indirect information of this behavior is testified by the similar smoke numbers 
recorded at the engine outlet (figure not reported) for the two oils. The problem of 
ultrafine particle generation has almost no impact downstream of the DPF.  

The effect of the sulfur in MoS2 is also quite limited in terms of SO2 emissions, the 
latter being around 3-4 ppm, while the ones measured with the base oil are below 
the detection limit : in fact, less than 10ppm of S are present in the fuel and no S is 
contained in the lubricant base oil, therefore the dilution factor introduced by air 
brings the concentration of SO2 in the exhausts below 1ppm. As a result, the 
poisoning effect of the sulfur originated from MoS2 should therefore be very low, 
and not relevant throughout the catalysts lifetime, due to very low SO2 
concentration in the exhausts. 

Further information of the effect of MoS2 additivation to a lubricant oil comes from 
the analysis of the gaseous emissions of HC, CO and NO at the engine outlet (i.e 
DOC inlet), DOC outlet (i.e. DPF inlet) and DPF outlet.  

Starting from HC and CO engine outlet emissions, it can be observed their amounts 
are greater at both low engine points (due to their low efficiency) and high ones 
(due to the higher fuel consumption, and therefore higher emissions), while they 
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are lower at intermediate ones (due to a 
better compromise of efficiency and 
reduced slip of species from incomplete 
fuel combustion). Moreover, increasing 
water temperatures tend to reduce the 
emissions of partially oxidized species 
like CO. It can be seen that the emissions 
of HC and CO emitted by the engine are 
higher in the presence of the nano-
lubricant than in its absence, regardless of 
the engine point.  

This has a strong relationship between HC 
and soot emissions: hydrocarbons are 
precursors of soot particle nucleation, and 
their concentration in the exhaust gases 
could influence the particle size 
distribution and mass concentration, thus 
being responsible for the higher soot 
emissions observed with the NP-
additivated oil. In addition, higher HC 
concentrations involve that greater 
amounts of heavy hydrocarbons fractions 
adsorb inside the porous structure of the 
particle and on its surface, thus conferring 
a higher reactivity towards oxidation with 
respect to the sole carbonaceous structure 
of soot, which is much refractory. 

Results after the DOC show that the DOC 
tend to reduce the differences between the 
emissions measured with two oils: the 
higher temperatures of the exhaust flue 
gases at high loads cause a consistent 
reduction of the CO and HC emissions, while the ones of NO remain almost 
unchanged. The same happens at the DPF outlet (Figure 2), and the slight increase 
of CO is ascribed to the DPF passive regeneration, although almost negligible in 
terms of soot combustion rate. 

It can be concluded that, although the emissions of soot particles are higher in the 
presence of MoS2 in the lubricant oil, especially in terms of ultrafine particles, the 
DOC is able to reduce the mass and number concentration of these particles down 
to levels comparable (or even lower) than in case of the base oil. This is possible 
because of the higher hydrocarbon concentration in the gas and, consequently, 
absorbed in the solid particulates, which confers a greater reactivity to the soot 

 
Figure 2. Measured CO, HC and NO 
concentration after the DPF at 
different engine points for the base 
oil (blue) and the NP-additivated oil 
(red) at various cooling water 
temperatures (40°C, 60°C, 80°C and 
95°C from dark to light). 
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particle itself. Moreover, the DPF emissions are absolutely similar for both oil 
matrixes, with exception of the engine point at 1500x1 for the above-discussed 
reasons. In this regard, it can be stated that the MoS2 as nano-lubricant does not 
entail neither higher tailpipe emissions, nor any incompatibility with the after-
treatment line. In addition, the after-treatment catalysts are able to reduce the HC 
and CO emissions down to levels quite similar for the base and NP-additivated oil, 
which indicates a full compatibility of the investigated catalysts towards the MoS2 
nano-lubricant. 

A challenge which remains undisclosed in the former tests is the long-term 
performance of the catalysts: for this reason, an endurance test was tailored to 
monitor the catalyst efficiency throughout a 100 h-lasting test, with intermediate 
DPF regenerations(figure 3). Anyhow, the most important outcome of these four 
repeated regenerations is that a full recovery of the original pressure drop (50 mbar 
at 2750x7.5) was attained. This indicates that the same degree of soot removal is 
obtained in repeated regeneration cycles, without any noticeable ash accumulation 
that would hinder this occurrence by progressively causing a decrease in the clean 
filter permeability, and a reduced filtration area available for soot cake build-up, 
whose permeability determines the real overall DPF pressure drop [7]. Moreover, 
no clear deactivation of the soot oxidation catalysts occurs due to the specific soot 
emissions obtained with the NP-additivated oil, or due to the presence of MoS2-
related SO2 in the exhaust gases, due to the same degree of regeneration 
completion after 5 min in all regeneration runs. 

Conclusions 
Irrespective of the investigated engine point, the emissions recorded by the SMPS 
showed an increase of ultra-fine particles associated to the use of the NP 
additivated oil, which is presumably mainly constituted SOF which form an 
aerosol, and are absorbed on soot particles or form individual nuclei. This 
consideration derives from the remarkable abatement efficiency of the DOC 
towards these particles, both in terms of number and mass concentration, which 
lowers their emissions down to the same levels encountered in the tests with the 
reference base oil, or even below. A similar increase of HC and CO emissions is 
also recorded in the gas phase at the engine outlet, which again suggests that the 
presence of nanoparticles in the lubricant might induces some little but not 
negligible modifications of the combustion regime. SO2 showed a 4 ppm emission 
in the exhausts, which reasonably excludes any major poisoning effects of the 
after-treatment catalysts. 
In order to check the long-term compatibility of the above mentioned DOC and 
DPF when exposed to the flue gases produced when the NP additivated oil was 
used, a 100 h test was performed. The engine gaseous emissions were stable 
throughout the whole test. The possibility of an anomalous ash production and 
progressive accumulation inside the diesel particulate filter was excluded:  the 
retention in the filter of the soot incombustible fraction, originated from current 
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fuel and lubricant additives, did not cause any progressive reduction of the 
available filtration area, which would have increased the bare filter pressure drop at 
the end of each repeated regeneration. As a result, any possible advantage arising 
from the nanoparticle embodiment in the lubricating oil, which is meant to provide 
friction and wear reduction, was demonstrated not to be offset by any possibly 
MoS2-related reduced abatement efficiency or stability loss of the after-treatment 
catalysts. 

 

Figure 3 Measured inlet and outlet DPF temperatures (black and red curves, 
respectively, referred to the left y axis) and pressure drop (grey dots, right y axis) 
during successive filter regenerations (from a to d) during the long-term endurance 
test of 100 h. 
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